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/Abstract: As an emerging concept for the development of
new materials with nanoscale features, nanoarchitectonics
has received significant recent attention. Among the various
approaches that have been developed in this area, the fixed-
direction construction of functional materials, such as lay-
ered fabrication, offers a helpful starting point to demon-
strate the huge potential of nanoarchitectonics. In particular,
the combination of nanoarchitectonics with layer-by-layer
(LbL) assembly and a large degree of freedom in component
availability and technical applicability would offer significant

~

benefits to the fabrication of functional materials. In this
Minireview, recent progress in LbL assembly is briefly sum-
marized. After introducing the basics of LbL assembly, recent
advances in LbL research are discussed, categorized accord-
ing to physical, chemical, and biological innovations, along
with the fabrication of hierarchical structures. Examples of
LbL assemblies with graphene oxide are also described to
demonstrate the broad applicability of LbL assembly, even
with a fixed material.

/

1. Introduction

Considerable scientific and technological effort has been in-
vested to meet the global need for environmentally friendly,
emissionless, and pollutionless processes, including the devel-
opment of molecular/material syntheses,!” the fabrication of
new systems/devices/sensors,” and advancements in energy
production/management® and biological/biomedical treat-
ments.” Vital to these efforts has been the precise control of
the component structures and organization at the nanoscale
level,” to enable the efficient flow and conversion of materials,
signals, and energy.”” Recently, we have seen rapid technologi-
cal developments in the observation and fabrication of nano-
scale objects” in a field known as “nanotechnology”.® To
enable further advancements in this area, Aono and co-work-
ers first proposed the concept of “nanoarchitectonics”, which
is a new concept for the fabrication of functional material sys-
tems by using nanoscale unit components.®'%

The nanoarchitectonics concept develops nanotechnology
as a materials-production strategy by combining it with other
scientific fields, such as organic chemistry, supramolecular
chemistry, and biotechnology (Scheme 1) Besides self-as-
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Scheme 1. Outline of the nanoarchitectonics concept: a fusion of nanotech-
nology and the other research fields, the harmonization of various actions,
and the conversion of simple self-assembly into hierarchical structures.

sembly processes, nanoarchitectonics can include chemical
synthesis, atom/molecule manipulation, chemical nanomanipu-
lation, and field-induced material control. Because certain un-
certainties based on thermodynamic perturbations, statistical
uncertainties, and quantum effects are unavoidable on the
nanoscale, harmonization of the interactions and effects is par-
ticularly important in nanoarchitectonics processes."? The
nanoarchitectonics approach can be advantageous for the
preparation of complicated and hierarchical structures from
multiple components, compared to precise nanofabrication
and self-assembly from single or a few components.™¥ Al-
though nanoarchitectonics is still an emerging concept, its po-
tential for the construction of functional systems from a variety
of components has been proposed for a wide range of re-
search fields, including materials production,'® structure or-
ganization,”™™ sensors,"® environmental applications,"” cataly-
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sis,l"® energy production,"® device applications,”” and biologi-
cal/biomedical usages.””

However, the construction of functional architectures in all
three dimensions is not always easy. Thus, the direction-fixed
construction of functional materials, such as layer-by-layer
nanoarchitectonics with various components, is a realistic start-
ing point for demonstrating nanoarchitectonics. Compared to
the various fabrication techniques that have been developed
for thin films and layered structures, including the Langmuir-
Blodgett (LB) method,”” layer-by-layer (LbL) assembly offers a
high level of freedom in its component applicability and tech-
nical availability. The LbL-assembly approach bears some nano-
architectonics aspects,””® although the LbL technology first ap-
peared much earlier than the nanoarchitectonics concept.?
Therefore, a review of recent progress in LbL assembly would
be a nice guide to help learn the current state of the field and
the expected future directions of nanoarchitectonics research.

This Minireview summarizes the recent progress (especially
in the 21st century) in the science and technology of LbL as-
sembly. After briefly explaining the fundamentals of the LbL
approach, recent research into LbL assembly is introduced,
with a focus on physical, chemical, and biological innovations,
together with the fabrication of hierarchical structures, such as
layered superlattices and nanoarchitectures. In the following
section, focused examples on LbL assemblies that employ gra-
phene oxide (GO) nanosheets are described to show the wide
applicability and availability of LbL assemblies with recent ma-
terials of interest. These recent advancements in LbL assembly
demonstrate the development of LbL technology from layered
assembly to layered nanoarchitectonics.

2. Fundamentals of LbL Assembly

Before we summarize recent progress in LbL assembly, we will
begin by briefly introducing the fundamentals of the LbL tech-
nique. Following a conceptual proposal on the LbL assembly
of charged colloidal particles by ller,”” Decher et al. demon-
strated LbL assembly by using polyelectrolytes and charged
bolaamphiphiles (polyelectrolyte/polyelectrolyte and polyelec-
trolyte/bolaamphiphile assemblies).”® In parallel, a layered as-
sembly based on zirconium-phosphate interactions was dem-
onstrated by Mallouk and co-workers.?” Following these pio-
neering research accomplishments, the applicability of the LbL
concept was demonstrated for a wide range of materials, such
as conventional and functional polymers,”® inorganic materi-
als,”? biomaterials,®” viruses,®" other nanomaterials,*? and
molecular assemblies.®?

