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The synergistic combination of layer-by-layer (LbL) assembly and nanoporous membrane templating
has greatly facilitated the creation of complex and functional nanotubular structures. The approach
takes advantage of both the new properties conferred by assembling diverse LbL building blocks and
the tight dimensional control offered by nanotemplating to enable new functionalities that arise from
the highly anisotropic “one-dimensional” LbL-nanotube format. In this review, we aim to convey the
key developments and provide a current snap-shot of such templated LbL nanoarchitectures. We
survey recent developments that have enabled the assembly of polymers, biomolecules and inorganic
nanoparticles “a la carte”, via electrostatic, covalent and specific (bio)recognition interactions. We also
discuss the emerging mechanistic understanding of the LbL assembly process within the nanopore
environment. Finally, we present a diverse range of LbL nanotube “devices” to illustrate the versatility
of the nanotemplated LbL toolbox for generating functional soft nanotechnology.
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1. Introduction

The co-assembly of functional polymeric, (bio)molecular and
inorganic nanoparticulate building blocks poses new opportu-
nities and alternatives to creating complex and tunable nano-
architectures, especially as it is becoming possible to create
genuinely new building block materials de novo by manipulating
materials at the molecular level.! It is also widely recognized that
the functional properties of a nanomaterial can change dramat-
ically when its structural dimensions coincide with the charac-
teristic length-scale of a particular physical property.* Highly
anisotropic morphologies are therefore very interesting as they
can address multiple functionalities over their various dimen-
sions. As a result, the design and fabrication of “soft” nanowires
and nanotubes—one-dimensional (1D) nanomaterials*—consti-
tute a rapidly advancing branch of nanoscience that invokes the
tools and concepts of (supra)molecular science and attempts to
take advantage of the new properties and functionalities arising
from the nanoscale.

Successful development of nanostructured entities requires
suitable and convenient methods for their fabrication. It has been
twenty years since Decher and Hong published their seminal
works describing the concept of layer-by-layer (LbL) assembly.?
The method is based on the alternating electrostatic deposition of
polycationic and polyanionic species onto a substrate. Deposi-
tion of a layer of material of one charge reverses the substrate
surface charge (charge over-compensation) and enables the
deposition of the next layer of the opposite charge. Its intro-
duction represents a milestone in molecular design as it offers
a simple and versatile bottom-up process for creating multilay-
ered thin films. LbL assembly was originally demonstrated using
polyelectrolytes.® The fact that polymers are nanoscale objects
translated into an unprecedented ability of the LbL technique to
control film characteristics such as composition, thickness, and
function on the nanoscale simply by varying the sequence,
number and chemical nature of the polyelectrolyte layers.®
Further development led to the incorporation of other building
blocks, including proteins, nanoparticles, and quantum dots, as
long as they can participate in the charge over-compensation
process.” More recently, LbL assembly has been extended
beyond the domain of electrostatic interactions to multilayered
systems stabilized by covalent bonding, hydrogen bonding or
biospecific interactions.

Martin and collaborators pioneered the fabrication of 1D
nanomaterials using the “template method”.® The filling of pores
within a nanoporous membrane, or “template”, generated
nanorods, and the conformal deposition on the pore walls
created nanotubes. Nanoporous anodic aluminium oxide (AAO)
was adopted early as a robust nanotemplate for monodisperse
1D nanostructures, since AAO possesses uniform, cylindrical
nanopores self-organized into a close-packed arrangement.®
Also, the nanoporous membranes are conveniently prepared by
a “bottom-up” anodization process, and a large range of pore
diameters (5-400 nm) and pore lengths (from nanometres to tens
of microns) can be obtained by controlling a small set of anod-
ization parameters. AAO nanotemplating therefore results in
a convenient method for preparing monodisperse 1D nano-
materials which have dimensions replicating those of the AAO
nanopores and which can be sensitively tuned with high

precision. Nanotemplating by other nanoporous membranes
soon followed. In particular, like AAO, track-etched poly-
carbonate (TEPC) membranes also exhibit straight, cylindrical
nanopores and became widely utilized.'® Release of the 1D nano-
objects from the AAO or TEPC is simply accomplished by
selective dissolution of the nanoporous matrix. Undoubtedly, the
convenience and conceptual simplicity of the template method
have given a decisive impetus to the development of a plethora of
nanotubes and nanowires."!

In 2003, Li** and Caruso'® reported the first attempts to
combine the template method and LbL assembly to create
polyelectrolyte and heterostructured multilayered nanotubes.
The very possibility of merging the versatility of both templating
and LbL assembly marked a critical departure from traditional
nanotemplating. This hybrid strategy enabled not only geometric
control over the length and wall thickness of the resulting
nanotubes, but also provided a versatile means of locally
manipulating the wall components and properties by the
sequential assembly of suitable building blocks that include
polymers, nanoparticles, proteins, inorganic and organic func-
tional molecules. Since its introduction, LbL assembly in nano-
porous templates has led to a wide range of 1D soft functional
nanoobjects displaying functionality that is controlled by the
organizational arrangement' and the properties of the building
blocks, as well as the number of assembled layers making up the
nanotubes.

This review presents the advances that have been made in the
design, fabrication and application of LbL-mediated nanotubes.
It is divided into four sections. The first and second encompass,
respectively, a description of the current synthetic strategies
towards LbL-mediated polymeric nanotubes and a discussion of
the protocols important for preparing hybrid 1D soft nano-
architectures. In the third, a discussion of the main mechanistic
aspects of LbL assembly in the confined environment of nano-
pores is provided. Lastly, a diverse range of LbL nanotube
“devices” are described, which serve to illustrate the potential of
soft 1D nanostructures fabricated by the LbL nanotemplating
strategy in various technological areas. It is hoped that the
present contribution will illustrate the multidisciplinary breadth
of LbL-mediated 1D nanostructure research and hence stimulate
further advances in this emerging area of “soft nanotechnology”.

2. Template synthesis of one-dimensional soft
nanostructures via layer-by-layer (LbL) assembly:
molecular interactions and building blocks a la carte

2.1. Hard nanoporous templates

Nanoporous anodic aluminium oxide (AAO) is formed through
the electrolytic oxidation and etching (i.e. anodization) of pure
Al?® Track-etched polycarbonate (TEPC) is prepared by the
bombardment of a precursor polycarbonate film with heavy
energetic ions.' Both AAO and TEPC membranes are charac-
terized by flat external surfaces and cylindrical pores that run
parallel to each other and straight through the thickness of the
membranes. The AAO pores are also characterized by a high-
degree of ordering. However, this feature is not necessarily
important for nanotemplated LbL assembly since the
membranes are commonly sacrificed (dissolved) to release the
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deposited nanotubes. AAO can be etched in pH < 4.5 and pH >
8.5'%17 and TEPC can be dissolved in common organic solvents
such as dichloromethane.

Several lines of commercial TEPC, such as Nuclepore™,
Poretics™ and ipPore™,' are available from laboratory
suppliers. Membranes with a wide range of pore diameters, from
15 nm to many microns, and membrane thickness 10 um and
above, can be sourced. Polyethylene terephthalate and polyimide
membranes are also available. A more limited range of
commercial AAO membranes can be obtained under the brand
name Anodisc™,' or from specialized companies such as Syn-
kera.? Since anodization only requires a bench-top high voltage
supply and a relatively simple two electrode electrochemical
setup, many laboratories prepare their own samples for more
precise and on-demand control over the pore diameter and pore
length. Anodization protocols have been documented
elsewhere.®!"2*

2.2. Electrostatic assembly of polyelectrolytes and dendrimers

Pioneering work from Li and his collaborators introduced the
concept of layer-by-layer (LbL) assembly of polyelectrolyte
multilayers within nanoporous templates in order to create
polymeric tubular nanostructures displaying complex but well-
controlled wall morphologies and adjustable wall thickness
(Fig. 1).% The authors deposited polyallylamine hydrochloride
(PAH)/sodium poly(styrene sulfonate) (PSS) from aqueous
0.5 M NaCl solutions within the ~300 nm pores of an anodic
aluminium oxide (AAO) membrane by injecting polyelectrolyte
solutions through the membrane under an applied pressure.
Subsequent etching of the alumina matrix with an aqueous
NaOH solution led to the release of flexible (PAH/PSS);

polymer
nanotube
wall

poly(allylamine)  poly(styrene sulfonate)
(PAH) (PSS)

=

electrostatic
layer-by-layer 1
assembly

nanoporous
template

template
removal

Fig. 1 Simplified representation of the formation of polyelectrolyte
nanotubes through sequential assembly of polycations and polyanions
inside the nanoporous template and the subsequent removal of the
nanotemplate.

polymer nanotubes

nanotubes displaying physical length and outer diameter in
agreement with the AAO template used (Fig. 2). Interestingly,
the nanotube walls were found to be much thicker than that of
corresponding multilayer structures prepared on flat substrates
(see Section 4).

