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Forming nanomaterials as layered functional
structures toward materials nanoarchitectonics

Katsuhiko Ariga'?, Qingmin Ji!, Jonathan P Hill"?, Yoshio Bando! and Masakazu Aono'

Although progress in nanotechnology is anticipated to stimulate the development of innovative materials, the areas

of nanotechnology and materials science are somehow separated with little common ground in current technologies.
Nanotechnology has some analytical aspects that are beneficial mainly to the nanoscopic sciences at the atom or molecular
levels. Experience of these advanced techniques has only been applied in synthetic approaches to macroscopic materials in
rather immature level. Forming nanomaterials into hierarchic and organized structures is a rational way of preparing advanced
functional materials. Recently, one of us coined the term materials’ nanoarchitectonics to express this innovation. This review
focuses on recent research to develop functional materials by forming nanomaterials into organized structures, especially in
well-ordered layered structural motifs. This layered nanoarchitectonics can be achieved by using the versatile technology of
layer-by-layer assembly. Reassembly of bulk materials into novel layered structures through layered nanoarchitectonics has
created many innovative functional materials in a wide variety of fields as can be seen in ferromagnetic nanosheets, sensors,
flame-retardant coatings, transparent conductors, electrodes and transistors, walking devices, drug release surfaces, targeting

drug carriers and cell culturing.
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INTRODUCTION: NANOARCHITECTONICS FOR MATERIALS
INNOVATION

Rapid progress in nanotechnology is anticipated to stimulate the
development of innovative materials with advanced functions. In
addition to the currently available compact high-speed computing
devices, other extremely efficient solar energy convertors and self-
determining drug delivery systems based on functional atomic or
molecular materials would have great societal impacts. The nanotech
and materials’ worlds are apparently separated with little common
ground in current technology. Nanotechnology has some analytical
aspects that are beneficial to the nanoscopic sciences at the atomic or
molecular levels. Experience of these advanced techniques has only
been applied in synthetic approaches to macroscopic materials at a
rather immature level. Preparation of functional materials based fully
on atom/molecular technology is surprisingly underdeveloped. To
overcome this technological dilemma, establishing a new concept or
paradigm for construction of functional materials from nanoscale
building units has been long awaited.

Significant efforts have been made to synthesize various nanoma-
terials including nanoparticles, nanotubes, nanosheets and nanopor-
ous materials./”> However, their individual functions are limited
compared with the huge potential available from integrated systems.

Architecting nanomaterials into hierarchic and organized structures is
a rational way to construct advanced functional materials. Recently,
we have coined the term ‘materials nanoarchitectonics’ to express
this necessary innovation. (This terminology was first proposed
by Dr Masakazu Aono at Ist international symposium on
nanoarchitectonics using suprainteractions (NASI-1) at Tsukuba in
2000.)*°

Forming materials precisely from atoms and molecules into
complex three-dimensional systems remains a difficult matter.
Of several possible strategies, forming nanomaterials into controlled
layer structures could be an easily achievable approach because two-
dimensional nanomaterials such as nanosheets and layering metho-
dology including the Langmuir-Blodgett (LB) technique”® and layer-
by-layer (LbL) assembly®!® are currently available. For example,
individual nanosheets have sub-nanometric thicknesses and possess
different properties depending on their elemental compositions.!!
Carefully designed assembly of atomically thin nanosheets within
LbL structures of precisely controlled sequences and layer spacings
leads to novel materials whose properties depart from those of the
component nanosheets and/or the corresponding bulk materials.
Alternating assembly of two kinds of paraelectric sheets (LaNb,O;
and Ca;Nb3Oj() leads to a ferroelectric material due to effective
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formation of heterointerfaces (see later for details). Assembled
nanosheets can also be used as an ultrathin window coating with
self-cleaning properties. In other examples, assembling nanoporous
materials in layered structures has led to the development of highly
selective sensors and auto-starting drug delivery systems (see later for
details). Fixing nanomaterials into well-designed organized layered
structures is an effective way for creation of functional materials.

