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Abstract: Layer-by-layer (LbL) assembly is a versatile technology to construct multifunctional
nanomaterials using various supporting substrates, enabled by the large selection freedom of
building materials and diversity of possible driving forces. The fine regulation over the film
thickness and structure provides an elegant way to tune the physical/chemical properties by
mild assembly conditions (e.g. pH, ion strength). In this review, we focus on LbL in
nanochannels, which exhibit a different growth mechanism compared to “open”, convex
substrates. The assembly mechanism in nanochannels is discussed in detail, followed by the
summary of applications of LbL assemblies liberated from nanochannel templates which can
be used as nanoreactors, drug carriers and transporting channels across cell membranes. For
fluidic applications, robust membrane substrates are required to keep in place nanotube arrays
for membrane-based separation, purification, biosensing and energy harvesting, which are also
discussed. The good compatibility of LbL with crossover technologies from other fields allows
researchers to further extend this technology to a broader range of research fields, which is

expected to result in an increased number of applications of LbL technology in the future.
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1. Introduction

The deposition of a functional nanocoating is a facile and efficient way to adjust the
interaction of materials with their environment in a controlled way, leading to smart
multifunctional hybrid materials in which the interface and bulk of the material are engineered
independently'. For example, the bulk material can be used as a mechanically-robust support,
while the surface coating provides specific properties for a useful task. Scientists and engineers
have developed different methods to implement functional coatings, including Langmuir-
Blodgett (LB)?, sputtering®, electroplating®, self-assembly of monolayers’, adsorption or
growth of polymer brushes®!2, and layer-by-layer assembly. These are variously selected
depending on the coating materials and purpose of the coating: trivial examples are zinc which
is electroplated on iron materials to prevent corrosion, and biomacromolecules which are layer-
by-layer assembled on implants to improve biocompatibility.

Among these methods, layer-by-layer assembly appears to be an especially simple and
versatile strategy to prepare nanocoatings; it was first proposed in 1966 by Iler'* who
constructed multilayer assemblies via alternating adsorption of anionic and cationic colloidal
particles. Since Decher and co-workers!* 3 rejuvenated and adapted this concept to the
formation of ultrathin multilayer films using bipolar amphiphiles and polyelectrolytes in 1991,
LbL technology has been extensively studied. Nowadays, it is a well-established and versatile
method for the construction of nanocoatings whose thickness, composition, structure and
properties can be tailored by tuning assembly conditions'®. The key competitive features of LbL
are its mild aqueous assembly conditions, the absence of sophisticated and expensive
equipment, the large freedom in selecting building materials, and the diverse driving forces for
material assembly.

Different strategies were exploited to achieve layer-by-layer assembly, including dipping,
filtration, spinning, spraying, electromagnetically-controlled assembly, and fluidic assembly'.
The dipping assembly is especially suitable for the coating of the inner porosity of porous
substrates used for the fabrication of smart membranes and of functional nanoobjects, since the
aqueous solution can get access to deeply-buried surfaces within the porous structure; this
cannot be easily achieved by other technologies. LbL-modified nanoporous membranes can be
used as functional fluidic devices for performing specific tasks. Furthermore, since coating the

2
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pores of such membranes replicates their shape, the resulting templated assemblies can be
liberated by dissolution of the membranes to create tubular-shaped nanostructures displaying a
high loading capacity and a long circulation persistence in vivo!”.

In this review, we only focus on dipping- and filtration-based layer-by-layer assembly,
which are compatible with nanoporous membranes. Compared to planar surfaces (“open
system”), the nanochannels of a membrane nanoconfine the assembly mechanism, which
therefore differs from the one observed on flat surfaces's. The fabrication of nanochannel
membranes and the basics of dipping-based layer-by-layer assembly are first introduced with a
focus on the diversity of building components, driving forces, and parameters that tune the
physical and chemical properties of nanofilms; this is followed by a discussion of the
mechanism of LbL assembly in nanochannels. Finally, recent progresses in LbL-in-membrane
applications are summarized to show its practical interest in different fields, such as biosensing,

drug-targeted delivery, energy conversion, seawater desalting and molecule/ion separation.

2. Nanochannel membranes
Progresses in nanofabrication and nanotechnology have enable the fabrication of stable
solid-state nanochannels (Figure 1A-C) in membranes!® which can be employed in membrane

science or as templates to fabricate functional nanotubes/nanorods.
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Fabrication methods

(B) Electron beam (C)

suor Aoy >

Figure 1. Fabrication methods and resulting nanochannel structures. (A) Ion-track etching, (B)
electron beam lithography, and (C) electrochemical etching approaches were employed to
create (D-I) multi and (J-L) single nanochannel(s) through entire polymer and inorganic
membranes. lon-track etched polymer membranes possessing multi-channels with (D) cylindric,
(E) “bow-tie”, (F) cigar-like, and (G) intersected nanochannel structures?®. Adapted with
permission from ref. 20. Copyright 2001 Elsevier. (H) Top and side (I) view of AAO
nanochannel membranes?!. Adapted with permission from ref. 21. Copyright 2010 Elsevier. (J)

Polymer single nanochannel achieved using single ion track technology?? (Reprinted with
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permission from ref. 22. Copyright 2016 American Chemical Society) and (K) silicon nitride
single nanochannel fabricated using TEM electron beam lithography?®* (Adapted with
permission from ref. 23. Copyright 2018 American Chemical Society). (L) Illustration of
nanochannel formation using controlled dielectric breakdown?* (Reprinted with permission

from ref. 24. Copyright 2014 Public Library of Science).