The same strategy has also been extended to functional poly-
mers whose characteristics are compatible with the LbL tech-
nique. For example,® the negatively charged conducting
polymer polypyrrole (PPy) was used as a functional building
block to fabricate conductive polymer nanotubes through the
alternating deposition with positively charged PAH?*” onto the
inner pores of track-etched polycarbonate (TEPC) nano-
templates. Unlike the aforementioned work of Li ef al, LbL
assembly was accomplished simply by diffusion of PPY and
PAH into the TEPC immersed in the polyelectrolyte solutions
(60 min). Under these conditions, a six bilayer structure, (PPy/
PAH)s, was reported as a critical condition for attaining
mechanically stable nanotubes with an outer diameter of
~400 nm and length ~10 pm. In addition, their electroactive
characteristics were measured by cyclic voltammetry (CV), and
showed that PPy has a stable oxidation state in organic acid. The
conductivity of the nanotubes was determined to be 8 mS cm™".

In a similar vein, soft nanotubes constituting exclusively of
dendrimer polyelectrolytes were obtained using two versions of
the same fourth generation phosphorus dendrimers, one with
dendritic branches terminated by ammonium groups and
another with carboxylate terminations.?®? Analogous to (PPy/
PAH),, dendrimer nanotubes were also obtained by direct
immersion of the AAO into dendrimer solution. Each dendrimer
deposition step was followed by rinsing with pure water. The
same process was repeated up to 20 bilayers. The dendrimer
nanotubes were released from the template by immersing the
AAQ into a solution of chromium(imr) in phosphoric acid, which
facilitates the rapid dissolution of the alumina membrane and
facile release of the nanotubes. These nanotubes, templated from
AAO membranes with pores opened at both ends, also have

Fig.2 Scanning electron micrographs at different magnifications (A-D)
of polyelectrolyte nanotubes obtained via nanotemplated LbL assembly
of poly(allylamine) and poly(styrene sulfonate). Reproduced with
permission from Ai et al., J. Am. Chem. Soc., 2003, 125, 11140. Copyright
2003 American Chemical Society.

This journal is © The Royal Society of Chemistry 2011
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a much higher aspect ratio (diameter ~400 nm, length ~80 um,
wall thickness ~40 nm) than the PPy/PAH assemblies described
above.?®

2.3. LbL assembly of metal organodiphosphonates

Strong ionic interactions using amphiphiles as modular building
blocks have also been exploited to create metal-containing,
nanoconfined supramolecular assemblies and one-dimensional
soft nanostructures. The LbL deposition of organo-
diphosphonates as zirconium salts was originally introduced by
Mallouk and co-workers as a strategy to achieve thin films with
architectural control.?® The resulting films are markedly stable
because the interlayers consist of Zr** ions strongly and multiply
coordinated to phosphonate groups (analogous to high-melting,
chemically robust zirconium phosphate and phosphonate bulk
layered materials).®! Since the structure of the layered solid is
determined by strong ionic interactions between the metal ions
and the phosphate groups, the organic groups that are “along for
the ride” in the structure can be arranged in predictable ways,
even in confined geometries.

Martin and co-workers described the synthesis of a,w-dio-
rganophosphonate/Zr layered nanotubes within the nanopores
of alumina template membranes.?* The experimental protocol
only required the alternate immersion of the nanotemplate into
a solution of diorganophosphonate (1,10-decanediylbis(phos-
phonic acid), DBPA) and a solution of ZrO**. After the desired
number of immersion cycles, the alumina template was dissolved
in 27% H3PO,, and the layered DBPA/Zr nanotubes were
collected by filtration. Kohli ez al. also reported the synthesis of
polydiacetylene nanotubes using the chemistry of 10,12-docosa-
diyndioic acid (DCDA) amphiphilic monomers inside nano-
porous AAO templates. In combination with zirconium-
carboxylate interlayer chemistry, UV irradiation of the DCDA-
modified samples led to the formation of polymerized-DCDA
multilayer nanotubes.*

2.4. Hydrogen bond mediated nanotube assembly

The ability of certain polymers to form strong hydrogen bonds
along its polymer backbone permitted these relatively strong
secondary forces to be exploited for the LbL assembly of
multilayered thin films, and was introduced in 1997 on planar
surfaces by the Rubner®* and Zhang groups.’® To date, the
majority of work in non-electrostatic LbL assembly is still based
on hydrogen bonding interactions.?® A typical example is the use
of the carboxylic acid groups of poly(acrylic acid) (PAA) in
combination with poly(4-vinyl-pyridine) (PVP). The oxygen
atoms of the carboxylic acid groups in PAA act as H-bond
donors and the nitrogen atoms of the pyridine rings in PVP act as
acceptors. To suppress electrostatic forces, H-bond assembly of
PAA layers can be performed from methanolic solutions, while
PVP assembly can be performed from either methanolic or
ethanolic solutions.’” (PAA/PVP)s nanotubes fabricated in this
fashion exhibited good stability and flexibility, and as expected,
the wall thickness of the nanotubes was strongly dependent on
the number of multilayers assembled on the pore walls. The
possibility of using organic solvents also fostered the application

of hydrogen-bonded multilayers nanotubes in TEPC
nanotemplates.3®

The H-bonding nature of PVP/PAA nanotubes also intro-
duced the possibility of pH-triggered (partial) disassembly of the
nanotubes.** Immersion of the nanotubes in a basic solution
causes the release of PAA building blocks, thus promoting the
formation of nanotubes with porous walls for which the pore size
can be controlled by the immersion time. The porous nanotubes
are stable at room temperature and this pH-control of nanotube
“leakiness™ (i.e. transport) could enable catalyst or drug carrier
applications.

2.5. Covalent bonding and cross-linking of multilayers

Although non-covalent interactions have been the main driving
forces for LbL assembly, covalent bonding has gained increased
relevance in recent years as an alternative strategy for multilayer
assembly.* This methodology is particularly important when
high stability of the multilayer assembly is required. Another
interesting benefit is the increased compatibility of the multi-
layered assemblies with organic solvents, which in turn facilitates
the use of polymeric building blocks that are only soluble/stable
in non-aqueous solvents. For example, covalently assembled
nanotubes were obtained by amide bond formation between
alternating layers of polyethyleneimine (PEI) and poly(styrene-
alt-maleic anhydride) (PSMA) layers.*' (PEI/PSMA)s nanotubes
display uniform structure and good mechanical stability. In
another interesting example, Li and co-workers reported the use
of a dye molecule, 3,4,9,10-perylenetetracarboxylicdianhydride
(PTCDA),** to create templated polymer nanotubes featuring
light-emitting properties.** PEI was chosen as the macromolec-
ular mediating unit displaying amine groups that are able to react
with the PTCDA. Formation of covalent bonds was confirmed
by IR spectroscopy whereas UV-visible spectroscopy indicated
that the characteristic absorption of the PEI/PTCDA nanotubes
increases linearly with the number of assembled layers. Linear
growth was also corroborated by the linear increase of nanotube
wall thickness upon increasing the number of deposition cycles.
(PEI/PTCDA)g nanotubes were flexible and the wall thickness
was ~100 nm (each bilayer was ~16 nm). Finally, these light-
emitting nanotubes were coated with a lipid bilayer membrane,
thus creating nanotubular lipid nanostructures that may find
potential applications as probes of intracellular environments,
bioanalysis, or drug carriers.*