LbL assemblies exhibits the distinctive features of simplicity
and inexpensive procedures.®¥ Multilayer nanoarchitectures
can be obtained on a solid substrate by simply dipping the
substrate into solutions of the target components
(Scheme 2 A). Fabrication processes can be performed with just
beakers and tweezers, with an adsorption step of approximate-
ly 10 min. In LbL-assembly methods in which electrostatic in-
teractions act as the driving force for assembly, charge neutral-
ization and resaturation upon the adsorption of counterionic
component materials onto a charged surface result in charge
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inversion, which enables the alternate adsorption of cationic
and anionic species as nanofilms. The numbers of layers and
layer sequences can be desirably modified by changing the se-
quence of the adsorption processes. The driving force for LbL
assembly is not limited to electrostatic interactions and can be
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Scheme 2. Fundamental principles of LbL assembly: A) LbL assembly with
electrostatic interactions on a solid surface; B) LbL assembly on a colloidal
core and the preparation of hollow capsules.

extended to other interactions, such as hydrogen-bonding in-
teractions,® biospecific interactions,*® metal coordination,®”
charge transfer,®® supramolecular inclusion,® stereocomplex
formation,“” and sol/gel reactions.*" In addition, the technical
aspects of this method are not limited to hand-processed dip-
ping. Automated machines for LbL assembly™ and combined
processes with spin-coating™® have also been proposed.

Architectures that can be fabricated by using LbL assembly
are not limited to thin films on a flat substrate on the visible
scale. Because of the broad versatility of LbL assembly, layering
an assembly on invisibly small objects, such as colloidal parti-
cles, is also possible (Scheme 2B). Similarly to LbL assembly on
a visible flat substrate, layered thin films can be sequentially
assembled onto colloidal particles,* and destruction of the
colloidal cores after LbL assembly can result in the formation
of hollow microcapsules. Because LbL microcapsules are capa-
ble of the inclusion of drug molecules and biomaterials in their
inner cavities, as well as modification of their shells and surfa-
ces, they offer significant potential for biomedical usages, such
as drug delivery."*”
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3. Innovations in LbL Assembly

3.1. Methodological Innovation: Physical Methods

Because the operational mechanisms of LbL assembly are
simple and can be adapted to a variety of situations, the modi-
fication of LbL processes has been widely investigated. One of
the most influential advancements in LbL techniques is known
as the “spraying LbL" method (Scheme 3 A). As presented by

Scheme 3. Grazing incidence spraying on a solid surface for the preparation
of thin films of silver nanowires with in-plane anisotropy.

Schlenoff et al., instead of dipping a solid substrate into solu-
tions of the target components, solutions of components such
as polyelectrolytes were alternately sprayed onto a solid sub-
strate, with intermediate rinsing by spraying with water.*
They demonstrated the fabrication of polyelectrolyte LbL mul-
tilayer films of poly(styrene sulfonate) and poly(diallyldimethy-
lammonium chloride) and this spraying method offered the
rapid fabrication of large-area LbL films, whilst maintaining
high uniformity and good quality.

Decher and co-workers systematically compared LbL films
that were prepared by using the conventional dipping proce-
dure with those that were prepared by using the spraying
method under various conditions, including component con-
centrations, spraying time, and drying time between deposi-
tions."”! They found that, even though the assembly processes
with the spraying LbL method were very rapid, the thickness
of the LbL films still increased linearly with the number of dep-
osition cycles, similar to conventional dipping. Furthermore,
the films that were prepared by using the spraying LbL tech-
nique were confirmed to possess low surface roughness upon
evaluation by using AFM and X-ray reflectometry. In fact, the
quality of the LbL films that were prepared by using the spray-
ing method, with a preparation time of only 60 seconds per
layer, was the same or better than that obtained by dipping an
LbL film with a preparation time of 1520 seconds per layer,
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thus indicating a 25-fold acceleration in film preparation by
using the spraying LbL method. For LbL films of acceptable
quality, the acceleration in film preparation increased to a
factor of more than 250 versus dipping.

This spraying method also highlights the advantage of fabri-
cating thin films with high in-plane anisotropy and orientation,
as reported by Pauly and co-workers (Scheme 3B).*®¥ The au-
thors performed a spray-assisted deposition of silver nanowires
by using a “grazing incidence spraying” technique on a solid
surface. This simple modification presented immense advan-
tages in controlling the in-plane density and orientation of the
films. Typically, four-layer films of silver nanowires in the same
in-plane direction showed a polarization efficiency of up to
97 % in the near-infrared region. A combination of this grazing
incidence spraying method with LbL assembly can create op-
portunities for nanoarchitectonics from multiple components
with controlled in-plane orientation, because the film composi-
tion, component density, and orientation of each layer can be
independently controlled. These characteristics are advanta-
geous for nanoarchitected thin-film materials for a range of ap-
plications, including sensors, optoelectronic devices, conduc-
tive electrodes, and solar cells.

As observed in the spin-coating-assisted LbL method, the ro-
tation of a solid substrate can also be performed with the LbL
assembly process. An and co-workers conceptually converted
this strategy into an LbL technique under high-gravity fields by
employing a strong centrifugal force.*® The high-gravity field
promoted the diffusion of the components, which increased
the efficiency of adsorption, presumably owing to an increase
in the concentration gradient and intensification of the turbu-
lence. Although the LbL processes were hastened, the quality
of the assembled films was maintained and was similar to that
of films that were prepared by using conventional dipping.