Porous organic and inorganic membranes, such as polymer membranes and anodic
aluminum oxide (AAO) plates, are commercially available. Track-etched polymer membranes
with randomly positioned nanochannels are fabricated in two steps, starting from the
bombardment with heavy energetic ions of raw polymer foils having a thickness ranging from
a few microns to a few tens of microns, followed by subsequent removal of the degraded
polymers in latent tracks by wet-chemical etching, producing the channels inside the polymer
matrix?. Polycarbonate (PC), polyethylene terephthalate (PET), and polyimide (PI) materials
are commonly employed as polymer matrix. Based on this ion-track technology, pore size,
shape and density can be varied in a controllable manner by the proper selection of the
conditions under which irradiation and post-treatment procedures are carried out (Figure 1D-
G). Pore size can be tuned from 10 nanometers to a few micrometers, offering a promising
platform for functional membranes and for fabricating nano-objects with extremely high aspect
ratios. The desired pore density can be obtained by controlling process parameters; however,
the highest density is limited by pore size, owing to their random distribution in polymer
membranes. The larger the pore size, the lower the highest pore density that can be reached due
to the increasing possibility of interconnection among vertically aligned channels. Typically,
for a pore size of 200 nm, a pore density up to 108 cm can be reached while, for a 1 pm pore
size, the highest possible pore density is limited to 10° cm2. Moreover, intersected nanochannel
PC templates can be obtained by a sequential two-step exposure to energetic heavy ions, at
different incidence angles with respect to the normal to the polymer membrane surface?%-3. In
contrast, porous AAO plates, fabricated by anodizing high purity Al foils under appropriate
voltage, have vertically aligned and well-packed cylindrical nanochannels with diameters
ranging from 5 to 400 nm (Figure 1H-I). The pore diameters and interpore distances of AAO
template can be adjusted by changing anodic oxidization parameters?!.

5
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In an extreme case, a single nanochannel has been achieved, using single ion track in
polymer foils. Other technologies such as electron beam lithography3!> 32 and dielectric
breakdown?* 32 are also developed to make a channel in polymer or inorganic thin films (e.g.,
poly(dimethylsiloxane), silicon nitride, silicon dioxide, and silicon) (Figure 1J-L). Such single
nanochannels are perfect candidates to mimic biological ion nanochannels for analytical
applications?3, enabling the mechanism of ion transport to be well-studied, since the influence
of neighboring nanochannels existing in multi-channel membranes can be eliminated,
contributing to an improved selectivity and sensitivity in analytical applications. Single ion
track polymer foils were widely employed to fabricate single nanochannels for various
applications®* 33 because their shape and size can be tuned in a controlled way by selection of

appropriate etching conditions3¢-3°,

3. Layer-by-Layer assembly

Layer-by-layer assembly is a simple and flexible technique that is compatible with other
methods*®, such as spin coating, spraying, centrifugation, electrodeposition, and
vacuum/pressure assisted filtration, depending on the different processing requirements
associated with substrates. In this review, we focus on porous membranes having vertically
aligned micro/nano channels. For this kind of supporting substrates, dipping and
vacuum/pressure assisted filtration are suitable for the formation of nanofilms in channels;
tunable parameters, related issues in the process, and mechanism of LbL assembly are discussed

in following sections.
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3.1 Basics of LbL assembly

() ® < B -
. DNA Protein Pan_-ticles

Membranes

Polymer Cell Lipid
Building materials

(C) Driving forces (e.g. electrostatic
‘ .~ interactions, Hydrogen-bonding)
(D)
medium \

Solution 1

(E) Rinsing
Dry or not

(F)
Solution 2 medium

Rinsing

Assembly parameters
e.g. ionic strength, pH

To create
multilayer
nanofilms

Stratified Interpenetrated

Figure 2. Schematic representation of layer-by-layer adsorption processes (dipping) in the
channels of a membrane (A), for diverse building materials (B). The porous membrane is
immersed in solution 1 (C) followed by a rinsing step to remove loosely attached
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polyelectrolyte chains (D). Then the modified nanochannel is transferred to solution 2 (E),

followed by another rinsing step (F).

Thanks to the mild assembly condition (aqueous solution), a diversity of useful materials
including nanofibers*'-43 and synthetic*-4¢ and natural ones*’->° (for instance, cell, bioactive
enzymes) can be incorporated into LbL nanofilms as both scaffold and functional components,
distinguishing LbL assembly for fabricating smart multifunctional nanocoating (Figure 2).
Polyelectrolytes are the most commonly and widely used materials to construct functional
nanofilms based on electrostatic interactions, possibly combined with hydrogen-bonding when
the polymers carry hydrogen donor and acceptor moieties. Here, we take polyelectrolytes as
example to describe the layer-by-layer assembly process on negatively-charged nanochannels;
this buildup process involves the alternating deposition of two oppositely charged polymers
with intermediate rinsing steps to remove unbound and loosely attached polymer chains. The
first adsorption of the polycation results in surface charge reversal, as a result of charge
overcompensation, facilitating the following deposition of polyanion chains to finalize one
cycle. This whole cycle is repeated until the desired number of bilayers is reached.

A unique feature of the LbL assembly is its ability to control film growth at the nanoscale
with respect to the thickness, internal and surface composition and structure, and therefore
related properties, by simply manipulating the assembly parameters and buildup protocols!6-31-

33, pH, ionic strength, temperature, and the nature of solvent are commonly tunable parameters.

pH is especially effective for weak polyelectrolytes and proteins which have an isoelectric point.