In this review, we will introduce recent research to develop
functional materials by architecting nanomaterials into organized
structures, especially in well-controlled layered motifs. Recent rapid
progress in layered architectures of other nanomaterials, such as
nanoparticles, nanotubes and even bionanomaterials, are comprehen-
sively summarized in this review by selection of very recent examples.
Finally, a brief summary of related concepts including atom/mole-
cular-controlled systems and novel design of individual nanomaterials
is described to illustrate the potential of nanoarchitectonics in
materials science and technology.

HOW TO STRUCTURE FUNCTIONAL LAYERS

Preparation of functional thin-layer materials is a continuing research
topic.!>!3 In particular, engineering processes aimed at scaleup of
ultrathin film preparation has been investigated from the point-of-
view of future practical applications. For example, Yan et all*
reported epitaxial formation of bilayer Bernal graphene on copper
foil through chemical vapor deposition process. At developing
graphene nuclei, edges with dangling bonds are much more reactive
to covalently bond with incoming atoms or fragments than the inert
face, inducing much faster lateral growth than the vertical
counterpart. Incoming carbon radicals are likely to arrange into a
thermodynamically stable Bernal stacking structure. Bae et al.!> have
developed a roll-to-roll process to prepare a predominantly
monolayer 30-inch graphene film on a copper substrate by using a
chemical vapor deposition process (Figure 1la). The graphene film
grown on copper foil was first attached to a thin polymer film
through rollers and the copper layer was subsequently removed by
electrochemical reaction. The graphene film was finally transferred
from the polymer support to a target substrate. This method could be
applied for the production of large-scale transparent electrodes.
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Chanda et al.'® proposed a simple printing approach for large-area,
high-quality negative-index metamaterials. As shown in Figure 1b, a
silicon wafer with nanoscale patterns of surface relief can be used as a
reusable stamp, which is inked with a solid, multilayer stack through
electron-beam evaporation. A high-throughput process is completed
by transfer printing the ink material onto substrates.

These physical processes are powerful methods for deposition of
thermally stable materials but are not always available for fragile and/
or nonvolatile substances. In the latter case, soft processing for
controlled layer fabrication becomes crucial and a typical soft layering
process might be LB method and LbL assembly. Figure 2a illustrates
the concept of the LB process. The LB method was initially proposed
for surfactant-like amphiphilic molecules capable of forming a mono-
molecular layer (monolayer) on a water subphase, which can then be
transferred onto a solid substrate in LbL manner. As is widely known,
this strategy is mostly used for deposition of organic materials
including biopolymers although recent efforts have demonstrated
use of the LB method for inorganic substances such as nanorods,
nanosheets and other nano-objects.!””!® For example, Zeng et al.!®
applied LB deposition for ultralarge graphene oxide sheets up to
200 mm in lateral size that could be converted into a transparent thin
film conductor by subsequent reduction and chemical doping. The
measured sheet resistance was better than that of chemical vapor
deposition-prepared graphene film. Makiura et al.?’ and Motoyama
et al.?! reported LbL deposition of metal organic frameworks by using
the LB process (Figure 3). Spreading a solution of a free base
porphyrin derivative on aqueous CuCl, solution resulted in mono-
layer-type metal organic framework structures through interfacial
complex formation, which could be converted into a LbL nanoarch-
itecture with intermediate solution rinsing.

These novel examples demonstrate the possibility of extending the
LB concept to a wide range of substances. However, LbL assembly has
much wider application capabilities because a greater variety of
materials than can be applied in the LB method. This approach is
one of the most versatile methods for constructing nano-sized layered
architectures of various materials including organic polymers, bio-
materials, inorganic substances and supramolecular assemblies on
both flat substrates (Figure 2b)*? and microscopic colloidal particles
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Figure 1 Advanced fabrication methods for functional thin films: (a) roll-to-roll process for large-area graphene film; (b) nanotransfer printing for negative

index metamaterials.
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Figure 2 Soft fabrication processes for controlled layered structures: (a) LB method; (b) LbL assembly in flat film mode and (c) LbL assembly in colloidal

mode.
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Figure 3 LbL deposition of metal organic framework using the LB method.