Recently, Matsuba etal. reported a one-pot, spin-coating
method for the fabrication of high-quality 2D films within
1 minute over a wide area.”™ Under the influence of centrifugal
force, nanosheet pieces were assembled in a 2D space without
overlapping. Optimizing the spin-coating conditions, such as
precursor concentration and rotation speed, led to high-quality
films of a range of 2D materials, including metal-oxide nano-
sheets, GO, and reduced graphene oxide (rGO). Repeated
cycles of optimized spin-coating and moderate-temperature
heat treatment afforded multilayer LbL films of high quality.
Because of the wide usage of spin-coating in industrial manu-
facturing, further consideration of the scaling-up of this
method would allow the industrial-level production of LbL
functional structures.

3.2. Methodological Innovation: Chemical Reactions and In-
teractions

The driving forces for LbL assembly are not limited to nonco-
valent interactions; rather, well-regulated chemical reactions
can also be used to connect neighboring nanolayers to ration-
ally nanoarchitect LbL functional structures. One example is
the introduction of click chemistry into LbL processes, as re-
ported by Caruso et al.?" This method involves the Cu'-cata-
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lyzed 1,3-dipolar cycloaddition of azides to alkynes to form
1,2,3-triazoles, which typically has a high reaction yield and is
performed under mild conditions in water. The triazole linkag-
es are also sufficiently stable towards hydrolysis, oxidation, and
reduction. Upon appropriate modification, click chemistry can
also be applied to the formation of covalent connections with
a variety of materials, including polymers, biomaterials, nano-
particles, and dye molecules. Therefore, the introduction of
click chemistry into LbL processes would expand the possibili-
ties of LbL architectures without losing its wide applicability.
This “click LbL" method can also be applied to components
without electrostatic and hydrogen-bonding capabilities and
used for the construction of thin films from single compo-
nents.

As an advanced method, Rydzek et al. reported a simultane-
ous electropolymerization and electro-click functionalization
process for LbL assembly.”? In this method, an electrochemical
stimulus that was generated by using cyclic voltammetry oxi-
dized 4-azidoaniline and reduced Cu" ions to trigger the poly-
merization of 4-azidoaniline and induce a click chemistry reac-
tion, that is, a one-pot Cu'-catalyzed alkyne-azide cycloaddition
reaction. This procedure allowed continuous film growth for
up to 450 cycles of cyclic voltammetry. This method is useful
for LbL assembly with a desirable timing and offers several
avenues for surface functionalization.

Another stimulus-controlled LbL process was reported by Li
et al., who demonstrated an electrochemical-coupling layer-by-
layer (ECCLbL) assembly, in which the dimerization of N-alkyl-
carbazole was triggered by an electrochemical stimulus from
an electrode surface (Scheme 4).*¥. By modifying the mono-
mer units of N-alkylcarbazole derivatives, a variety of functional
units, such as porphyrins, fullerenes, and fluorenes, could be
deposited as homo and heterolayers with the desired thick-
nesses and in the desired sequences by simply using electro-
chemical stimuli. Because additional reagents are not required
and LbL electronic communication is well-ensured, thin-film-
device nanoarchitectonics can be performed under clean and
mild conditions. The regulated layering of donor and acceptor
components has been successfully applied to p-n heterojunc-
tion devices and their photovoltaic functions.

Metal coordination has also been employed in LbL assembly
for the regulated preparation of layered nanoarchitectures of
metal-organic frameworks (MOFs). Shekhah et al. demonstrat-
ed a step-by-step formation of MOF layers on a solid surface.*”
First, they modified a gold surface with mercaptohexadecanoic
acid to afford exposed COOH groups. Then, copper(ll)acetate
and 1,3,5-benzenetricarboxylic acid were added in a stepwise
manner to provide layer-by-layer MOF structures. This LbL for-
mation of MOFs could be performed at room temperature and
provided high crystallinity comparable to bulk MOFs.

Makiura et al. demonstrated the formation of a 2D MOF at
an air/water interface as an analogous method to the LB tech-
nique.” The as-prepared 2D MOF nanosheets were subse-
quently assembled into layer-by-layer structures. First, the for-
mation of 2D MOF nanosheets was achieved by spreading a
solution of [5,10,15,20-tetrakis(4-carboxyphenyl)porphyrinato]-
cobalt(ll) and pyridine in chloroform/methanol onto an aque-
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Scheme 4. ECCLbL assembly based on the dimerization of N-alkylcarbazole,
triggered by an electrochemical stimulus from an electrode surface, and its
application in a p-n heterojunction device for photovoltaic functions.

ous solution that included CuCl,. The nanosheets were assem-
bled sequentially in an LbL manner with intermediate rinsing.
This procedure could also be performed under ambient condi-
tions and is advantageous for the fabrication of nanotechno-
logical devices with MOF structures.

Recently, Yamauchi and co-workers reported the spontane-
ous one-pot formation of a LbL assembly from coordination
polymers and GO.”® As a basic step, nickel-based cyano-
bridged coordination polymers were deposited onto the sur-
face of GO nanosheets. In this case, GO acted a nucleation site
for the growth of the coordination polymers, and the as-
formed polymers bound to the GO nanosheets, thereby result-
ing in alternating LbL structures of heterogeneous nanosheets
in a one-pot process. This approach could be applied to other
inorganic materials to synthesize heterogeneous LbL nanoarch-
itectures with a range of functions.