The charge polarity and charge density along polymer chains are indeed regulated by pH. For
strong polyelectrolytes, a high ionic strength can effectively screen the repulsion between
neighboring charged groups, leading to more coiled conformations of polymer chains and
consequently thicker polyelectrolyte layers compared to the more stretched polymer chains in
solutions of low ionic strength (Figure 2G). The coiled polymer chains facilitate the
interpenetration between adjacent layers, favoring the formation of homogeneous structures
(Figure 2H), while more stretched chains lead to more stratified film structures (Figure 2G).
Elevated temperatures cause the swelling of previously adsorbed films and allow for increased

trapping of polymers from the bulk solution into the already-formed film, resulting in much
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thicker films than when deposited at room temperature>*. The solvent quality from which
polyelectrolytes are adsorbed also affects film growth and properties (e.g., swelling, stability)
35, Unfavorable segment-solvent interactions in a poor solvent result in the formation of
progressively thicker films and enhanced stability against high ionic strength. Apart from these
solution parameters, the rinsing medium and whether the film is dried or not after each rinsing
step are also influential factors in most cases’®. Besides typical electrostatic interactions and
hydrogen bonds, various other types of interactions were also exploited for LbL assembly,
including hydrophobic interactions®’, charge transfer’®, host-guest interactions®”, covalent
bonds®’, and bio-specific recognition®!-5, depending on the nature of building materials, thus
demonstrating the compatibility of the method with a wide range of materials. Moreover, the
assembly medium can be extended to organic solvents by using specific interaction mechanisms
having a high affinity in these solvents, such as the interaction between amine moieties and
metal nanoparticles in organic media. Amine-functionalized materials®®-%3, including polyamide,
dendrimers, or small molecules have been employed to construct stable nanoparticle films by
self-assembly with ligand-stabilized metal nanoparticles, using ligand exchange®. Compared
to conventional LbL, the ligand-mediated LbL assembly involves ligand replacement by amine-
functionalized molecules (Figure 3), due to the higher affinity of amine groups toward metal
nanoparticles than the ligand stabilizers. The distance between adjacent metal nanoparticles can
be tuned by the size of amine-bearing molecules, yielding nanoparticle films with tunable
properties. For instance when a small molecule, tris(2-aminoethyl) amine (TREN) was applied
in ligand-mediated LbL assembly of tetraoctylammonium bromide (TOABr)-stabilized Au NPs,
the formation of only one TREN molecule layer between the adjacent Au NP layers
significantly reduced the contact resistance between neighboring NPs (Figure 3) and,

consequently, imparted electrical properties similar to those of bulk Au films.



Nanoscale

Long interdistance Short interdistance

Conventional LbL ligand-mediated LbL

Figure 3. Schematic illustration for different nanoparticle-based LbL structures made by
traditional LbL assembly (based on electrostatic interactions, hydrogen bonding, or covalent
bonding) and ligand-mediated LbL assembly.®” TREN: tris(2-aminoethyl) amine. Adapted with

permission from ref. 67. Copyright 2017 Springer Nature.

3.2 Assembly mechanism in nanochannels

The effect of nanoconfinement on the conformations of polymer chains has been
reported’%-73, The LbL growth mechanism in confined geometries is significantly different from
that in “open space”’* 7> and has been studied by using a well-known polyelectrolyte system,
the poly(allylamine hydrochloride) PAH/PSS pair'®. This study revealed the existence of two
different regimes related to the growth kinetic with a transition point occurring at around 70%
of pore filling. In the first regime, a growth mechanism similar to the one on planar substrates,
including the effect of ionic strength and pH, was observed. As pore size decreases with the
build-up of LbL multilayers, the LbL growth enters into the second regime, which is kinetically
much slower, due to the formation of an entangled polyelectrolyte network inside the pores.
The resulting limitation in the diffusion of polyelectrolytes into the pores leads to a slowed
growth in terms of thickness increment per cycle of deposition. The pore size is a significant
factor in the LbL buildup. As shown in Figure 4A, in very small pores (about 100 nm), it takes
only a few LbL cycles to fill the pores and enter into the slower growth regime (regime 2),

while reaching this transition requires more LbL deposition cycles in larger pores.
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100 —
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Number of bilayers (n)
d,(i)—d
Ar(%) = LO-4M » 100

dp(i)
d,(i): initial pore diameter
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after n cycles of deposition

Figure 4. LbL growth evolution (Ar) of PAH/PSS multilayers as a function of the number of
bilayers (n) in pores of 100 nm (triangles), 200 nm (circles), and 500 nm (squares) diameter
(A), and proposed growth mechanism consisting of two different two regimes (B).'® Adapted

with permission from ref. 18. Copyright 2010 American Chemical Society.

Cho and coworkers’® investigated the effect of pore size on the formation of tubular
structures within AAO templates. A particular attention was paid to the comparison of thickness
increment per bilayer between pores of different sizes and flat substrates for LbL assembly
carried out under identical conditions. According to the mechanism proposed above (Figure 4),
in all studied cases, the LbL growth was in regime I, since the value of Ar (defined in Figure 4)
for 30 bilayers was around 30% for all AAO templates, far below the transition point. In small
pores (30-345 nm), the thickness of tube walls was found to be thinner than that of planar film
built on silicon substrates under similar conditions (Figure 5), regardless the size of
polyelectrolytes as well as assembly conditions’ 767, The authors attributed this difference of
thickness to hindered polyelectrolyte chain diffusion into the pores, called an entropic entry
barrier; when the pore diameter increases and approaches 430 nm, a wall thickness similar to
the LbL film on a flat substrate was obtained (Figure 5B, C) 7°. However, the smaller the