(Figure 2c).232* Most popular modes of LbL assembly are based on an
electrostatic mechanism. As illustrated in Figure 2b, excess adsorption
leads to charge neutralization and resaturation in turn leading to
charge reversal, resulting in alternation of the surface charge.
Continuous assembly between positively and negatively charged
materials affords layered architectures with a great freedom in the
number of layers and their sequence. Similar processes can be
extended to other interactions such as metal coordination, hydrogen
bonding, covalent bonding, supramolecular inclusion, bio-specific
recognition, charge transfer complex formation and stereo-complex
formation. In addition to solution dipping, various techniques
including spin coating and spraying have been demonstrated. Because
of its great versatility, the LbL technique has become an extremely
popular methodology for preparing layered nanoarchitectures.
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Therefore, we here focus on recent developments in layered nanoarch-
itectonics based on LbL assembly.

EXPLORATION OF LBL NANOARCHITECTONICS

Although IbL has become a major technique for nanostructure
preparation, its fundamental aspects are still in the forefront of
research. For example, Carrillo and Dobrynin®® applied molecular
dynamics simulations to multilayer assemblies between oppositely
charged nanoparticles on porous materials. Deposition of the
nanoparticles has features similar to those observed for
conventional LbL assembly on regular planar substrates. For
example, the surface overcharge at every deposition step can be
estimated as being about half the value of the net charge of the
deposited nanoparticles. The amplitude of the charge fluctuations
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decreases as the number of layers increases. The film thickness and
surface coverage increase almost linearly with the number of
deposition steps. These simulation results almost reproduce what is
observed for experimental depositions. On the other hand, Choi
et al?® demonstrated the complex nature of LbL assembly by
investigating the effect of pH on LbL film growth of star-shaped
polyelectrolytes. Thicknesses and morphologies of the LbL films were
governed by either linear or exponential growth mode that can be
tuned by varying pH conditions. Such significant effects of pH on the
structures of LbL assemblies were originally reported by Shiratori and
Rubner.?’ Other parameters, such as charge density, degree of
hydration and molecular diffusion, also have significant effects. In
addition, a description of polyelectrolyte films violating (almost) all
the rules of LbL deposition has been recently published.?®
Surprisingly, one of the principal authors of this counterintuitive
paper is Decher, who is one of the pioneers of LbL technology.
Modification of assembly driving forces has been explored under
various demands for expansion of assembly components and
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Figure 4 Reinforcement of particle LbL films by atomic layer deposition.
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improvement of film stability. Dafinone et al? used atomic layer

deposition for mechanical reinforcement of LbL films of TiO, and
SiO, nanoparticles. These nanoparticle LbL films had porous
structures that were coated with Al,O3 by atomic layer deposition
at low temperature (Figure 4). Robustness of the reinforced nano-
particle LbL films became comparable to that of thermally calcined
films. Functionalities specific to the nanoparticle LbL films, such as
superhydrophilicity and antireflection properties, were not seriously
affected. Reignforcement of the LbL assemblies can be also done
through a polymeric network with nanoparticles as demonstrated by
Bédard et al®® Shirman et al’' applied halogen bonding for LbL
assembly of gold nanoparticles on a planar surface. As illustrated in
Figure 5, the surface was first decorated with organic functional
groups bearing terminal pyridine moieties that can function as a
halogen bond acceptor. Gold nanoparticles functionalized with
halogen bond donor ligands were then deposited. By using appro-
priate linkers with halogen bond acceptors, gold nanparticles could be
assembled in a LbL manner. Ligand shape and the number of layers
could be used to control the morphology of the films.

To prepare robust LbL films of organic components, assemblies
with covalent bond formation have been investigated including
methods using ‘click’ reactions.>> However, most of the proposed
methods require use of additional chemicals in reactions for covalent
bond formation. In contrast, Li et al3® has invented a novel
methodology, electrochemical coupling LbL (ECC-LbL) assembly,
that can be used to covalently immobilize organic functional units
such as porphyrin, fullerene and fluorene into thin films having
desired thicknesses and designable sequences for both homo- and
heteroassemblies through ECC of carbazole groups (Figure 6a).