3.3. Methodological Innovation: Biomedical and Biological
Aspects

The use of LbL microcapsules in biomedical applications have
received significant attention, with a focus on improving the
applicability of LbL capsules for practical medical situations, as
described briefly herein. Although LbL microcapsules are
rather large in size (diameter: 3-5 um), decreasing their size to
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diameters of about 100 nm (as LbL nanocapsules) would allow
their intravenous injection. Capsules that can contain a large
number of anticancer drugs can be prepared by using such
drugs with poor water solubility as nanocores, with the aid of
ultrasound technologies. In addition, a modification of the LbL
preparation methods to avoid the need for tedious rinsing has
been proposed to simplify the LbL process for practical appli-
cation. Furthermore, LbL nanocapsules have been nanoarchi-
tected to exhibit higher resistance and longer blood-circulation
time, mostly by employing the copolymerization of used poly-
electrolytes with poly(ethylene glycol).

Lvov et al. developed a method for the formation of poorly
water-soluble materials into nanocolloids that were covered
with LbL films.®”? Their method, termed “sonicated LbL encap-
sulation” (Scheme 5), involves the conversion of a dispersion of

Insoluble’ "

Sonication

Stabilized with
| LbL Films

LbL Film

Insoluble
\ Drug

150-200 nm
Scheme 5. Ultrasound-induced LbL encapsulation: formulation of poorly

water-soluble materials into nanocolloids (diameter: 150-200 nm) that are
covered in LbL films.

poorly water-soluble materials into that of colloidal nanoparti-
cles with diameters of 150-200 nm. The nanoparticles were
stabilized by covering with polyelectrolytes. This strategy could
be applied to a wide range of poorly water-soluble materials,
such as anticancer drugs, anticorrosion agents, insoluble dyes,
and inorganic salts. Additional coverage with polyelectrolyte
LbL films dramatically improved the dispersion stability of the
nanoparticles. This sonication-assisted LbL method would be
beneficial for commercial targets, including pharmaceuticals,
drug formulations, and in the paint industry.

Unlike LbL assemblies on a macroscopic flat surface, wash-
ing (rinsing) an LbL assembly to make the micro- and nano-
scale colloidal particles invisible is not always easy. This process
may involve tedious sample centrifugation and filtration.
Therefore, a wash-less procedure is an important feature for
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the industrial application of capsule-type LbL assembly. Lvov
et al. demonstrated a wash-less process for the LbL assembly
of nanocapsules by carefully monitoring the microparticle sur-
face potential during the addition of the polyelectrolyte.”®
They used the standard LbL assembly of poly(styrene sulfo-
nate) and poly(allylamine) on the colloidal nanoparticles and,
by performing in situ measurements of the surface charges of
the colloidal particles, the appropriate moment for particle re-
charging was sensitively detected and then the polyelectrolyte
species were immediately switched to avoid unnecessary over-
adsorption. The successful preparation of LbL capsules without
the need for a washing process was successfully achieved by
carefully using this process, which could open up the industrial
mass production of LbL capsules.

Versatility in the choice and design of membrane compo-
nents in LbL assembly offers numerous possibilities for the sur-
face modification of drug-carrier objects. Torchilin et al. impart-
ed higher stability (longer resistance in blood) to nanostruc-
tured lipid carriers that were loaded with doxorubicin by using
the LbL assembly of polyelectrolytes and coating with poly(-
ethylene glycol).*” The LbL-modified carriers showed lower ac-
cumulation in the liver, but higher accumulation in tumors,
thereby leading to a significant inhibitory effect on tumor
growth. As such, LbL structures can be optimized for particular
target functions in fewer steps for the rapid production of
more-efficient formulations.

LbL-based template synthesis is not limited to the use of
spherical colloidal particles. For example, Li and co-workers
demonstrated the fabrication of polyelectrolytes with a micro-
tubular structure.®® The LbL method was used to assemble
polyelectrolytes on the inner walls of pores of anodic alumi-
num oxide templates. Subsequent template removal resulted
in the formation of microscopic tubes. Similarly, Komatsu et al.
synthesized tubular structures by performing the LbL assembly
of human serum albumin and poly-L-arginine by using a
porous polycarbonate template.®” Hepatitis B virus particles
were efficiently trapped by the swelled microtubes, followed
by the significant removal of the corresponding genome DNA.

As elegant examples of nanoarchitectonics structures, Li and
co-workers constructed biomimetic functional systems through
the LbL assembly of biofunctional components. They demon-
strated the first reconstitution of adenosine triphosphate syn-
thase (ATPase) in assembled lipid-coated LbL polymer micro-
capsules (Figure 1).°? ATPase, as a biomolecular motor, can
produce ATP, driven by a proton gradient. The nanoarchitected
assembly could synthesize ATP from adenosine diphosphate
(ADP) and phosphate. The same group also nanoarchitected
ATPase-based energy-conversion systems that were immobi-
lized on lipid-coated hemoglobin protein microcapsules
through LbL assembly.®™ In that case, the coexisting glucose
oxidase (GOD) produced a proton gradient through the reac-
tion of glucose with gluconolactone (gluconate). The fabricat-
ed biocompatible microcapsules could also be used for ATP
storage.

Li et al. constructed light-harvesting nanoarchitectonics sys-
tems for better photophosphorylation performance by assem-
bling biocomponents into a template-directed LbL assembly.®!
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Figure 1. Reconstitution of adenosine triphosphate synthase (ATPase) in as-
sembled lipid-coated LbL polymer microcapsules.