Another strategy toward covalent LbL deposition is the use of
conventional polyelectrolyte assembly followed by chemical
crosslinking of the pre-assembled multilayers. Detailed work by
the Bruening group demonstrated that polyacrylic acid (PAA)
and polyallylamine (PAH) display the ability to cross-link by
heating, which results in a significant improvement of the
structural stability of PAA/PAH multilayer assemblies.*®
Subsequently, Caruso and co-workers described the fabrication
of heat-stabilized PAA/PAH nanotubes within TEPC
membranes.*® Cu>* was also used as a coordinating agent in the
sequential deposition of the PAA/PAH layers by addition of
CuCl, in the polyelectrolyte solutions. Interlayer cross-linking
was accomplished by heating the membrane-supported nano-
tubes at 160 °C for 4 h in air. It is worth mentioning that recent
results from Lutkenhaus ez al. revealed that the rate of amidation
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is strongly influenced by the film thickness and surface chemistry
of the pore walls.*’

2.6. Biorecognition-driven assembly of multilayers in
nanopores

Bio-recognition-driven LbL assembly provides a versatile tool to
generate bio-functional interfaces with well-defined architecture,
topology, and biochemical functionality. To this end, a broad
variety of biological components including DNA, enzymes and
antibodies, have been utilized for planar film assembly.*®
Recently, such LbL bioassemblies have been extended to porous
templates to generate one-dimensional bionanostructures.

Martin and co-workers reported the formation of DNA
nanotubes by the sequential deposition of complementary
oligonucleotides with specific sequences in an AAO membrane.*
The nanotemplate was first immersed into a solution of 1,10-
decanediylbis(phosphonic acid) (DOP) followed by a solution of
ZrOCl,. The role of the DOP/Zr(1v) assembly was to act as
a nanotube skin providing structural integrity to the oligonu-
cleotide assembly located at the core of the templated one-
dimensional structure. The inner environment of the nanotubes
is constituted of multiple double-stranded DNA layers held
together by the hybridization between complementary DNA.
The DNA molecules comprising the nanotubes can be varied at
will and the DNA can be released by changing the environmental
conditions, such as temperature, which promote the melting of
the duplexes.

The use of biotinylated-PAH as bifunctinal macromolecular
ligands has also been demonstrated by Azzaroni et al** LbL
assembly of biotinylated-PAH enables the facile modification of
nanopore walls with biorecognition sites which can then be used
for constructing a nanobiosensor. Streptavidin conjugation with
biotin does not remove the assembled biotinylated-PAH from
the channel surface. In fact, the bio-supramolecular multilayered
structures were stabilized by the strong ligand-receptor interac-
tions. Experiments also indicated that the assembled nanopore
walls display good biospecificity and nonfouling properties.

3. Bottom up fabrication of hybrid nanotubes: self-
assembly of composite 1D nanostructures

3.1. Formation of heterostructured nanotubes via LbL
assembly of inorganic nanomaterials and polyelectrolytes

One of the most attractive features of electrostatic LbL assembly
is its intrinsic ability to incorporate a wide variety of components
into the multilayered architecture. Several nanomaterials like
quantum dots, metal colloids or clay can be easily processed as
charged nanoparticles, thus enabling their incorporation as
building blocks into polyelectrolyte multilayers.®® Thus the
assembly of organic-inorganic hybrid nanotubes, with
a controllable and regular thickness in the nanometre range, is
a straightforward process as long as the charge reversal mecha-
nism can be sustained with the chosen material. Within this
framework, much of the information gathered during early
studies on the growth of hybrid self-assembled multilayers on
planar surfaces was used to design heterostructured polymer
nanotubes.

Fig. 3 SEM (a) and TEM (b) images of (polyelectrolyte/gold nano-
particles), assemblies. SEM (c) and TEM (d) images of (polyelectrolyte/
CdTe nanoparticles)s assemblies. Reproduced and adapted with
permission from Liang et al., Adv. Mater. 2003, 15, 1849. Copyright 2003
Wiley-VCH Verlag GmbH & Co. KGaA.

In an early example, Caruso and co-workers reported the
synthesis of hybrid nanotubes by incorporating CdTe quantum
dots and gold nanoparticles, respectively, in polyelectrolyte
multilayers (Fig. 3). The authors also showed that the incorpo-
ration of these particular nanomaterials improves the structural
stability of the nanotubes, thus requiring fewer layers to form
mechanically stable hybrid nanotubes.

Hybrid nanotubes can be also prepared by in situ synthesis of
nanoparticles inside the multilayer assembly. Mohwald et al.
demonstrated that calcium carbonate can be biomimetically
synthesized inside the cavities of the polyelectrolyte nanotubes by
the catalysis of urease, with the size of the calcium carbonate
precipitates controlled by the nanotube cavity dimensions. To
form calcium carbonate-filled polyelectrolyte nanotubes, urease-
loaded (PSS/PAH)¢(Fe;04/PAH), nanotubes prepared in TEPC
were incubated in a solution 0.5 M urea + 1 M CaCl, for 20 min
at room temperature. Furthermore, the calcium carbonate-filled
hybrid nanotubes also contained Fe;O,4 nanoparticles and could
be magnetically collected by applying an external magnetic
field.*>

Heterostructured titania—polyelectrolyte nanotubes were also
successfully prepared by sequential LbL deposition of titanium
(1v) bis(ammonium lactato) dihydroxide (TALH) and poly(eth-
ylenimine) (PEI) inside the cylindrical pores of a TEPC
templates, followed by calcination at various temperatures.®®
TALH is stable in neutral solutions® and represents an excellent
candidate for the preparation of titania-based thin films using
aqueous chemistry.>® Photocatalytically active titania nanotubes
could be formed with various compositions and crystal phases,
i.e. pure anatase or rutile titania tubular architectures with well-
defined diameters and wall thicknesses. Mallouk and collabora-
tors have also shown that it is possible to combine the template
synthesis with LbL assembly of polymer/colloid films constituted
of TiO,/PSS, ZnO/PSS and ZnO/polyaniline to prepare rod-
shaped devices that act as rectifiers.>®

This journal is © The Royal Society of Chemistry 2011
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In a similar vein, negatively charged polyoxometalates
(POMs) and positively charged polyelectrolytes were alternately
coated onto the inner walls of TEPC in order to create a nano-
tubular catalytic reactor composed of Pt-loaded POM/poly-
electrolyte nanotubes. The TEPC was first pretreated with PEI,
PSS, and poly(allylamine hydrochloride) or poly(dia-
llyldimethylammonium chloride) (PDMA) solutions to form
a LbL multilayer nanotubular “foundation”.’” Sequential
assembly of POM and the cationic polyelectrolyte was then
performed on the PEI/PSS/PAH or PEI/PSS/PDMA, followed
by final loading of Pt particles. The wall thickness as well as the
inside diameter of the hybrid nanotubes were precisely controlled
by repeating the desired number of bilayers of POM/poly-
electrolyte (2.2 nm/step). These Pt-embedded POM/poly-
electrolyte hybrid nanostructures were shown to exhibit catalytic
activities for cyclohexene hydrogenation, indicating promising
potential in designing reactors with specific sizes for specific
reactions.