Linker Layer

Figure 5 Halogen-bonding-mediated LbL assembly.
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(a) fundamental concept; (b) application

As N-alkylcarbazoles and their dimers have large hole transport
mobilities, electrochemical signals can be transmitted to the top layers
of their films. This clean reagentless process is especially useful for
constructing covalently linked layer-controlled thin films on a
sensitive device surface. ECC-LbL assembly can also be used in
area-selective patterning mode.* As illustrated in Figure 6b, three
capital letters, M, A and O, were positioned on different parts of
indium tin oxide on the same glass surface where ECC-LbL assembly
could be undertaken at different areas and each of the indium tin
oxide parts could then be individually toggled on by connection to a
working electrode. The patterned display was demonstrated under
irradiation with ultraviolet light (254 nm) in the dark. By modifying
the electron donor and electron acceptor components in the layered
structures, patterning of a fluorescent display was possible. The ECC-
LbL approach should be a powerful method for constructing robust
and well-designed organic layered structures with potential uses in
various types of organic devices.

Recently, Yoon et al.3® proposed use of the nucleophilic substitution
reaction between bromo and amine groups for LbL assembly on silica
colloids with 2-bromo-2-methylpropionic acid-stabilized quantum
dots and 2-bromo-2-methylpropionic acid-stabilized iron oxide
particles  (2-bromo-2-methylpropionic acid-Fe;O4), along with
amine-functionalized poly(amidoamine) in organic media. The
resulting LbL-coated particles exhibited superparamagnetism,
photoluminescence and magneto-optical tuning properties with
long-term stability in nonpolar solvents.

PHYSICOCHEMICAL APPLICATIONS

Fabrication of layered structures is useful for control of interlayer
physical interactions and immobilization of functional nanostructures
on device surfaces. A typical example of these advantages was
demonstrated by Osada et al.>® They prepared layered superlattice
structures of oxide nanosheets by using LbL assembly. Ferromagnetic
nanosheets (TiygCop,0, and TiggFey40;) prepared by delaminating
layered titanates were assembled sequentially on substrates such as
atomically flat SrTiO3 (Nb 0.5 wt %; SrTiO3:Nb) or quartz glass chips,
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Figure 8 Sensors based on LbL films of inorganic nanostructures: (a) an
LbL film of mesoporous carbon CMK-3; (b) an LbL film of mesoporous
carbon capsule and (c) an LbL film of graphene nanosheet and ionic liquid.

together with the polymer cation, poly(diallyldimethylammonium
chloride; (Figure 7). The superlattice structures exhibited a gigantic
magneto-optical response in the visible wavelength region. This
response originates from the interlayer d—d transitions (Co?*—
Fe3t) between adjacent nanosheets. In this superlattice, which can
be regarded as an artificial ferromagnet, the charge, spin and orbital
degrees of freedom might be strongly coupled at the interface.
Layering combinations can be created with infinite varieties and
artificial layered structures with enhanced interface interactions can be
formed with a great freedom of design.

Immobilization of nanostructured materials as thin films on sensor
device surfaces would be a potentially useful means of revealing the
properties specific to nanostructures for sensing responses. The
following examples demonstrate advantages of the LbL assembly for
sensing applications. Ariga et al.’’ assembled mesoporous carbon
(CMK-3) with regular pores on a mass-sensitive device, a quartz
crystal microbalance (QCM), by LbL assembly with the aid of
polyelectrolytes (Figure 8a). The resulting sensors were used to
discriminate tea components in an aqueous phase. Sensor responses
(frequency changes) for tannic acid easily exceeded those observed for
catechin and caffeine. The superior adsorption capacity for tannic
acid likely originates in its molecular structure, that is, multiple
phenyl rings of the tannic acid molecule can interact with the carbon
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surface through m—m interactions and hydrophobic effects as well as
size fitting of tannic acid to the CMK-3 nanochannel. The observed
behavior may be similarly explained by enhanced guest-guest inter-
actions under confined geometry. These observations should improve
our understanding of molecular interactions within nanospaces.