Polyelectrolyte LbL multilayers were assembled within the
inner pores of a porous polycarbonate membrane, into which
a silica-based hydrogel that contained photosystem Il (PSII)
was injected. After the template was removed, the proteolipo-
somes were coated with ATPase. The as-prepared light-harvest-
ing nanoarchitectures had two photophosphorylation building
blocks, PSIl and ATPase. Water splitting by PSIl upon light irra-
diation generated a proton gradient across the lipid mem-
branes, which activated ATPase to produce ATP. These artificial
systems exhibited significantly higher ATP-production rates
than those that were observed in the chloroplasts.

3.4. Hierarchical Nanoarchitectures

As demonstrated by several examples, the LbL method holds
great potential for the fabrication of hierarchical structures.
Unlike the standard spontaneous self-assembly, the LbL
method can combine spontaneous assembly and step-by-step
directed assembly, which is advantageous for the production
of hierarchical structures. First, organized nanostructures are
fabricated by using an appropriate method, such as self-assem-
bly and templated synthesis. Then, the as-formed organized
nanostructures are further assembled into layered and then hi-
erarchical structures by using the LbL technique.

Biological systems exhibit several features of hierarchical
structures, and lipid bilayer membranes, cells, tissues, organs,
and bionts are all constructed in a hierarchical manner. Katagiri
et al. reported the synthesis of tissue mimics through the LbL
assembly of artificial cell mimics.®™™ Liposomes and vesicles
that are formed by the self-assembly of common lipids and
amphiphiles are not always strong enough to maintain their
spherical morphology during LbL assembly. To overcome this
disadvantage, Katagiri et al. developed a new lipid bilayer vesi-
cle with a surface siloxane framework, called a “cerasome” (ce-
ramics+soma).® Because of the silica-like framework on the
surface, the cerasome has a negative surface charge and suffi-
cient strength to tolerate strong electrostatic interactions with
cationic polyelectrolytes. Therefore, LbL assembly between
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anionic cerasome and poly(diallyldimethylammonium chloride)
was successfully achieved without structural damage of their
cell-like structures. Furthermore, the LbL assembly of anionic
cerasome and cationic cerasome without the need for a poly-
electrolytes was also demonstrated.®” These hierarchical struc-
tures could be regarded as tissue mimics upon the organized
assembly of artificial cells.

The LbL assembly of pre-synthesized mesoporous materials
can afford hierarchical structures. For this purpose, a mesopo-
rous carbon material was first surface-oxidized to carry nega-
tive changes and then alternately assembled with a cationic
polyelectrolyte to obtain a hierarchical LbL structure.®® A
mass-sensitive quartz crystal microbalance (QCM) sensor that
was coated with the as-prepared hierarchical LbL mesoporous
carbon material exhibited selectivity towards tannic acid in the
aqueous phase, presumably owing to size matching between
the nanochannels and the size of the guest tannic acid mole-
cules. The highly cooperative nature of the adsorption of
tannic acid onto the nanopores in the hierarchical LbL struc-
tures was also confirmed.

The LbL assembly of mesoporous carbon capsules with poly-
electrolytes into hierarchical structures and their application as
a gas-phase sensor was reported by Ji et al. (Figure 2).*” A zeo-
lite-templated synthesis provided mesoporous carbon capsules
that exhibited a hierarchical structure, with capsular motifs and
mesoporous channels in their shells. Surfactant-covered meso-
porous carbon capsules were alternately assembled with a

| Mesoporous
Carbon Capsule

LbL Film

Figure 2. LbL assembly of mesoporous carbon capsules and a polyelectro-
lyte into hierarchical structures on a QCM electrode for sensing applications.
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counterionic polyelectrolyte into hierarchic LbL films on a QCM
electrode. The sensor was covered with the carbon-capsule
LbL films and subjected to organic vapor sensing. The sensor
exhibited selectivity for aromatic vapors compared to aliphatic
ones. In addition, doping the carbon capsules with a second
sensory component dramatically altered the selectively of the
sensor. Similarly, hierarchical LbL films were also prepared from
mesoporous silica capsules by using silica nanoparticles and
polyelectrolytes.” The as-prepared LbL films were applicable
as material (drug)-delivery systems with stimuli-free automatic
ON/OFF behavior.

LbL assembly is capable of fabricating atomically precise arti-
ficial layered structures that cannot be obtained from naturally
occurring materials. Sasaki and co-workers prepared superlat-
tice layers from layered-double-hydroxide nanosheets of Mg,,
;Al5(OH), and oxide nanosheets, such as Ti,,,0, and
Ca,Nb;0,,."" These materials were separately exfoliated in so-
lution and then alternately assembled into LbL restacked films.
Such artificial superlattice structures could not be obtained by
simply mixing the two components; instead, simple mixed just
afforded lamellar flocculates with two lattice spacings of the
original components. In contrast, the superlattice structures ex-
hibited their own single-lattice spacing, which was the sum of
two independent nanosheets. This simple-but-impressive ex-
ample clearly demonstrates the potential for creativity in the
production of new materials with an artificial superlattice.

Not limited to later lattice structures, LbL assembly can also
dramatically modify the mixing states of two components, as
demonstrated by Kotov and co-workers for hybrid materials of
single-walled carbon nanotubes and polyelectrolytes.” The in-
ferior mechanical properties of hybrid materials of single-
walled carbon nanotubes and polymers often originate from
their poor connectivity and unfavorable phase separation.
These disadvantages can be fixed by performing a sequential
LbL assembly of these components, combined with chemical
crosslinking. The obtained hybrid membranes could be delami-
nated from a solid substrate with an exceptionally strong, ce-
ramic-like mechanical nature.