3.2. LbL assembly of bio-nanotubes using proteins, lipids and
polypeptides

Among the advantages of the LbL technique is its use of (typi-
cally) mild conditions for film construction, which both industry
and academia find valuable for creating interfacial architectures
with protein organizations. Most biomacromolecules have
charged residues on their peripheral surfaces and consequently
their use as building blocks in electrostatic LbL assembly is
directly compatible. For instance, a large variety of proteins have
been assembled in combination with oppositely charged poly-
electrolytes leading to different types interfacial architectures in
which not only the number of layers but also the layering
sequence can be controlled.5®*°

Recent experiments revealed that one-dimensional nano-
structures may prove to be successful for creating drug and gene
delivery systems.®® Along these lines, cytochrome C,°* collagen®*
and peroxidase®® nanotubes were prepared by LBL deposition
using PSS as the complementary polyanionic building block. In
a similar  fashion, negatively charged L-o-dimyr-
istoylphosphatidic acid (DMPA) was used as a counterpart to
HSA to assemble phospholipid/protein nanotubes.*

Komatsu et al.% demonstrated the versatility of the synthetic
cationic polypeptide poly-L-arginine (PLA) as a mediating
polyelectrolyte for assembling protein nanotubes incorporating
HSA, ferritin, or myoglobin. In the case of HSA, it was also
demonstrated that the formation of stable nanotubes is feasible
using PEI as a polycation. As for the PLA/ferritin nanotubes,
these nanostructures were used as precursors of solid nanotubes
comprising a-Fe,O; nanoparticles.®® The iron-storage protein
ferritin and PLA were assembled in a LbL fashion into TEPC
membranes (pore diameter, 400 nm) with subsequent dissolution
of the template. Thereafter the (PLA/ferritin); nanotubes were
calcinated at 500 °C in air to yield iron oxide nanotubes that
displayed superparamagnetic properties as well as efficient pho-
tocatalytic activity for the degradation of 4-chlorophenol.

Biodegradable nanotubes can also be fabricated through the
LbL assembly of anionic alginate (ALG) and cationic chitosan
(CHI) onto the pore walls of polycarbonate membrane with
the subsequent template removal by dissolution in CH,Cl,. The

as-obtained CHI/ALG nanotubes were readily internalized into
cells, presented low levels of cytotoxicity and were biodegraded
in the presence of pancreatin.®” “Homoprotein assemblies” are
also necessarily biodegradable, and Li and co-workers described
the LbL construction of nanotubes using human serum albumin
(HSA) alone. Also, protein nanotubes based on heme-modified
HSA were shown to reversibly bind O, at room temperature.®®

Covalent LbL growth has been also explored as a route to
create all-protein nanotubes. Martin and co-workers® intro-
duced the first report on protein nanotubes by alternately
exposing the AAO membrane to a solution of the glucose oxidase
(GOx) or hemoglobin (Hb) and then to a solution of glutaral-
dehyde, which serves as a cross-linking agent to hold the proteins
together. After assembling the desired number of layers, the
AAO was dissolved by immersion into a 5% phosphoric acid
solution (24 h at 0 °C) to release the bio-nanostructures. Further
characterization evidenced that GOx nanotubes catalyzed
glucose oxidation whereas Hb nanotubes retained their heme
electroactivity. The same strategy was used by Li and co-workers
to build up electroactive LbL-grown cytochrome C nanotubes.®*

4. LbL deposition of polyelectrolytes in nanopores:
a physical picture of electrostatic assembly in
nanoconfinement

Common characterization techniques typically used on flat
substrates are not directly compatible with studies in nanopores
and studying supramolecular assembly in nanogeometries is not
a trivial task. Perhaps as a result, only a limited number of
fundamental studies have been devoted to the assembly of
polyelectrolyte multilayers in nanoporous templates. However,
LbL deposition within nanopores is likely to be even more
sensitive to the nature of the polyelectrolyte species and the ionic
parameters than deposition on planar surfaces. This is because,
as a polyelectrolyte enters a nanopore, the electrostatic potential
around the polyelectrolyte may be altered due to charge regula-
tion, and the local ion concentration and screening length may
deviate from bulk values. Although this effect may be small in the
initial stages of assembly using “large” pores (e.g. 400 nm), the
effect could quickly become appreciable as multilayers build-up
(the pore cross-section decreases non-linearly) and if larger
building blocks or smaller diameter nanotubes are desired.
Rubner and co-workers suggested that the presence of surface
charge on the nanochannel walls provides a level of electrostatic
repulsion over the width of the pore/channel sufficient to deplete
the transport of the building blocks required for LbL assembly.
This would also lead to a decreased level of charge over-
compensation after the deposition of each layer.” Recent work
by Thayumanavan and coworkers’™ indicates that the typical
electrostatic assembly on planar surfaces cannot be straightfor-
wardly extrapolated to small nanopores even when working with
globular, compact charged dendrimers. Upon assembling
cationic polypropyleneimine (PPI) dendrimers (second genera-
tion, G2, containing eight amino surface groups) on poly(acrylic
acid) (PAA) modified TEPC nanopores, the pore diameter was
reduced from 28 to 23 nm.”” However, the pore diameter was
indirectly measured by the time-dependent transport of dye
molecules through the membranes and introduces a degree of
uncertainty in pore size determination. Notwithstanding, since
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the positively charged PPI dendrimers decorated the pore walls,
it was expected that the anionic fluorescent probe calcein would
diffuse through the pores more rapidly than the cationic probe
rhodamine 6G. In contrast, experiments revealed no difference in
the diffusion rates of the two probes and, more importantly, no
difference between the diffusion of the dyes through PPI-G2/
PAA-modified and unfunctionalized pores. At the same time,
diffusion of rhodamine 6G was faster than calcein in PAA-
modified nanopores. This suggests that within this range of pore
diameter, PPI-G2 dendrimers have essentially neutralized the
negative charge of PAA without charge-overcompensation and
charge reversal.

The cross-over from “normal” assembly to a nanoconfined
behavior based on pore diameter was studied by Lau et al”
Structurally well-defined N,N-disubstituted hydrazine phos-
phorus-containing dendrimers of the fourth generation with
diameters of approximately 7 nm (NN-G4) were used as a poly-
electrolyte to study macromolecular assembly inside nanoporous
AAO. Significantly, the authors were able to monitor the
assembly of each layer in situ using the technique of nanoporous
optical waveguide spectroscopy (OWS).”

On a planar surface, multilayers prepared from these NN-G4
polyelectrolyte dendrimers show a monotonic increase in layer
thickness with the number of LbL deposition steps.” NN-G4
multilayers also exhibit a lower degree of interlayer penetration
than multilayers formed from linear polyelectrolytes because of
their rigid internal hydrophobic structure and well-defined
peripherally charged surfaces.” Polyelectrolyte deposition within
the cylindrical nanopores followed an initial linear deposition
regime which, however, became completely inhibited when the
pores were still significantly larger than the dendrimer diameter
(Fig. 4). At any particular ionic strength, the actual pore diam-
eter at which deposition became hindered (defined by the pore
constriction associated with the number of already deposited
polyelectrolyte layers) converged to a common value regardless
of the initial, native pore diameter. For example, the 7 nm den-
drimers were unable to enter pores less than 30 nm in diameter at
0.1 M NaCl. Furthermore, significantly higher solution ionic
strengths than needed on flat surfaces were required to deposit
the same density of polyelectrolytes within the 30-116 nm
nanopores studied. In fact, OWS revealed that pore deposition
could be inhibited at all pore diameters investigated (30—116 nm)
by adjusting the ionic strength of the deposition solution. These
observations are consistent with the original suggestion of
Rubner er al, and are corroborated by a recent molecular
dynamics theoretical study.”” The initial charge inversion in the
vicinity of the pore entrances likely created a repulsive potential
that inhibited partitioning of polyelectrolytes in the pores. This
“enhanced” ionic strength effect was subsequently utilized by
Lau et al. to selectively deposit a polyelectrolyte multilayer atop
the nanoporous membrane.