As demonstrated in the previous example, assembling rather
unusual nanostructures into thin films can be performed using LbL
assembly. The next example shown in Figure 8b illustrates a gas sensor
with tunable selectivity prepared by LbL assembly of mesoporous
carbon capsules on a QCM plate® The carbon capsules of
homogeneous dimensions (1000 x 700 x 300nm>®) with 35-nm-
thick mesoporous walls (4.3 nm in diameter) were synthesized using
zeolite crystals as templates, and were assembled in LbL manner after
coating the capsules with surfactants. Various volatile substances
could be discriminated by observing the in situ frequency decrease of
the QCM sensor where aromatic hydrocarbons such as benzene and
toluene were generally more easily detected than aliphatic
hydrocarbons such as cyclohexane. In addition, selectivity of gas
adsorption could be flexibly controlled by impregnation of the carbon
capsule films with secondary recognition sites. The designable guest
selectivity might be utilized for widespread applications including as
sensors or filters. Graphene and graphene oxide are attractive
materials for the IbL assembly.?® As illustrated in Figure 8c,
pieces of graphene can be disassembled from graphite then re-
assembled into LbL structures together with ionic liquid.*
Graphene oxide sheets, prepared by oxidization of graphite under
acidic conditions, were reduced to graphene sheet in the presence of
ionic liquids in water. Composites of grapheme sheet/ionic liquid as
charge-decorated nanosheets were assembled alternately with
poly(sodium styrenesulfonate) by LbL adsorption on a QCM sensor.

The resulting films showed significantly higher selectivity (>10
times) for benzene vapor over cyclohexane despite their similar
molecular sizes, molecular weights and vapor pressures. Adsorption
of CO; vapors from a saturated sodium hydrocarbonate solution into
the LbL films also showed enhanced response.

There is huge scope for applications of LbL assemblies. Li et al.*!
used LbL architectonics to prepare coatings capable of extinguishing
flames. There are four major requirements for flame retardants: a
source of carbon, a source of acid, a blowing agent and a binder to
keep the components suspended in a liquid dispersion and form a
solid film on a surface. Li et al. assembled poly(sodium phosphate)
and poly(acrylic acid) as the blowing agent. The latter poly(acrylic
acid degrades into low-molecular-weight compounds, which are
released as blowing gas where NHj; reacts with O, to form N, and
H,0. The resulting LbL polymer coating can act as an
environmentally friendly alternative for protecting fabrics. Zhu et al.
developed transparent conductors by LbL assembly of carbon
nanotubes.*> Conventional transparent conductors based on coating
of carbon nanotubes and related materials have several deficiencies
such as poor mechanical properties, significant roughness, low-
temperature resilience and rapid loss of conductivity. To overcome
these difficulties, LbL assembly of hydroethyl cellulose and sulfonated
polyetheretherketone-coated carbon nanotubes was performed
(Figure 9). Hydroethyl cellulose and sulfonated polyetheretherketone
function as molecular glue and nanotube stabilizer, respectively, and
they also serve as dopants. Doping is based on electron transfer from
several valence bands of carbon nanotubes to low lying unoccupied
levels of sulfonated polyetheretherketone in the m-stacked electronic
system. A cumulative electrical/optical/mechanical performance
expressed as figure of merit exceeds that of indium tin oxide.