As an unusual example of LbL assembly, Yamauchi and co-
workers reported the fabrication of all-metal LbL films, meso-
porous bimetallic (Pt/Pd) multilayer films, by using a combined
strategy of LbL assembly and electrochemical deposition (Fig-
ure 3A).”¥ The structures of the fabricated films had several
advantages, including a large-area Pt/Pd heterointerface for ad-
vanced functions and mesoporous structures for facile material
diffusion. In the LbL electrochemical deposition process, the
solutions included surfactants to assist with micelle assembly,
thereby resulting in the formation of mesoporous structures in
the assembled films. The accessible nature of the Pt/Pd hetero-
interface, with high surface area of each layer, led to enhanced
electrochemical activity in the methanol-oxidation reaction.

Ji et al. reported the fabrication of thin films that comprised
LbL structures of rGO and an ionic liquid, and their application
in gas sensing (Figure 3B)."¥ First, GO nanosheets were dis-
persed and reduced into rGO in the presence of an ionic
liquid, such as an imidazolium salt. Because of the high affinity
of graphene nanosheets for aromatic ionic liquids, alternate
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(A) All-Metal LbL film (B) LbL film of Reduced
Graphene Oxide and
Mesoporous Structure lonic Liquid

PtiLayer
LbL Film
>

Reduced lonic Liquid
Graphene Oxide

. =

Gas Sensing

. =

Methanol Oxidation

Figure 3. A) All-metal LbL film with mesoporous Pd and Pt layers; B) LbL film
of rGO and an ionic liquid.

layers of rGO and the ionic liquid formed spontaneously. The
as-formed layered composites of rGO and the ionic liquid had
a positive charge and could be assembled alternately with
polyelectrolytes. LbL films that contained composites of rGO
and the ionic liquid were immobilized onto a QCM sensor elec-
trode. The LbL QCM sensor exhibited notably high sensitivity
to aromatic vapor, because the nanospaces between the rGO
nanosheets that were filled with an aromatic ionic liquid were
a m-electron-rich environment. Interestingly, the sensitivity for
benzene vapor was more than 10-times higher than that for
cyclohexane vapor, although these compounds had similar
molecular sizes, molecular weights, and vapor pressures.

As an unusual combination of LbL assemblies, Leong and
co-workers demonstrated an alternate assembly of 2D MoS,
nanosheets and DNA for drug delivery.” The MoS, nanosheets
were modified with DNA oligonucleotides, which were then as-
sembled by using linker aptamers into LbL structures. This
LbL-assembled structure was capable of accommodating anti-
cancer reagents, which were protected from external distur-
bances within the LbL assembly. Because the aptamer had a
high affinity for ATP, the LbL structures disassembled to release
the anticancer drugs in ATP-rich environments, such as cancer
cells. This system enables the highly efficient apoptosis of
cancer cells.

4. LbL Assembly: A Case Study of Graphene
Oxide

In the previous sections, recent progress in LbL assembly was
introduced systematically and briefly to demonstrate the versa-
tility and potential of LbL assembly for a wide range of materi-
als and applications. Unlike previous sections, the following
sections will describe the availability and usefulness of LbL as-
sembly for two specific materials, GO, and rGO, to systematical-
ly elucidate their features in greater detail. At present, the ap-
plication of LbL assembly to energy-related fields is receiving a
great deal of attention. The potential of new nano- and
carbon-related materials has attracted significant interest, with
the aim of achieving better performance for applications in
energy devices and functional membranes.”*’® Many scientific
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and technological advancements have been made by using
LbL assembly for GOs and related materials.

GO is an oxidized intermediate material that is derived from
pristine graphene, and is considered a transitional state for
harnessing the superior properties of graphene nanosheets.
GO consists of a single-layered carbon lattice that contains de-
fects and other heteroatoms. It is typically produced by the
chemical treatment of graphite through oxidation for exfolia-
tion and stable dispersions in water or appropriate organic sol-
vents. GO can be modified into various materials based on its
unique chemical structure (Scheme 6). The oxygen functional
groups in GO are predominantly hydroxy and epoxy groups in
the basal plane, whilst carboxy, carbonyl, and quinone groups
are present at its edge sites. These functional groups on GO
can be utilized for further chemical reactions.
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Scheme 6. Pathways for the fabrication of a variety of chemically modifiable
GO derivatives.

Many studies have demonstrated the covalent functionaliza-
tion of GO with other chemical moieties, such as sulfonyl
acids, aromatic groups, and ionic liquids, by utilizing diazonium
chemistry, m-m interactions, and silanization, respectively. For
example, Kim and co-workers reported a simple approach in
which amine functional groups were attached to carboxylic
groups by using carbodiimide coupling to generate positively
charged GO nanosheets. Such positively charged GO nano-
sheets are necessary for LbL assembly with negatively charged
polymers and nanoparticles; as such, this approach has signifi-
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cantly expanding the LbL toolkit.”’ " Various organic com-

pounds/GO hybrid materials have been created by using physi-
ochemical approaches, thereby improving the processability of
these materials in different solvents and utilizing the outstand-
ing properties of the attached molecules.®"” A wide range of
organic compounds, including aromatic dyes, ionic liquids, and
pyrene derivatives, have also been anchored onto GO nano-
sheets, either in a covalent or noncovalent manner, for applica-
tions in catalysis, electronic devices, and solar cells. Such GO-
based chemistry typically results in interesting properties and
is promising for applications that require high chemical stabili-
ty of the basal plane and tunable moieties at the multifunc-
tional edge sites.