polyelectrolyte coils (of size tuned by adding electrolyte salt and adjusting pH), the higher the
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ratio of nanotube wall thickness to that of a flat film, for a given small pore size. The value of
this ratio increased from 0.33 up to 0.7 in 70 nm nanopores when the pH of the PAH solution
was adjusted from 4-5 to 9.3-9.5. The same phenomenon was observed for all pores presenting
a diameter below 100 nm, when the ionic strength was increased. This increase of
polyelectrolyte solution pH and ionic strength reduces the size of pH and salt-sensitive
polyelectrolyte coils, respectively, by reducing the charge density and screening the repulsive

interactions between charged units along the chains.
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initial pore diameters, as a function of the number of deposited PAH/PSS bilayers (obtained
from SEM images), (B) average thickness of one (PAH/PSS) bilayer assembled in various AAO
templates with different initial pore diameters’®, (C) same as B after division by the thickness
of the thickness of the polyelectrolyte bilayer grown over flat substrates under identical
assembly conditions. The various LbL assembly conditions used to study the influence of pH
and ionic strength on the growth behavior in nanochannels are summarized in (C). m’% 78, @77

80 and A7 represent the PAH/PSS system, while ¥74 and <’ indicate that 4" generation
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polyanion and polycation dendrimers were used for LbL assembly. Images (A, B) were adapted

with permission from ref. 76. Copyright 2014 Elsevier.

LbL assembly in nanochannels exhibits thus a strong dependence on pH, ionic strength of
polyelectrolyte solutions and nature of polyelectrolyte pairs, as observed for planar surfaces.
The properties of polymer materials influence multilayer buildup significantly. For the
PAH/PSS pair, the ratio with respect to the increment per bilayer in regime 1 evolves from 0.54
to 1.5, in ca. 400 nm nanopores, in response to the increase of pH and ionic strength. The same
trend appears under one specific assembly condition when the initial pore size increases
gradually within an appropriate range. However, a LbL growth comparable to what occurs on
a flat surface is expected when the pore size increases up to a lower limit (point at which the
confinement of pores can be ignored). This means that depending on the assembly conditions,
there is a critical pore size from which the LbL growth behavior is identical to that on the ‘open’
planar surface (Figure 5C, wall thickness/flat film thickness ratio =1). For instance, this critical
pore size is ca. 200 nm and 400 nm for LbL growth from solutions at pH 9.0 and pure water
with 5 mM CaCl,, respectively. The presence of this interesting behavior results from a
compromise between various effects, either facilitating or hindering the polyelectrolyte
adsorption in nanopores, such as incomplete drainage ®, curvature of pores 8!, confinement
effect 137677 "and depletion effect 7°.

Apart from the conventional dipping route, pressure or vacuum can be used to assist the
adsorption of polyelectrolytes. When using this process for the construction of nanotubes,
cationic and anionic polyelectrolyte solutions are alternatively filtered through the nanoporous
membranes 8!, The filtration-based LbL process has been extensively investigated by Jonas and
coworkers 82 who deposited a pair of strong polyelectrolytes within a series of track-etched
nanoporous PC membranes, with pore size ranging from 50 to 850 nm, under various assembly
conditions. The results show that when filtration-LbL assembly is performed, the pores are
rapidly filled by a dense gel for a very limited number of deposition cycles, depending on the
initial pore size. The increment of thickness per cycle of deposition is much larger than on flat

surfaces (increasing by a factor of one hundred, in some cases), resulting from the entanglement
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of the polyelectrolyte chains which are in a concentrated regime when passing in the confined
channels.

Regardless of the methodology used for polyelectrolyte adsorption (filtration or
immersion), one important issue during LbL deposition within nanopores is that LbL assembly
also occurs on the top and bottom faces of the membrane, leading to the formation of a crust
over the template surfaces. This crust may cover the pores, causing restriction in LbL growth
within the nanochannels when increasing the number of bilayers. This surface film must
therefore be removed after each or several bilayer depositions when membranes with narrow
pores are used as templates. This decrusting treatment is also required at the end of the buildup
process in order to separate the nanotubes/wires. Various methods have been used to eliminate
those LbL films, including plasma etching #3, polishing with alumina powder 84 and scratching
with a cotton swab !% 85, However, in some cases there is no need to eliminate the surface
functional layer, because they may also have an important contribution to the functions of
modified membranes, depending on the aim that researchers want to achieve.

As discussed above, LbL assembly in nanochannel involves polymer chain diffusion and
assembly under confinement. In particular, the polymer chains experience considerable
restriction to diffusion in regime 2 (Figure 4B). To further establish the role of confinement on
LbL film growth, it is instructive to briefly discuss LbL assembly on nanopatterned surfaces
for which only lateral confinement happens; thus a different behavior is expected, potentially
bridging LbL over flat surfaces and in nanopores. There are typically two ways to laterally
confine polyelectrolytes during adsorption, depending on the nature of nanopatterned surfaces.
One is achieved by using flat surfaces with different functional regions that have distinct
affinities to polyelectrolytes, resulting in nanoconfined deposition of polyelectrolytes on
specific nanoscale-spots (Figure 6A). Another way is by employing a lift-off strategy combined
with a nanolithography method such as electron beam or nanoimprint lithography. In this case,
the LbL-assembled multilayer first adsorbs on both the resist and open regions of the substrate
which have a nanoscale dimension (Figure 6F); in a subsequent step, the layer adsorbed on the
resist is eliminated in a lift-off process. The extent of confinement is related to the size of the
exposed area in the resist relative to the one of the polyelectrolyte chains; therefore, it is not
surprising that no specific confinement effect is observed in microscale gaps’>: 8¢, Nevertheless,