Other polyelectrolyte pairs behave in fundamentally different
ways when deposited within nanopores. Jonas and co-workers
described the multilayer assembly of cationic poly(vinyl-
benzylammonium chloride) (PVBAC) and anionic poly(styrene
sodium sulfonate) (PSS) within TEPC membranes.”® Trans-
mission electron microscopy was used to characterize the
final wall thickness of LbL nanotubes deposited within pores
50-850 nm in diameter, which corresponded to 4 to 80 times the
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Fig. 4 Thicknesses of the dendrimer polyelectrolyte layers deposited in
the interior of the AAO nanomembranes from 100 mM NaCl aqueous
solutions, as determined by optical waveguide spectroscopy (OWS). The
data labels indicate the initial membrane pore diameters. In comparison,
the dendrimer diameter is 7 nm. Reproduced and adapted with permis-
sion from Lazzara et al., ACS Nano, 2010, 4, 3909. Copyright 2010
American Chemical Society.

end-to-end distance of the polyelectrolyte chains in solution.
Studies performed with the PVBAC/PSS assembly pair on flat
model surfaces showed a linear growth, with the growth incre-
ment independent of the molar mass and substrate. However,
upon assembling the same polyelectrolytes within the nanopores,
a very different picture of multilayer growth emerged: the
thickness of the nanotubes showed a marked dependence on the
pore diameter, being proportional to pore diameter for small
pores, but progressively deviating from this relationship for
diameters above 250 nm. However, little dependence on the
molar mass was found. These observations are consistent with
the formation of a dense gel that filled the smaller sized nano-
pores, which, upon drying for TEM characterization, collapsed
onto the pore walls to form nanotubes with wall thickness
directly proportional to the pore diameter. Such a scenario was
likely promoted by enhanced polyelectrolyte complexation and
chain entanglement in the nanopores and the fact that poly-
electrolyte chains are in a concentrated regime when passing in
these confined channels. In such a regime, the end-to-end
distance no longer describes the characteristic size of the system,
and the growth of PVBAC/PSS multilayers in the nanopores is
fundamentally different from what occurs on flat surfaces.
Jonas et al also studied the pore-confined assembly of the
quintessential assembly pair polyallylamine hydrochloride
(PAH) and sodium poly(styrene sulfonate) (PSS).”” These
investigations were performed using polyelectrolytes of different
molar masses, ionic strengths and different templates with pore
diameters ranging from 100-500 nm. The experiments showed
the existence of two regimes in the PAH/PSS multilayer growth.
The first was comparable to conventional LbL deposition as
observed on flat surfaces, in which an increase in ionic strength
leads to the formation of thicker multilayers (analogous to the
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dendrimer system used by Lau et al. above). The second regime
was represented by slower kinetics and involved the formation of
an entangled structure inside the pores (Fig. 5). In close resem-
blance to the aforementioned PVBAC/PSS assembly, sequential
polyelectrolyte assembly in a confined geometry triggered the
interconnection between polyelectrolyte chains, leading to the
formation of a dense gel. The diffusion of polyelectrolytes in
nanopores therefore becomes the controlling factor in this
second regime, and dictates whether polymer nanorods (formed
from a dense gel) or nanotubes (from multilayer assembly on
pore walls) are generated.

In this context, upon formation of the dense gel, nano-
confinement effects dominate both the degree of polymer inter-
penetration and the local structure of the multilayer. For
instance, the dependence of multilayer thickness on the pore
diameter is a strong indication that nanoconfinement effects
govern the local topological features of the polyelectrolyte
assembly. This effect could be even more pronounced in very
small pores. Recently, Azzaroni et al® reported the LbL
assembly of PAH/PSS in conical nanopores with pore tip
dimensions close to 18 nm. The multilayer growth was monitored
by measuring the pore conductance and the experimental values
were described within a theoretical framework based on the
Nernst-Planck—Poisson formalism to represent the ion transport
across the nanopores. Their results suggest that increasing the
number of PAH/PSS layers inside the nanopore imposes
increasing topological restrictions to the incoming poly-
electrolyte layers. In agreement with the scenario described by
Jonas et al., the sequential confinement of polyelectrolyte layers
within nanopores leads to film reorganization. Specifically,
charge regulation within the nanopores lead to strong confine-
ment, extensive polyelectrolyte intermixing at a molecular level,
and complete ion pairing during sequential assembly. As a result,

Regime 2

Fig. 5 Schematic representation of the structural organization of poly-
electrolyte multilayers in nanopores according to the scenario proposed
of Jonas and co-workers. The cartoons describe both regimes prior to and
after drying. Reproduced with permission from Roy et al., Langmuir,
2010, 26, 3350. Copyright 2010 American Chemical Society.

the net surface charge decreases after increasing the number of
layers in the LbL assembly (Fig. 6), which means that the over-
compensation vanishes during multilayer growth within very
small pores. The preceding discussion indicates that entry of
polyelectrolyte species into small pores is an inherent complexity
of the nanotemplated LbL strategy.

5. Functional LbL-assembled nanotubes

5.1. Thermally induced structural transformation of LbL-
assembled nanotubes

Mohwald, Li and collaborators explored how Rayleigh insta-
bility can drive the transformation of LbL (PSS/PAH), nano-
tubes into nano-capsules.®® PSS/PAH nanotubes were first
assembled within nanoporous TEPC membranes. In the case of
nanotubes with 8 bilayers, thermal annealing of the nanotubes
dispersed in water above 120 °C for 20 min led to the rupture of
ion pairs between the polyelectrolyte layers and enabled the
surface tension-driven structural transformation of the nano-
tubes into capsules. The original, multilayered nanotubes are
stable at room temperature because the polyelectrolytes consti-
tuting the LbL-layers are electrostatically cross-linked and the
mobility of the polyelectrolyte chains is rather slow. However, in
the case of (PAH/PSS)g nanotubes, increasing the temperature to
120 °C provided sufficient thermal energy to overcome the
stabilizing electrostatic interactions between ion pairs and
increased the polyelectrolyte chain mobility. Consequently,
Rayleigh instability® broke up the nanotubular fluid-like PAH/
PSS multilayers into smaller spherical droplets with the same
enclosed volume but a reduced total surface area (Fig. 7). The
extent of this process depended on the number of polyelectrolyte
multilayers constituting the nanotube walls. (PAH/PSS);»
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Fig. 6 Representation of the nanopore surface charge density (o)
(obtained from the theoretical fittings) as a function of the number of
PAH/PSS bilayers assembled on the conical pore walls (tip diameter = 18
nm). Reproduced and adapted with permission from Azzaroni et al., J.
Am. Chem. Soc, 2010, 132, 8338. Copyright 2010 American Chemical
Society.
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nanotubes also transformed into capsules after typical hydro-
thermal treatment. However, no transformation in either size or
shape was observed for (PAH/PSS),¢ or (PAH/PSS);9 nanotubes
when annealed under the same conditions. Transformation of
these more robust, thicker nanotube LbL layers required an
increase in the annealing temperature. For example, (PAH/
PSS);9 nanotubes were transformed into capsule-like nano-
structures when annealed at 138 °C. Such a temperature-driven
structural transformation® of soft tubular architectures into
vesicle-like nano-objects could represent an interesting approach
to manipulating the topological features of hollow nano-
structures for drug delivery .3

5.2.  Soft nanoactuators based on swellable nanotube arrays

Macroscopic structural variations arising from nanoscale
conformational changes provide promising new directions for
exploiting soft materials as nanoactuators. In this context,
Cohen et al. described an interesting technique for building up
oriented arrays of substrate-bound LbL nanotubes that can
undergo pH controllable mechanical actuation.®® The strategy
takes advantage of the ability of PAH/PAA multilayers to
undergo pronounced swelling—deswelling in the presence of pH
variations. Supported nanotube arrays with specific orientations
and spatial configurations were prepared by binding the PAH/
PAA functionalized TEPC nanomembrane on an amine-treated
glass substrate. This procedure relies on the fact that after LbL
assembly, both the interior pore walls and the external faces of
the TEPC membrane were functionalized with the PAH/PAA
multilayer. Therefore, the glass substrate in contact with the
TEPC membrane could interact with the LbL multilayer.
Through heating at 60 °C, the electrostatic adhesion between the
PAH/PAA and the aminated glass substrate was enhanced, and
the PAH/PAA nanotubes were secured on the substrate. The
PAH/PAA assembled atop the other, unattached side of the
TEPC membrane was then plasma etched away, and the TEPC
dissolved in dichloromethane, to generate a supported array of
nanotubes aligned normal to the substrate (Fig. 8). Experiments
performed under different pH conditions revealed that the
reversible swelling—deswelling transitions of the PAH/PAA

Fig. 7 Confocal laser scanning microscopy images of LbL-grown
nanotubes (a) and the resulting nanocapsules (b) constituted of (PSS/
PAH)sPAH assemblies after hydrothermal treatment at 121 °C. Images
were taken in water and PAH was labeled with fluorescein isothiocyanate
to facilitate the visualization of the nanostructures. Reproduced and
adapted with permission from He et al, Langmuir, 2008, 24, 5508.
Copyright 2008 American Chemical Society.

nanotube arrays led to significant changes in the nanotube
dimensions. Interestingly, even in the highly swollen state,
nanotubes remained intact as individual tubes without dissoci-
ating completely or merging irreversibly with neighbouring
nanotubes (the heat treatment also enhanced the cohesion
between the nanotube polyelectrolyte layers). Molecular rear-
rangements triggered by pH changes in the PAH/PAA multi-
layers further led to the actuation of movement of colloidal
nanoparticles adsorbed on the nanotube array.