OR
H
RO_o
R OH H
H H
- e} OR R=H or n

R

~ =\ ——— Single Wall

Carbon Nanotubes LbL-Assembled
with Polymer Dopant

Figure 9 Wrapping of carbon nanotube for LbL assembly.
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Li et al.*® reported a strategy for preparing materials for electronics
with the LbL technique. They first assembled graphene oxide and
polyoxometalate clusters of H3PW1,0, into multilayer films by LbL
assembly. Ultraviolet irradiation induced photoreduction of the films,
which reduce graphene oxide due to the photocatalytic activity of the
polyoxometalate clusters. This strategy is useful for fabrication of
reduced graphene oxide films with precisely controlled thicknesses on
various substrates. They demonstrated preparation of field effect
transistors based on the composite films where typical ambipolar
features and good transport properties for both holes and electrons
were observed. They expect that a rational combination of the
luminescent property of polyoxometalate clusters with the electric
response of reduced graphene oxide films could lead to logic-gate
devices with dual optical and electrical output functions. Ha et al.4*
demonstrated preparation of self-assembled nanodielectrics with
alternate structures of organic and inorganic layers, where
polarizable, phosphonic acid-functionalized organic precursors and
ultrathin layers of high-k inorganic oxide materials were used
(Figure 10). The ultrathin dielectric materials obtained were adherent,
insulating, high-capacitance and thermally stable. They could be
applied for low-operating voltage organic and inorganic semiconduc-
tor-based thin film transistor devices as versatile gate dielectrics with
excellent thermal stability.

Lee et al*> used the LbL technique for fabrication of electrodes
with additive-free, densely packed and functionalized multiwalled
carbon nanotubes. The resulting electrodes exhibited high gravimetric
energy delivered at an exceptionally high power of lithium battery
cells. In particular, thicker large-scale electrodes of 10 um size could
be produced using a spray LbL method to reduce assembly time
markedly. Figure 11 exemplifies a unique application of LbL objects
where energetic walking devices based on polyelectrolyte multilayered
films are demonstrated.*® This innovative work was performed by Sun
and coworkers who made actuators by attaching LbL bilayers of
poly(acrylic acid/poly(allylamine hydrochloride) onto ultraviolet-
cured Norland Optical Adhesive 63 substrate (Norland Products
Inc., Cranbury, NJ, USA). This moisture-sensitive actuator was located
between two pieces of polyethylene terephthalate. The actuator drove
unidirectional walking of the device on a ratchet substrate upon
control of relative humidity. When relative humidity was set at high

Bottom-Gate Top-Contact
Thin-Film Transistor (TFT) Device

Figure 10 Organic inorganic LbL assembly as a thin film transistor.
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(40%), the walking device bent upward into an arch due to swelling
of the PAA/poly(allylamine hydrochloride LbL layer. This moisture-
sensitive part was in turn contracted by decreasing relative humidity
to 11%. The latter change caused stretching of the walking device
forward in the designated direction because the fore claw moved
forward and the hind claw was fixed by one of the indentations on the
substrate. This kind of actuator might be used to build miniaturized
devices capable of rapid response to a wide variety of stimuli.

BIOMEDICAL APPLICATIONS

As LbL assembly can be conducted under mild conditions compared
with other thin film preparation techniques, use of bio-related
materials and application in biomedical fields can illustrate the
unique advantages of the LbL assembly.#’™° In this section, recent
examples of bio-related and biomedical applications of LbL are
described.

Komatsu et al.”® designed nanotubes of human serum albumin as a
virus trap (Figure 12). The nanotubes were prepared by LbL assembly
of human serum albumin and poly(r-arginine) into a nanoporous
polycarbonate membrane, followed by depositions of poly(r-glutamic
acid) and anti-hepatitis B surface antibody-antibody. Removal of
porous polycarbonate template by selective dissolution resulted in

PAA/PAH Layer

11%RH Forward Motion of Fore Claw

40%RH Forward Motion of Hind Claw

Figure 11 Energetic walking device based on LbL structures.
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Figure 12 LbL nanotubes of human serum albmin as a virus trap.

multilayered protein nanotubes having an anti-hepatitis B surface
antigen antibody (hepatitis B surface antibody) layer as an internal
wall. The amount of genome DNA in the hepatitis B virus solution
markedly decreased after incubation with the synthesized nanotubes.
This result suggested that the infectious particles were completely
entrapped in the one-dimensional pore space of the LbL nanotubes.
The efficiency of removal by a single nanotube treatment reached 3.9
log order. The authors anticipated that this kind of would be used as a
novel type of virus detection and removal apparatus.