1
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it has been reported that confinement may become effective in micro-imprinted substrates in
the presence in solution of polyelectrolyte aggregates resulting from a high ionic strength®.
Interestingly, flat LbL films can also be patterned by solvent-assisted capillary molding®’
or embossing with a hard mold®-8?, to create a surface pattern. However, these processes belong
to the category of post-treatment of LbL films for specific applications rather than LbL

assembly under confinement, and are thus not reviewed here.
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Figure 6. LbL assembled on nanopatterned surfaces via templated LbL and LbL lift-off
approaches. (A) Illustration of LbL multilayers on chemically nanopatterned substrate. (B)
AFM images of (PDDA/PSS)s films on binary nanopatterned surface prepared from a
hydrophobic alkane-silane in a background of hydrophilic oligo(ethylene glycol) (OEG)-silane.
PDDA: Poly(diallyldimethylammonium chloride), PSS: Poly(styrene sodium sulfonate). (C)
Thickness of (PDDA/PSS)s LbL multilayers, grown at pH 3 on hydrophobic alkanesilane
stripes (squares) or dots (circles) in an OEG-silane hydrophilic background”. The dashed line
is the thickness of the laterally-infinite multilayer. Arrows indicate the average end-to-end
distance of the PSS and PDDA chains in solution. Reprinted with permission from ref. 75.

Copyright 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim. (D) AFM image of
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(PDDA/PSS);o multilayers assembled in salt-free solution on a quaternized polystyrene-block-
poly(2-vinylpyridine) (PS-b-qP2VP) block copolymer thin film. (E) Calculated mass of
polyelectrolyte adsorbed on homopolymer substrate and PS-b-qP2VP template from QCM-D
measurements’’, Dashed line corresponds to the expected amount of adsorbed mass based on
the adsorption on qP2VP homopolymer (black data points) multiplied by the calculated surface
fraction of qP2VP domains (0.46). Adapted with permission from ref. 90. Copyright 2017
Elsevier. (F) Illustration of LbL multilayers prepared by lift-off strategy. (G) AFM image of
lifted-off (PVBTAC/PSS)s LbL film; a height profile was drawn along the thick white line to
show the thickness®'. PVBTAC: Poly(vinylbenzyltrimethylammonium chloride). Reprinted
with permission from ref. 91. Copyright 2012 Wiley-VCH Verlag GmbH & Co. KGaA,

Weinheim.

Research work concerning polyelectrolyte LbL assembly on flat nanopatterned substrates
is scarce’ %0-9 The first example was reported by Jonas et al.”” who studied the effect of
nanoconfinement on LbL multilayer growth using binary nanopatterned surfaces prepared by
electron beam lithography and gas-phase silanation. Nanopatterned stripes or dots were
functionalized with a hydrophobic alkanesilane monolayer, and hydrophilic oligo(ethylene
glycol)-silane was employed to cover residual background substrate, facilitating the
nanoconfined deposition of PDDA/PSS polyelectrolytes on the hydrophobic regions while
neighboring oligo(ethylene glycol)-silane brushes repelled PDDA/PSS (Figure 6B). The
thickness of (PDDA/PSS)s multilayer assembled on nanopatterned surface was four to five
times larger than on laterally-infinite substrate when the width of nanostripes or diameter of
dots was smaller or comparable to the size of polyelectrolytes in solution (Figure 6C), revealing
that the lateral nanoconfinement effect had a significant influence in terms of polyelectrolyte
chain conformation. The higher thickness of multilayers on nanoconfined surface results from
the more coiled conformation of polyelectrolyte chains when adsorbing over regions of size
smaller than the unperturbed size of the coils in solution.

LbL assembly over block copolymer nanopatterned templates was also investigated,
giving rise to a different behavior.”® Poly(2-vinylpyridine) (P2VP) domains were crosslinked
by 1,4-diiodobutane (DIB) not only to improve the stability of polystyrene-block-poly(2-

1
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vinylpyridine) (PS-b-qP2VP) block copolymer film against swelling but also to quaternize the
P2VP and thereby form positive charged qP2VP regions for LbL assembly. As shown in Figure
6D, in salt-free solution, the (PDDA/PSS);o multilayers were confined to the qP2VP domains
(ca. 40 nm in width), consistent with the fast film growth observed on homogeneous qP2VP
substrate and undetectable growth seen on homogeneous PS substrate (Figure 6E). An
increased of the ionic strength of the solution reduces the adsorption selectivity on PS-b-qP2VP
nanopatterned surfaces, causing the homogenous deposition of multilayers after several
bilayers. The root-mean-square end-to-end distance Rg of used PSS and PDDA chains in salt-
free aqueous solutions were calculated to be ~40 and ~80 nm, respectively, larger than the size
of qP2VP domains. Thus, nanoconfinement was expected for the PSS and PDDA chains upon
their adsorption on the qP2VP domains. However, the mass of the polyelectrolyte layer
adsorbed on the PS-b-qP2VP nanopatterned film was found to be smaller than that obtained on
the homogenous qP2VP surface, after multiplication by the surface fraction of qP2VP domains
(0.46) (Figure 6E), inconsistent with the finding of Jonas et al.”> on binary chemically-patterned
surfaces, suggesting that the behavior of polyelectrolyte chains adsorbing on nanostripes might
need complementary studies to be fully understood.