5.3. Ion separation via pore assembled multilayers of charged
polypeptides

Molecularly engineered nanomembranes have great potential for
a wide variety of separation applications, including selective
separation of ionic species from industrial waste solutions.®®
Whilst traditional methods for separation of ionic species involve
batch processing using ion exchange columns or liquid-liquid
extraction, a membrane-based system offers the potential
advantages of a continuous process, significant reduction in
energy costs, and reduction of waste. Hollman and Bhattachar-
yya®” described the construction of highly permeable ion-selec-
tive membranes through the formation of polyelectrolyte
multilayer assemblies within the inner pores of TEPC track-
etched membranes with 200 nm pore diameters. Electrostatic
LbL assembly was accomplished through alternate adsorption of
cationic poly(r-lysine) (PLL) and anionic (poly(L-glutamic acid)
(PLGA) polypeptides under convective flow conditions. Prior to
initiating pore assembly, PLGA or PLL layers were covalently
bound to the TEPC to create a robust charged platform for
subsequent adsorption. Nonstoichiometric immobilization of
charged multilayers within a confined pore geometry led to an
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Fig. 8 (a) SEM images of substrate-attached LbL-grown (PAH/PAA)
nanotube arrays. (b) Schematic illustration describing the dimensional
changes of the tube arrays immersed in solutions with different pH
conditions. Reproduced and adapted with permission from Chia et al.,
Langmuir 2009, 25, 14044. Copyright 2009 American Chemical Society.
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enhanced volume density of ionizable groups in the membrane
phase. The increase in the effective charge density of the nano-
pore allows for Donnan exclusion of ionic species.®® The mani-
festation of this exclusion phenomenon is even more pronounced
in the case of divalent ions. Since polyelectrolyte-modified
nanopores can create conditions of a “unipolar” solution,®-°
such nanopores allow very high degrees of permselectivity that
yield ion selectivities that cannot be achieved with monolayer-
modified nanopores.

The transport properties of the nanomembranes modified with
the assembled peptides are highly dependent on the ionic
strength of the solvent used for LbL adsorption. In the study of
Hollman and Bhattacharyya, assemblies formed in high salt
concentration showed lower pure water permeability and
enhanced polypeptide adsorption as compared to assemblies
formed in pure water. This observation was attributed to
a reduction in the number of ionic interactions per adsorbed
chain during the deposition process in pure water, which resulted
in larger segments of the deposited polymers extending into the
pore cross-section and greater solvent resistance. This effect was
even more dramatic upon increasing the number of bilayers.

Additionally, the use of weak polyelectrolyte assemblies
introduces the possibility of controlling the ion permselectivity of
different ionic species by changing the environmental pH
(Fig. 9). One interesting example is the pH-tunable separation of
Na,S0O,4 and NaHAsO, using nanomembranes modified with
PLGA/PLL/PLGA assemblies. The pK, values associated with
the SO4*~ and As(V) ions are 1.99 and 6.94, respectively. Hence,
in the 3 < pH < 9 range SO4>" remains divalent, while As(V)
changes from a monovalent form in the low pH regime to
a divalent form in the high pH regime. Consequently, in slightly
acidic solutions separation of SO4* ions was substantially
greater than As(V) species and its rejection was nearly constant
above pH 6 (Fig. 9). At the same time, lowering the solution pH
also resulted in an enhanced protonation of the peptide side
chains and conformational transition of the peptide backbone,
which is reflected in a reduced level of SO4* rejection, and

Solute Rejection (0.25 mM)

Fig. 9 Effect of solution pH on the ion separation of 0.25 mM As(V)
(Na,HAsOy4) or Na,SO, solutions using polycarbonate track-etched
nanomembranes modified with PLGA-based assemblies. Reproduced
and adapted with permission from Hollman et al., Langmuir 2004, 20,
5418. Copyright 2004 American Chemical Society.

indicated the key role of the weak polyelectrolyte character of the
PLGA assembly in the overall ion retention. Hence, the ion
separation efficiency of the pore assembled polypeptide multi-
layers is governed by the interplay between the effective charges
of the ions to be separated and the electrostatic state of the
polypeptide assembly.

5.4. Formation of catalytic nanomembranes

It has been shown that the LbL technique is fully compatible with
the incorporation of metal colloids and nanoparticles in thin film
architectures.® Furthermore, in the case of catalytic materials,
the LbL strategy permits addressing the nanomaterials into the
film without inhibiting their catalytic properties. Bruening and
colleagues described an interesting approach based on the use of
porous membranes (AAO and TEPC) as a support for growing
hybrid assemblies constituted of citrate-modified gold nano-
particles and polyelectrolytes.”> The membrane-supported one-
dimensional assembly may prove very attractive for catalytic
purposes in flow-through reactions, as it avoids not only the
colloidal stabilization of the catalyst in the solvent media but also
its loss from the reaction mixture. The AAO-confined hybrid
assembly was prepared through the sequential flow of poly
(acrylic acid) (PAA) aqueous solution, water, protonated poly
(allylamine) (PAH) aqueous solution, water, and citrate-stabi-
lized gold colloids through the membranes. The PAA/PAH layer
provided a highly charged surface that enhanced colloid depo-
sition. In the case of TEPC membranes, polystyrene sulfonate
(PSS) was used for the formation of the precursor polyanionic
layer. AAO membranes were also modified through direct
adsorption of polyethyleneimine (PEI)/Au colloid bilayers by
tuning the pH of the PEI solution to 8.5, which allowed direct
polymer deposition on the alumina surface without a precursor
PAA layer. The catalytic activity of the hybrid nanomembranes
was characterized by reducing nitroaromatic compounds to their
corresponding amino derivatives in the presence of NaBHj.
Control experiments revealed that reduction does not occur in
the absence of nanoparticles. In contrast, in the presence of the
colloid-containing hybrid assemblies, more that 99% of the 4-NP
in a solution of 0.4 mM 4-NP + 20 mM NaBH, can be reduced to
4-aminophenol, at a solution flux of 0.03 mL cm~2 s~'. Hence,
colloid-modified membranes show remarkable catalytic conver-
sions even at high flow rates. In addition, experimental results
showed that the conversion increased as a function of the number
of layers deposited for PEI/Au nanoparticle films when using
a 25-fold excess of NaBH,4. Interestingly, subsequent stability
tests indicated that dry hybrid nanomembranes could be stored
for several months without negative effects on its catalytic
activity. These results illustrate the enormous potential of
colloid-containing hybrid nanomembranes as a versatile catalytic
platform which provides exquisite control over the arrangement
and reaction environment of catalytic nanomaterials.

5.5. Biodegradable magnetic polypeptide nanotubes as DNA
carriers

During the last decade, the biomaterials community showed
a profound interest in developing magnetically assisted DNA
delivery systems assembled from iron oxide nanoparticles and
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functional polymer building blocks,”® which could enable the
manipulation of the local concentration of therapeutics in target
tissues and lead to efficient treatment strategies. Along these
lines, Mohwald, Li and collaborators fabricated plasmid-DNA
carriers composed of biodegradable magnetic polypeptide
nanotubes assembled from poly-1-lysine (PLL), poly-L-glutamic
acid (PLGA) and magnetic nanoparticles.** The nanotubes were
assembled within the nanopores of TEPC templates and enabled
the formation of tubular LbL nanostructures in which the
mechanical stability could be improved by increasing the number
of assembled PLL/PGA bilayers. Typically, 13.5 bilayers of PLL
and PLGA were assembled before the deposition of two bilayers
of PLL and magnetic Fe;O,4 nanoparticles, which enabled the
magnetic manipulation of the polypeptide tubes in solution.
Positively charged PLL was always absorbed first on the pore
walls of the TEPC membranes such that, after release of the
nanotubes by dissolution of the supporting TEPC membrane in
dichloromethane, negatively charged plasmid-DNA could be
assembled onto the positively charged, magnetic polypeptide
nanotubes.