Exploration of drug delivery systems is undoubtedly an important
subject in biomedical applications. The LbL method has been used to
make significant contributions to this field as biomaterials and
biocompatible materials can be easily immobilized and nanostruc-
tured materials appropriate for drug carriers can be embedded into
thin films. Ji et al>"3? developed LbL films with unique materials’
release capabilities. As illustrated in Figure 13, the films used included
regular-sized mesoporous capsules as materials’ carriers. Anionic
mesoporous silica capsules and cationic polyelectrolyte were depos-
ited on a QCM sensor using LbL assembly with the aid of anionic
silica nanoparticles as a co-adsorber. Quantitative analyses on
evaporation of entrapped water within capsules in the LbL films
under a variety of conditions were investigated. An increase in QCM
frequency corresponds to a decrease in mass and, in this case, is
symptomatic of water release from the interior of the silica capsule
within the LbL film. The frequency shifts upon water evaporation
from the mesoporous LbL films possess a stepwise profile even
though no external stimulus was applied. The observed stepwise
release of water is assumed to originate from combination of two
processes: water evaporation from the pores and capillary penetration
into the pores. Initially, water entrapped in mesopore channels
evaporates to the exterior, which is observed as the first step of water
release. After most of the water has evaporated from the mesopore
channels, water enters that region from the capsule interior probably
through rapid capillary penetration. Water evaporation rate at each
step can be controlled by several factors such as temperature and the
co-adduct materials (silica particle and polymer). This release profile
was also used in a demonstration of controlled release of various fluid
drugs such as fragrance molecules. It is a rare example of a stimulus-
free controlled release medium, which operates in a stepwise manner
with prolonged release efficiency, a feature useful for controlled-
release drug delivery. Similarly, importance of hierarchic structures for
drug delivery was mentioned with the novel concept of multi-
compartmental micro- and nanocapsules by Delcea et al.>?

Instead of drug delivery from substrates, LbL objects themselves
have been widely used as drug carriers. Cui et al>* reported
preparation of LbL microcapsules that can carry hydrophobic drugs.
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They used alkylated hyaluronic acid as a hydrophobic components
that can be assembled with poly(i-lysine) into hollow capsules. The
resulting capsules can trap hydrophobic drugs and the entrapped
drugs have a very high stability in a physiological medium. Lee et al.>
developed LbL nanocomplex including gold nanoparticles, cystamine,
small interfering RNA and hyaluronic acid. As illustrated in Figure 14,
cysteamine-modified gold nanoparticles were sequentially modified
with small interfering RNA, poly(ethyleneimine) and hyaluronic
acid. The nanocomplex obtained was used for target-specific drug
delivery to B16F1 cells with receptors for hyaluronic acid. When
apolipoprotein B small interfering RNA as a model drug was used,
apolipoprotein B mRNA level in the liver tissue was markedly
reduced. Poon et al’® developed LbL nanoparticles with
appropriately designed layered structures for targeting of tumor
hypoxia. The capsules were coated with a stealth layer of
poly(ethylene glycol) to suppress nonspecific cellular uptake of
positively charged LbL nanoparticles. This poly(ethylene glycol)
layer can be selectively removed by acidity generated in the hypoxic
tumor microenvironment. Capsules with exposed cationic charges
were readily taken up by tumor cells. Control of shielding and
deshielding of charges on LbL nanoparticles enabled targeting of drug
deliver to tumor cells.