As for the LbL lift-off approach, a nanopatterned surface was achieved by spin-coating on
a substrate an electron-sensitive resist (e.g., poly(methyl methacrylate)), followed by electron
beam lithography to create open nano-cavities or stripes in the resist (exposed substrate)®. After
deposition of LbL multilayers, the nanopatterned resist film was dissolved to fracture the LbL
film by the osmotic pressure generated by the concentration gradient resulting from the
dissolved polymer resist. As a result, the LbL film was lifted-off at local positions. A key point
is the strong interaction between the LbL film and the exposed regions of the substrate, which
is crucial to prevent the detachment of the film over the exposed regions. To study the
nanoconfinement effect, the width of stripes or diameter of dots should be less or at least
comparable to the size of polyelectrolyte coils, typically below 100 nm. However, the reduced
contact area leads to unwanted lift-off of the LbL film; therefore, the lowest stripe width that
could be successfully fabricated by LbL lift-off was ca. 150 nm, well above the average root-
mean-square distance between the chain ends of the polyelectrolytes; thus identical film growth
was observed on the stripes or dots compared to over the laterally-homogeneous multilayers

1
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(Figure 6G)°'. Another issue was that when the stripes became extremely narrow, the lifted
materials from both sides of the channels merged, resulting in an apparent higher thickness for
the LbL assembly and blurring the nanostripes.

It is thus obvious that LbL assembly over nanopatterned surfaces need further efforts to
elucidate its full complexity. Here we note that the observed behavior for polyelectrolytes
adsorbing on nanostripes is very different from the one reported for polyelectrolytes adsorbing
in nanochannels; this suggests that restricted diffusion and coil compression, which only exist

in nanochannels, are crucial factors specific to LbL assembly in such nanopores.

4. Applications

The combination of layer-by-layer assembly with nanochannels offers great opportunities
to fabricate smart functional nanoobjects and membranes-based devices for various
applications. Herein, applications are divided into several categories, depending on whether the

functional structures are required to be released or not from the nanoporous membranes.

4.1 Nanochannels as templates to fabricate functional nanotubes/nanorods

Nanochannels were considered as templates for the deposition of LbL films in confined
spaces, producing LbL nanotubes/rods after removal of the templates. The most fascinating
feature is that the tubular structure has two surfaces (interior and exterior) which can be
functionalized independently for performing different tasks.

Typically, membranes with a high density of well-defined nanochannels were employed
for the massive production of nano-objects, for instance AAO and ion-track polymer
membranes as shown in Figure 1. The polymer PC nanoporous membrane is preferable to the
AAO template in the production of LbL nanotubes/rods, because of its more straightforward
dissolution in organic solvent, such as CH,Cl, and dimethyl formamide (DMF). The harsher
conditions required to etch solid AAO templates (NaOH or H3;PO,) probably induce
deformations in soft LbL tubular structures and may degrade the components incorporated in

them.

4.1.1  Collection of liberated nanotubes from membrane templates.
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A decrusting step is generally required to remove the LbL crust grown over the porous
membranes, so that the dissolution of templates can yield separated nanotubes in solution. The
challenge is then the collection of the nanotubes from the solution containing the dissolved
template, and their redispersion in a more appropriate medium, typically an aqueous solution
which often is a proper environment for practical applications. The simplest way to collect
templated nano-objects from suspension is filtration, by which they are collected over a
collecting filter and rinsed. However, the critical point of this method is the following transfer
of the nano-objects from the filter to an aqueous solution without deformation or rupture.
Rubner and coworkers®” used a cell scraper to rub the filter surface and release the filtration-
collected microtubes in aqueous solution. In this case, the short length (5 um) and sturdy nature
of their thick microtubes were key features compatible with this approach; however, this route
is hardly applicable to soft LbL-nanotubes of high aspect ratio, which are fragile and strongly
sticky®®. However, filtration®® and electrophoretic deposition!®® can be employed to collect
nanotubes directly from a nanotube suspension over a filter, thereby leading to nanotube mats

or biointerfaces on substrates.
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Figure 7. Collection of nanotubes by using (A-D) adjuvant-assisted filtration®> and (E-H) a
sacrificial layer'®!. (A) Schematic illustration of adjuvant-assisted collection. (B) SEM and
(C,D) STEM images of liberated (PEI/GOx)s nanotubes collected from a nanotube suspension
in aqueous solution. Adapted with permission from ref. 85. Copyright 2015 American Chemical
Society. (E) Schematic illustration of the fabrication of bi-compartmentalized
(PVCL/PMAA),, 5(PSS/PAH), nanotubes (NTs) and of the release of the inner nanotubes in
biologically compatible conditions. (F, G) Top-view SEM images of a membrane filled with
(F) (PVCL/PMAA)ss/(PSS/PAH);, nanotubes and (G) the same after the liberation of
fluorescently tagged NTs at pH 6.5. (H) Liberated (PSS/PAH);, nanotubes collected from the
resulting nanotube suspension in aqueous solution. (PSS/PAH);, nanotubes were released by
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dissolution at pH 6.5 of the sacrificial compartment of bi-compartmentalized
(PVCL/PMAA)s s/(PSS/PAH);, NTs in membranes'®!. Adapted with permission from ref. 101.

Copyright 2019 American Chemical Society.