In the process of synthesizing GO from graphene, oxidative
additives and reaction time significantly affect the sheet size
and defect density on the basal plane. The sheet size of GO
can be strategically chosen considering the end use, by modi-
fying the basal plane or edge sites of the GO nanosheet. For
instance, weakly oxidized GO contains relatively few functional
groups within a large and relatively intact basal plane, which is
suitable for membrane assemblies and applications that re-
quire good mechanical and electronic properties. Conversely,
harshly oxidized GO contains several functional groups along
with small sheet dimensions, which make it more appropriate
for catalytic uses and applications that require functional
groups to interact with other chemical moieties.

The drawbacks of using GO nanosheets in practical applica-
tions are its limited ion-transport pathways and slow ion-trans-
port kinetics. To overcome these limitations, size-controlled or
holey GO nanosheets can be used in nanomembrane assem-
blies, because they provide a controllable tortuosity and diffu-
sion coefficient depending on the nanosheet structure. Size-
controlled and holey GO have shown great potential for elec-
trochemical applications, such as catalysis, batteries, and super-
capacitors, in which high mass transport is required.

Unlike our previous reviews,® herein, we will summarize
recent progress in LbL-assembled GO-based thin-film electro-
des and membranes for applications in the fields of materials
science and electrochemistry, in particular from the viewpoint
of our own research efforts over the past nine years.

4.1. Fine-Structural Nanoarchitectonics

Because of the unique properties of GO, GO nanosheets serve
as an excellent platform for the fabrication of multilayer thin
films that contain new metallic or inorganic nanomaterials as
part of a nanoarchitectonics strategy.®®® Layered nanostruc-
tures can immobilize functional nanoparticles within defined
structures, which is useful for preparing materials for specific
applications. Furthermore, GO nanosheets potentially improve
the utilization and dispersion of nanoparticles through their
high catalytic surface area and electronic conduction. Herein,
we will highlight how the nanoarchitectonics of LbL assemblies
can be precisely controlled to improve their properties and
catalytic performance. Furthermore, nanoarchitectonics also
opens a new avenue for the development of versatile LbL-as-
sembly strategies for a range of applications (Figure 4).
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Figure 4. Schematic representation of controlling nanoarchitectonics within
LbL-assembled GO/nanomaterial multilayers.

The performance of LbL-assembled multilayers is dependent
on the number of layers, which is closely related to the film
thickness.”>%% The LbL-assembly technique enhances the sta-
bility of nanoparticles on graphene sheets and can be used to
control the performance of graphene-based hybrid multilayers
by adjusting the number of layers. Several studies have dem-
onstrated that controlling the thickness of LbL-assembled
hybrid films significantly affects their activity, such as in metha-
nol oxidation.®® We reported an integration of electroactive
Au nanoparticles with GO nanosheets by using LbL assembly
for the preparation of a 3D electrocatalytically active multilayer
for methanol oxidation. The electrocatalytic activity gradually
improved with increasing film thickness, owing to the higher
concentration of active nanoparticles within the films. Howev-
er, the electrocatalytic performance began to decrease after a
critical number of bilayers (i.e., thickness), owing to decreasing
mass transfer of the active materials. In agreement with obser-
vations reported elsewhere, the optimum thickness varied with
a given set of reaction conditions, components, and structures
of the LbL assembly.””7#¥ This observation highlights the im-
portance of LbL assemblies, which offer precise control over
electrode architecture to achieve optimal performance of the
assembled nanoscale composite materials.

As a representative example, we reported the fabrication of
LbL-assembled electrocatalytic thin films for methanol oxida-
tion by adjusting the assembly sequence of LbL films that
were composed of Au and Pd nanoparticles on GO nano-
sheets.® Interestingly, even with an identical composition of
nanoparticle constituents, the hybrid 3D films exhibited very
different catalytic activities, depending on the electrode archi-
tecture. When the Au nanoparticles were located on the outer
layer and the Pd nanoparticles were located on the inner layer,
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the LbL electrodes showed much better electrocatalytic per-
formance with a higher current density. This result demonstrat-
ed that LbL-assembled electrodes can provide an excellent
model for nanoarchitectonics in terms of thin-film electro-
chemistry. The relative positions of the Au and Pd nanoparti-
cles within the multilayer electrode afforded highly controlla-
ble electrocatalytic activity, thereby confirming the versatility
of LbL assemblies for tuning the nanoscale architecture of
hybrid electrodes.

So far, we have discussed tuning the active layers of LbL
films to optimize catalytic performance. Unexpectedly, besides
the active layers, we found that the base layer that is deposit-
ed prior to the catalytic multilayers also significantly influences
catalytic activity. For example, a water-oxidation photoanode
was fabricated through the tailored assembly of GO nano-
sheets and a cobalt polyoxometalate catalyst into a nacre-like
multilayer architecture on hematite.®*” When a base layer of a
polyelectrolyte complex was deposited onto the surface, a
large shift in the flat-band potential was observed, owing to
the creation of a local dipole moment at the surface. As a
result, the overall water-splitting reaction was enhanced by
tuning the band edge to a more favorable position for efficient
charge separation. This approach, which utilized surface tuning
and catalytic multilayers, provides another example of the pre-
cise construction of nanoarchitectonics for highly efficient pho-
toelectrodes and other devices for numerous applications.
Whilst many of the preceding examples are graphene-based
LbL assemblies, the nanoarchitectonics of LbL assemblies is
not limited to the components and methods described herein.
The key concept of nanoarchitectonics can be established by
using a range of strategies and the design of new materials to
improve performance for a variety of applications can be ach-
ieved.