An LbL coating is also useful for cell engineering including
cell modifications and cell assembly. Wilson et al.>” assembled LbL



films of poly(i-lysine)-graft-poly(ethylene glycol) and alginate as
polyelectrolyte multilayer on living cells. The coated cells
maintained viability and function upon transplantation and were
used as carriers for in vivo delivery of multilayer-containing
biomolecular payloads. Yang et al>® demonstrated a method for
covering cells with silica shell with the aid of LbL films. As illustrated
in Figure 15, a yeast cell was first coated with polyelectrolyte LbL films
and then a silica shell was fabricated by polycondensation of thiol-
functionalized alkoxysilane. The thiol groups introduced at the surface
operate as starting points for introduction of various functional
moieties such as fluorescein and streptavidin. The authors expected
that the formation of artificial spores on cells would be useful as cell-
based sensors, reactors, devices and single-cell-based biology. Nishi-
guchi et al>® developed the cell-accumulation technique (Figure 16).
A single cell was first coated with LbL films of fibronectin and gelatin.
The fibronectin-gelatin films can interact with integrin receptors of
the cell membrane resulting in the cell-cell adhesion of all seeded cells
in three-dimensions at the same time. The formation of a large
diversity of layered cell societies is possible just by controlling the layer
number, cell type and location. This simple cell archtecture approach
is expected to be promising methodology for the in vitro construction
of tissue or organ models.

FUTURE DIRECTION: EXTENSION TO VARIOUS
NANOARCHITECHTONICS

In this review, we have briefly overviewed recent research on layered
nanoarchitectonics for innovative materials based on the LbL
assembly technique. Some of the examples indicate the potential
importance of architectonics at the nanoscale where materials’
compositions and functions can be markedly altered from the original
bulk materials. For example, single-layered nanosheets can be
disassembled from the bulk layered materials and re-architected into
layered structures in predesignated combinations and layering
sequences. Artificially structured layered objects are capable of
expressing totally novel properties based on creation of new interfaces
at the nanoscale. Graphite can be disassembled into graphene
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sheets and/or graphene oxide sheets. The disassembled pieces can
be reconstituted with other components such as ionic liquids to
produce novel layered nanostructures with sensing capabilities. These
efforts clearly demonstrate that properties of the original materials
can be altered by nanoarchitectonics. In addition, recent research on
the LbL assembly®-%? revealed further advances in nanoarchtectonics
including specific patterning,®> biomaterial template synthesis®*®> and
porous membrane fabrication.®®

The concept of layered nanoarchitectonics can be applied over a
variety of length scales, that is, from atomic scale architecture, such as
atom-layer deposition and graphene-sheet fabrication, to large-scale
assembly including cell society accumulation. In fact, methodologies
can be expanded to include microscopic and visible scales from the
nanoworld. The nanoarchitectonics concept can be applied in all
dimensions. For example, control of deposition of atoms and bridging
molecules in three-dimensionally architected structures can create
novel device concepts such as atomic switches®” % and single
molecule logic gate.”%’! Architecting atoms by rational means into
materials has resulted in novel and highly enhanced functions as can
be seen in photocatalysts’>’> and spintronics materials.”4”> Forming
stimuli-responsive materials with softly deformable structures can
lead to the development of innovative and unusual functional
materials such as self-powered sensors’® and hand-operatable
molecular screening systems.””’8 In these examples, functional units
and elements are structured within rational designs to create new
functions that cannot be obtained by simple combinations of the
properties of the original materials in their bulk states.

Most of these strategies have been conducted as parts of established
research fields such as nanotechnology or materials science. However,
it is not a good idea to categorize these new technologies into old
families, as their importance may be neglected or misunderstood.
To apply the advanced knowledge available from nanotechnology to
materials science, we need to make a conceptual breakthrough.
Nanotechnology has revealed the nanoscale world. Next, nanoarch-
itectonics should be used to build up innovative materials and
systems based on the products of nanotechnology. Although there
are lots of techniques for constructing small objects, including self-
assembly and sophisticated fabrications, these separately developed
methodologies have to be unified to one concept for the next step,
this being nanoarchitectonics. Thus, it may be easy to appreciate that
the conceptual evolution from nanotechnology to nanoarchitectonics
is very similar to the process of disassembling bulk materials to
nanostructures and re-architecting nanostructures into novel materi-
als, that is, nanotechnology disassembles materials and nanoacchitec-
tonics will be used to re-architect them into more useful forms.
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