Collection strategies have been developed to transfer liberated nanotubes from template to
aqueous solutions. The traditional centrifugation is an effective method to sediment objects in
suspension, allowing the purification of nanotubes from a solution containing the dissolved
template. When PC membranes are used, the aqueous suspension can be obtained by replacing
the pure organic solvent with water when the organic solvent is miscible with water, such as
DMEF. Large centrifugation forces and long times are, however, required to efficiently sediment
nanosized objects. This may provoke the formation of irreversible aggregates. The first
achievement of an aqueous suspension of intact nanotubes was reported by Komatsu et al'%2.
They used centrifugation to separate the nanotubes from the PC template/DMF solution,
resulting in nanotubes suspended in pure DMF, followed by freeze-drying to yield lyophilized
nanotubes aligned in a thin film. These resulting pieces of film made of protein nanotubes could
be further redispersed in water, leading to a homogeneous but slightly turbid dispersion.
Another collection strategy based on adjuvant-assisted filtration (Figure 7A) was developed by
Jonas et al®>. A thin layer of water-soluble adjuvant (for instance, dextran, fructose, NaCl) was
first deposited over the filter as buffer layer to prevent the contact of the nanotubes with the
filter, followed by co-filtration of a suspension of nanotubes and added adjuvant particles in the
polymer/CH,Cl, solution, to form a nanotube-containing adjuvant cake. The resulting cake
could be easily detached from the filter and dissolved in water to obtain an aqueous nanotube
suspension (Figure 7B-D). These solutions are compatible with biological organisms; for
instance, Jonas et al. added commensal skin bacteria to such an aqueous suspension of LbL
nanotubes, leading after filtration to bacterial nanofibrillar patches for topical applications.!0?

An alternative strategy does not involve the dissolution of the template. Instead, the
nanotubes are released directly from the porous template by disassembly of a sacrificial LbL.
layer with a proper etching solution. Prior to the assembly of target nanotubes, the sacrificial
LbL layer of limited thickness is first built within the nanoporous template. The destruction of
this sacrificial LbL layer by flowing through an etching medium to detach the target nanotubes

2
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from the nanochannel walls facilitates the extraction of the nanotubes (Figure 7E). However,
this method requires target nanotubes resisting the etching medium (typically, an aqueous
solution). Jonas et. al.'”%' used hydrogen-bonded poly(methacrylic acid)/poly(N-
vinylcaprolactam) (PMAA/PVCL) multilayers as  sacrificial layer to  release
poly(styrenesulfonate)/poly(allylamine hydrochloride) (PSS/PAH) nanotubes (Figure 7E).
PMAA/PVCL multilayers are stable at lower pH but disintegrate in a close-to-neutral 0.15 M
NaCl aqueous solution, while (PSS/PAH) nanotubes are stable in these biocompatible

conditions (Figure 7F-H).

4.1.2  Liberated tubes as micro/nanoreactors

When functional components (e.g. enzymes) are incorporated in LbL assemblies the
released nanotubes can act as smart micro/nanoreactors. These functional elements can be used
either as both scaffold and active materials, or just as a supplementary functional component
inserted in supporting LbL polyelectrolyte tubular structures. For instance, bioactive nanotubes
made of only proteins were fabricated in AAO membranes in a layer-by-layer fashion by
alternate vacuum filtration of a glucose oxidase (GOx) solution through the membrane,
followed by immersion of the membrane in a 0.025% glutaraldehyde (GA) solution.!** GA has
two aldehyde groups which react with the amine groups of proteins to crosslink neighboring
protein layers. Moreover, the globular proteins have both amino and carboxylate groups with
an isoelectric point (Ip). When the pH of the solution is lower or higher than the protein Ip,
proteins carry a net positive or negative surface charge, facilitating LbL assembly with
oppositely-charged polyelectrolytes. Jonas el al.®5 used polyethylenimine (PEI) as positive
polyelectrolyte to be alternately assembled with GOx to produce enzyme nanotubes. Similarly
to pure GOx nanotubes, PEI/GOx nanotubes preserve the bioactivity of GOx. The catalytic
activity of liberated PEI/GOx nanotubes toward glucose increases as the number of deposited
GOx layer increases, while the embedded nanotube in templates exhibited lower activity,
because of the limited access of glucose due to the blocking of pores. Other active protein
nanotubes were also reported. Komatsu et al. fabricated many different kinds of protein
nanotubes by using GOx'% or human serum albumin (HSA)!% assembled with poly(L-arginine)

(PLA). Gold nanoparticles (AuNP) display catalytic activity for the reduction of nitrophenols
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to amine derivatives in the presence of sodium borohydride (NaBH,), and were also
incorporated in PLA/HAS protein nanotubes by co-deposition of HAS and Au nanoparticles'?’.
The obtained hybrid (PLA/AuNP-HSA); nanotubes showed higher catalytic efficiency for the

4-nitrophenol (4Nip) reduction than free gold nanoparticles.

Nano-objects
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Figure 8. Illustration of the synthesis of mineralized anisotropic calcium phosphate nano-
objects by alkaline phosphatase (ALP) immobilized in nanochannels. The ALP nanotubes are
capable of hydrolyzing a-glycerol phosphate to generate orthophosphate ions, a calcium
phosphate precursor, which leads to calcium phosphate in the presence of Ca?".!9%® Reprinted

with permission from ref. 108. Copyright 2020 Royal Society of Chemistry.

Enzymatic reactions occurring in LbL protein nanotubes can also be used to synthesize
mineralized nanomaterials. The crystallization process may be controlled by the confinement
of LbL nanotubes. Landoulsi and coworkers!%® deposited PAH/ALP multilayer in nanochannels
and used immobilized ALP for the local biomimetic production of calcium phosphate (Figure
8). The orthophosphate ions generated by ALP nanotubes allows for in situ nucleation and
growth of calcium phosphate particles in the presence of Ca". Excitingly, the biomineralization
initiated by the immobilized ALP happens in nanoconfined spaces, which leads to the formation

of highly crystalline hydroxyapatite.
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Figure 9. (A) Structure of (Hb/DHP)sCatalase Nanotubes. (B) CLSM images of the
autofluorescent (Hb/DHP)sCatalase nanotubes. (C) overlapped image of nanotubes and HepG-
2 cells membrane stained with Alexafluoro 488. (D) (Hb/DHP)sCatalase nanotubes improved
the viability of HepG-2 cells against oxidative stress.!%” The white column represents the
experiment group, and the gray column represents the control group. Adapted with permission

from ref. 109. Copyright 2013 American Chemical Society.