4.2, Applications

To take advantage of the superior properties of these gra-
phene-based LbL systems, including their conductivity, trans-
mittance, and physicochemical stability, the nanoarchitectonics
of associated material systems and devices is essential. Several
modification steps are required to transform graphite into GO
and, eventually, into rGO, which would allow for the preserva-
tion of some of these abovementioned advantages of gra-
phene. Because individually dispersed GO nanosheets lack the
required connections between the components for electron
transfer, multilayer deposition by using LbL assembly has been
employed to enhance the crosslinking and create a fully con-
ductive thin film (Figure 5). One advantage of this approach is
that the thickness of the multilayered thin film can be precisely
controlled on the subnanometer scale by changing the
number of deposition cycles. Ultrathin rGO multilayers that
maintained a balance between the desired optical and electri-
cal properties were possible by using an optimized deposition
thickness on a glass substrate. The best performance of the
rGO multilayer was observed with a low sheet resistance at a
fine transmittance through electrostatic assembly between op-
positely charged exfoliated rGO nanosheets.®”
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Figure 5. Applications of LbL-assembled GO multilayers.

During the thermal reduction of GO multilayers into rGO
films, we discovered an atom-doping effect, in which nitrogen
atoms from the amine functional groups of positively charged
GO* were incorporated into the rGO lattices, substituting for
carbon atoms. Interestingly, this nitrogen-doping process oc-
curred at various multilayer thicknesses, thereby inducing a
transition in the electrical behavior of the resulting rGO multi-
layer transistors, that is, the charge-transport behavior changed
from p-type to ambipolar and, eventually, to n-type with in-
creasing film thickness. Unlike thermally reduced GO multilay-
ers, chemically reduced GO films only showed ambipolar trans-
port behavior. The charge-transport mechanism in the thermal-
ly prepared rGO multilayer was investigated, and the n-type
dopant was found to fill the traps in the defect sites of the gra-
phene lattice, which affected the electronic wave functions.””?

Based on its physicochemical stability, GO multilayered sys-
tems can also provide stable frameworks for a variety of chem-
ical compounds. For example, a regularly arrayed GO multilay-
er was assembled on a glass substrate at a defined location in
patterns that were suitable for the detection of target pro-
teins.®? The efficient construction of fluorescent aptasensors
requires the controlled proximity of dyes on GO multilayers,
and the target compounds induce a corresponding fluores-
cence change in the sensor. Our GO-multilayer-based aptasen-
sor was attached to a glass substrate by using electrostatic in-
teractions, and the molecules that did not form covalent inter-
actions on the GO spots were readily removed through simple
rinsing. Interestingly, highly stacked GO multilayers were more
sensitive towards the target protein, owing to high-density
aptamer binding and effective fluorescence quenching on the
GO surface. The benefits of a recyclable array of highly sensi-
tive and readily processable GO sensors are immense. Thus,
the microscopic control of GO components can be employed
to operate an electronic device and to create a platform for ef-
ficient molecular sensing.

5. Future Perspectives

In this Minireview, we have summarized recent progress in the
development of the LbL approach in two different ways: 1) by
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collecting together short descriptions of a variety of different
examples; and 2) by presenting a more-detailed summary of
particular (GO-based) materials. The latter descriptions of LbL
assemblies of GO nanosheets well-exemplifies the outstanding
potential of the LbL technique for the construction of a range
of functional structures from limited material species that can
be well-adjusted to the target applications. The flexibility and
adjustability of the LbL process can be extended to other ma-
terials and extensive further applications. For example, the LbL
method has been employed in cell-surface engineering,®”
which could have a significant impact on cell-based bioscience
and biomedical technologies.”" Therefore, there needs to be
greater exploration of new applications of this LbL technology
as a near-future research goal. Another important key compo-
nent in the development of this technique is the development
of cheap mass-production processes for LbL materials.

This Minireview has emphasized the excellent versatility and
applicability of the LbL method. A wide variety of materials
can be assembled into a range of structures, including hier-
archical structures. Furthermore, LbL assembly is capable of
achieving rather irregular structures from multiple compo-
nents, which cannot be fabricated by using other self-assembly
methods. Furthermore, compared to these other methods, LbL
assembly is also well-suited to the fabrication of more-compli-
cated nanoarchitectures. The future direction of LbL assembly
will involve its development from simple self-assembly into
nanoarchitectonics. The preparation of highly functional mate-
rials that involve a sophisticated harmony of the component
materials, as seen in biological systems, will require this nano-
architectonics concept. We anticipate that LbL assembly will
play an important role in the realization of the nanoarchitec-
tonics concept in the future.
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layer-by-layer (LbL) assembly is summar- from simple seif-assembly to nanoarchitectonics Minju Park, Byeong-Su Kim*
|ze:\d to highlight the.development of ' EE-EE

this approach from simple self-assembly
to nanoarchitectonics. Advances in LbL
research are categorized according to
physical, chemical, and biological inno-
vations. The fabrication of hierarchical
structures and examples of LbL assem-
blies with graphene oxide are also de-
scribed.
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