Experiments revealed that the plasmid-DNA/(PLL/
PGA)5.5(Fes04/PLL), nanotubes, when dispersed in solution,
could be rapidly aligned with a nearby magnetic field. The
plasmid DNA was also fluorescently labeled with FITC, and the
magnetic manipulation was corroborated by confocal laser
scanning microscopy. In addition, a-chymotrypsin assays
demonstrated the biodegradability of the polypeptide nanotubes;
overnight incubation in an a-chymotrypsin solution led to the
enzymatic hydrolysis of PLL and degradation of the nanotube
walls. All these features herald the use of heterostructured
polypeptide nanotubes as engineered nanomaterials acting as
carriers for DNA delivery and release.

5.6. pH-induced hysteretic gating in nanoconfined LbL
assemblies—nanomembranes with adaptable transport properties

The rational design and construction of stimuli-responsive
nanomembranes discriminating and/or propelling molecular
transport represent an important factor in a wide variety of
technological applications relying on “gated” transport
processes, such as ultrafiltration or controlled delivery.®® Rubner
et al reported the construction of pH-responsive nano-
membranes that show discontinuous changes in the permeation
properties, i.e. hysteretic gating, through the LbL assembly of
PAH and PSS at a high pH conditions (pH > 9.0) into TEPC
pores (Fig. 10).%¢

It is well known that (PSS/PAH),, multilayers assembled at pH
> 9 display discontinuous swelling/deswelling transitions as
a function of environmental pH.*” These transitions are revers-
ible, and arise from discontinuous changes in the degree of
ionization of free amine groups within the PAH and a dramatic
shift in the pK, of the polycation within the local environment of
the multilayer assembly.”® Therefore, when PSS/PAH are
assembled into nanomembrane pores, large discontinuous
changes in the transmembrane flux were observed. Rubner et al.
showed that PSS/PAH-modified membranes exhibited reversible
gating properties upon alternating the pH conditions between
pH 2.5 and 10.5.°¢ After the pH 10.5 pretreatment, the multi-
layer-modified pores remained “open” down to pH = 5.
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Fig. 10 Changes in flux (a) and pore diameter (b) as a function of pH.
The filled and open circles represent data generated after a pH 10.5
pretreatment and after a pH 2.5 pretreatment, respectively. Reproduced
and adapted with permission from Lee et al., J. Am. Chem. Soc. 2006,
128, 8521. Copyright 2006 American Chemical Society.

However, as the pH of permeated water was further lowered, the
multilayers underwent a swelling transition that “closed” the
pores. On the other hand, multilayer-modified pores pretreated
at pH 2.5, retain their swollen “closed” structure up to pH 9.0.
The hysteretic gating properties of the PSS/PAH-modified
nanomembranes therefore introduce a new concept in stimuli-
responsive nanomembranes in achieving “open” or “closed”
states at a single pH condition depending on pretreatment
conditions.

5.7. Uptake and delivery of ionic species with heterostructured
magnetic polymer nanotubes

As described above PAH-containing multilayers assembled
under high pH conditions undergo pronounced discontinuous
swelling/deswelling transition as a function of solution pH. This
interesting physical feature could be exploited to uptake low
molecular weight anionic molecules within PAH-containing
nanotubes after they have been “activated” with acidic solution
(pH < 2.5). In the work of Rubner ef al.,*® the inner LbL bilayers
also contained Fe;O4 nanoparticles to allow the magnetic
manipulation of the heterostructured nano-containers in solu-
tion. After the deposition of the Fe;O4 nanoparticles and PAH,
the heterostructured nanotubes were released from the TEPC
nanotemplate by dissolution in dichloromethane and methanol
(9 : 1). The magnetic heterostructured nanotubes were utilized to
take in a large amount of different anionic probe molecules, such
as rose Bengal, acid red 8 or ibuprofen, after acid “activation”.
Release studies demonstrated that these nanostructures were
effective as “trapping and release” vehicles of anionic guest
molecules, for which the diffusion dynamics is greatly influenced
by the guest size, i.e. larger molecules were released more slowly.
Owing to their well defined magnetic properties these hetero-
nanotubes can be easily manipulated and directed using magnetic
fields.

This journal is © The Royal Society of Chemistry 2011
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5.8. Molecular recognition, discrimination and capture in
protein nanotubes

Komatsu and co-workers described the construction of protein
nanotubes displaying molecular capture properties as well as
controllable ligand binding affinity and size selectivity.’® The
nanostructures were prepared by conventional electrostatic LbL.
deposition of poly-L-arginine (PLA, My, = 70 kDa) and human
serum albumin (HSA) [(PLA/HSA);] within nanoporous TEPC
(pore diameter = 400 nm), with subsequent dissolution of the
template in N,N-dimethylformamide (DMF) (Fig. 11). HSA is
anionic at pH > 4.8 and binds to the cationic PLA via electro-
static attraction. Molecular capture/recognition capabilities were
demonstrated by complexing/binding of uranyl ion (UO,**), 3,3'-
diethylthiacarbocyanine iodide (DTC) and zinc(ir) protopor-
phyrin IX (ZnPP) to HSA. The molecular species were also able
to diffuse through the multilayered walls of the nanotubes. It was
demonstrated that HSA modified by site-specific mutations
could enhance the binding properties of ZnPP. Furthermore,
myristic acid also binds to the same domain of HSA as ZnPP,
and ZnPP binding can be reversed in the presence of myristic acid
by competitive binding. Protein nanotubes bearing a single
avidin layer as an internal surface (assembled as the last layer
within the nanotube) were also prepared and captured biotin
efficiently. Subsequently biotin-labeled fluorescent latex beads
sufficiently small to enter the pores were incorporated into the
nanotubes.

In further studies, PLA/HSA protein nanotubes with an a-
glucosidase (a-GluD) interior surface were also prepared and
displayed enzymatic activity.'®® Experiments revealed that in
aqueous media the protein nanotubes captured 4-methyl-
umbelliferyl-a-p-glucopyranoside (MUGTIc, a fluorogenic gluco-
pyranoside) into their pore space which hydrolyzed to form o-p-
glucose. Protein nanotubes displaying specific biorecognition
elements in the interior of the one-dimensional nanostructure
represent a potential strategy to create “on-demand” delivery
(load and release) systems. The biocompatible exterior can also

400nm

be modified to target specific tissues or to respond to biological
stimuli.

5.9. Cascaded fluorescence resonance energy transfer (FRET)
nanotubes for high-sensitivity biosensing

FRET occurs through the non-radiative Forster energy transfer
from an excited donor to an acceptor fluorophore in close
proximity (within 10 nm), and is observed through the quenching
of the donor fluorescence and the subsequent increase in acceptor
fluorescence intensity.'®? The energy transferred can be further
enhanced if multiple FRET pairs with overlapping energy bands
are sequentially arranged in proximity to each other, from higher
to lower emission frequencies, in a directional energy transfer
cascade.'®® Feng ef al. exploited the cylindrical pore geometry of
nanoporous AAO and the nanoscale spatial control of the LbL.
process to prepare an attractive implementation of cascaded
FRET for high sensitivity DNA sensing (Fig. 12).!** The authors
chose a series of water-soluble Zn,Cd;_,Se alloy quantum dots
(QDs) with emission wavelengths at 561 nm, 594 nm and 614 nm
as the light-harvesting FRET cascade (i.e. QD**', QD**, QD®'%).
The QDs were made anionic by functionalization with mercap-
toundecanoic acid (MUA) ligands to enable LbL assembly
together with dendrimer polyelectrolytes having either terminal
cationic (NH"Et,) or anionic (CH-COO ™) moieties. To minimize
fluorescence quenching by the alumina surface, three dendrimer
bilayers were first deposited within the AAO (400 nm pores)
before QD multilayers with the shortest emission wavelength,
QD**" were deposited. This was followed by the LbL deposition
of QD*** and then QD®* multilayers. Illumination at 460 nm
excited all the QDs. However, the QD' emission energy was
transferred to the adjacent QD>**, and the QD** emission energy
was similarly transferred to the QD¢ such that the only pho-
toluminescence (PL) observed was at 614 nm. LbL preparation
of nanotubular QD-FRET assemblies by AAO nanotemplating
has several advantages. First, the AAO substrate provides for
convenient handling during LbL deposition and rinsing, as

human serum
albumin (HSA)

H ©
‘{,N,,_
HNT N

H poly-L-arginine (PLA)

Fig. 11 Scanning electron microscopy images at different magnifications (A-D) of (PLA/HSA); nanotubes prepared using polycarbonate track-etched
nanomembranes. The figure also includes a descriptive cartoon showing the constituting building blocks of the multilayer assembly. Reproduced and
adapted with permission from Qu et al., ACS Nano 2010, 4, 563. Copyright 2010 American Chemical Society.
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3-APS

Al template

pDNA 460 nm
——» eXxcitation
tDNA

Fig. 12 Schematic of the cascaded FRET QD-dendrimer nanotubes. (A) Self-assembled porous alumina membrane is used as a template. (B) The pore
walls are coated with 3-aminopropyl-dimethylethoxysilane to provide a positive surface charge. (C) 3-bilayers of dendrimer polyelectrolytes are then
deposited, starting with the negatively charged species. (D) Negatively charged QDs are then deposited inside the template starting with QD**' (with
luminescence maximum at k = 561 nm, ie. green), then QD*** (orange) and finally QD" (red). Five QD/positively charged dendrimer bilayers were
deposited for each QD species. (E) After activation by N-hydroxysuccinimide (NHS)/1-ethyl-3-(dimethylamino)propylcarbodiimide (EDC), probe
DNA (pDNA) immobilization and hybridization with Cy5-labeled complementary DNA (tDNA) can be achieved inside the NTs. Reproduced and
adapted with permission from Feng et al., Adv. Mater. 2007, 19, 1933. Copyright 2007 Wiley-VCH Verlag GmbH & Co. KGaA.

opposed to the centrifugation and re-dispersion necessary for
nanoparticle or nanowire-QD LbL assemblies.'”® Second, the
cylindrical pore geometry and the consequent concentric QD
layer structure with acceptors deposited towards the pore centers
ensure a slight excess of donor QDs—the LbL QD-FRET
assemblies exhibited a 14-times enhancement in PL intensity as
compared to equivalent assemblies with only QD®“. Finally, the
LbL QD-dendrimer assemblies were functionalized with single-
stranded probe DNA. Complementary target DNA sequences,
labeled with the Cy5 fluorescent dye (absorption from 580 to 680
nm), were subsequently detected as they hybridized with the
probe DNA and were excited by the QD FRET cascade. A
detection limit of 100 fM was demonstrated, which surpasses
another highly sensitive DNA sensing technique, surface plas-
mon fluorescence spectroscopy.'®

6. Summary and outlook

The introduction of layer-by-layer assembly and nanotemplating
by nanoporous templates over two decades ago has enabled
fundamental developments in nanotechnology. Their synergistic
combination for the generation of LbL-nanotubes in recent years
is an extremely versatile approach to designing and generating
complex but well-defined, one-dimensional materials with inno-
vative properties. The well-controlled cylindrical geometry and
convenient availability of nanoporous AAO and TEPC
templates have also given a decisive impetus to the development
LbL nanotubes. Recent advances have enabled the assembly of
polymers, biomolecules and inorganic nanoparticles “a la carte”.
The control over composition, size, shape, topology, and thus
function of one-dimensional nanosystems is an essential contri-
bution of nanotemplated LbL “soft nanotechnology”.

The general procedure for LbL-assembly within nanoporous
templates is analogous to deposition on planar substrates. Both
linear and dendrimer polyelectrolytes and charged inorganic
nanoparticles have been successfully incorporated into LbL

deposited nanotubes. After deposition, the nanotemplates can be
removed to release nanotubes by a variety of selective etchants as
surveyed throughout this review. A plasma treatment to prefer-
entially remove the material deposited on the external template
surface, before conventional solution template etching, may
enhance etchant access and aid in complete template removal.
With respect especially to electrostatic LbL nanotemplate
deposition, attention should be paid in the selection of solution
ionic strength, pH and polymer concentration since these factors
control the physicochemical processes within the constrained
spaces of the nanopores. In particular, charge regulation within
nanopores as large as ~10 times the diameter of the deposition
species can lead to inhibited pore partitioning of charged species
(i.e. pore clogging). Initial reports of LbL nanotemplating have
demonstrated a pressure-filter-template method to hydraulically
assist polyelectrolyte transport through nanopores. Electropho-
retic control could potentially also overcome pore clogging
effects. Notwithstanding, slightly extended immersion times per
deposition step (10-60 min), a proper selection of polyelectrolyte
pairs and the use of templates with pores open at both ends have
generally been sufficient in ensuring proper LbL assembly within
nanopores of high aspect ratios.

In certain cases nanoconfinement can also induce strong
charge complexation and lead to gel phase instead of LbL
deposition for some polyelectrolyte species, or the inhibition of
charge overcompensation and polyelectrolyte assembly, espe-
cially within relatively small pores. In situ characterization of the
deposition process could help verify proper LbL assembly and
identify undesirable structure generation within the nanopores.
Recent demonstrations of in situ nanoporous optical waveguide
spectroscopy and pore conductance measurements have proven
their usefulness in characterizing the transition between linear
and charge-dominated polyelectrolyte deposition regimes within
nanoporous templates. Further development of such techniques
that can monitor the film thickness and surface charge, and the
development of new tools that can characterize the spatial
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arrangement and surface chemistry of the LbL species during the
deposition process, could also enable the fabrication of more
sophisticated LbL designs and catalyze the overall development
of the nanotemplated LbL toolbox.

As with other supramolecular nanostructures, the prepara-
tion method, the chemical and physicochemical natures,
geometry and the function of LbL-assembled nanotubes are
intimately linked. The nanotemplate pore surface chemistry can
significantly influence even the rate of covalent reactions within
the nanopores, such as amidation for cross-linking LbL-
deposited multilayers for enhanced nanotubes stability. Other
non-electrostatic assembly methods that directly take advantage
of covalent coupling, H-bonding and the specific interactions of
biomolecules and proteins for LbL assembly have augmented
the repertoire of nanotube designs. Device functionality may
simply come through the ability to assemble together diverse
components, such as with magnetic nanotube carriers of
biomolecules. However, the LbL multilayer structure and the
nanotube format have also been integral to enhanced func-
tionality. Such is the case for a cascaded-FRET LbL nanotube
biosensor, which depended on the nanoscale proximity and the
concentric arrangement of the assembled quantum dot layers
for proper device function. Functionality has also come through
the manipulation of the multilayer structure of stimuli-respon-
sive nanotubes. Temperature has been used to transform PSS/
PAH nanotubes into nanocapsules. In addition, pH induced
swelling has been utilized for nanotube mechanical actuators,
for controlling the molecular transport through nanotubes/
nanopores, as well as for loading nanotubes with (bio)mole-
cules. The generation of biopolymer nanotubes also offers the
promise of innovative developments in biodegradable and
biocompatible drug delivery systems. In the case of the nano-
tube actuators, the nanotemplate pore alignment also played
a crucial role in orienting the nanotubes during device prepa-
ration for its proper function. Nanoporous templates func-
tionalized with nanotubular assemblies also represent an
obvious design approach for membrane separation applications.
This integration of device function and nanotemplate properties
may be a promising direction for practical applications. The
increasing mastery in the modular design for nanotemplated
LbL assembly will also continue to expand the toolbox of “soft
nanotechnology”.
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