Tubular LbL scaffolds can also be first fabricated by using other materials, then followed
by the addition of an active component on the inner or exterior surfaces of the scaffolds,
depending on needs. Urease was loaded in (PSS/PAH)¢/(Fe;04/PAH), nanotubes in a buffer
solution at pH 7.2. In this condition, urease is negatively charged and could be easily adsorbed
onto the inner PAH layer which is positive. The (PSS/PAH)¢/(Fe;04/PAH),/Urease nanotubes
were used as nanoreactors for the biomimetic synthesis of inorganic materials inside the
nanotubes.!!? Li et al.!% fabricated hemoglobin/dialdehyde heparin (Hb/DHP)s covalently-
bound nanotubes as biocompatible tubular scaffolds for the subsequent deposition of catalase
on their inner surface (Figure 9A-C). The assembled hemoglobin nanotubes with catalase
interior enzymes possess H,O,-scavenging capacity for the protection of cells under oxidative

stress (Figure 9D).
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Following the same fabrication strategy, tubular nanoreactors modified on their inner wall
by GOx!%, Candida antarctica lipase B!''! and a-d-glucosidase (aGD)!'> have been
demonstrated. By making use of the reactions occurring within the nanotubes, chemical energy
could be utilized to propel the nanoreactors. A self-propelled protein microtube motor with a
catalase interior surface was reported'!3. Biotinylated catalase biocatalysts were immobilized
on the inner wall of (PLA/HSA),PLA/PLG/Avidin microtubes. In the presence of H,O,, the
immobilized catalases are capable of decomposing H,O, to produce O, bubbles which exit the
open-end terminus to propel the microreactors. In the same way, biotinylated ureases (bUre)
were anchored on the inner wall of nanotubes to fabricate bubble-free nanomotors (Figure 10A-
C). The nanotubes are driven by the consumption of the urea substrate (NH,CONH,) in the

urease reaction.
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Figure 10. (A) Avidin/biotinylated urease (Avi/bUre) microtube obtained by immobilization
of biotinylated urease onto the Avidin interior surface of (PLA/HAS);/PLA/PLG/Avidin
microtubes. (B) CLSM image of Avidin/Fluorescent-biotinylated urease microtube (overlaid
image of bright field mode and fluorescence field mode; 488 nm excitation). (C) Motion of
self-propelled Avi/bUre microtubes in PB solution (10 mM, pH 6.0) containing 100 mM urea
at 25°C.!1* Adapted with permission from ref. 114. Copyright 2019 Wiley-VCH Verlag GmbH
& Co. KGaA, Weinheim. (D) Coating of the external surface of (PLA/HSA)sPLA/PtNP
microtubes with a-d-glucosidase (baGD) active components. (E) Motion of a self-propelled

Avidin/PtNP microtube by jetting O, bubbles in PB solution (pH 7.0, 1 wt % H,0,, 0.2 wt %
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Triton X-100) at 25 °C under fluorescence imaging. (F) Activity of a-d-glucosidase (baGD)
externally-immobilized Avi/PtNP microtubes.'!> Reprinted with permission from ref. 115.

Copyright 2019 American Chemical Society.

As mentioned before, a tubular structure has two independent surfaces that can be
functionalized with different active materials. Figure 10D shows microtubes with Pt
nanoparticles (PtNP) on the inner wall, and a-d-glucosidase (aGD) on the external surface'!>.
Pt nanoparticles catalyze the decomposition of H,O,, producing O, bubbles which drive the
whole system (Figure 10E) while the external aGD provides the swimmer with biocatalytic
activity. It was found that the enzyme reaction occurring at outer surface was improved by the
self-propulsive motion, due to enhanced mixing by nanotube-driven stirring (Figure 10F).

Apart from direct functionalization by active components, the activity can also be obtained
by post-treatment of LbL nanotubes. For example, photoactive nanoreactors comprising iron
oxide nanoparticles were prepared by post-calcination of (PLA/ferritin); LbL nanotubes!!® 117,

The resulting Fe,O5; nanotubes exhibited higher photocatalytic efficiency than bulk Fe,Os;.

4.1.3  Liberated tubes for separation

Typically, the separation of targets by micro/nanotubes relies on specific binding between
the targets and the functional elements that are incorporated in tube walls or anchored on either
inner or external surfaces of LbL nano/microtubes. (PLA/HSA); LbL nanotubes have been
explored to capture uranyl ions and small molecules (3,3’-diethylthiacarbocyanine iodide, and
zinc(II)-protoporphyrin IX) using HSA wall components!?2. The biological function of HSA in
the tube was retained and the cylindric wall of (PLA/HSA); LbL nanotubes swelled
considerably which facilitated the diffusion of target molecules into the wall and specific
binding. Moreover, a magnetite (Fe;04) component was incorporated into protein nanotubes to
form Fe;O4(PLA/HSA); magnetite nanotubes which can be easily collected after binding using

a magnetic field.!'®
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Figure 11. (A) Schematic illustration of E. coli entrapped in (PLA/HSA)y microtubes.!'? (B)
Collection of E. coli-loaded Fe;O4(PLA/HSA)y MTs by a magnetic field, and appearance of LB
agar plates spread with an E. coli dispersion previously incubated with Fe;O4(PLA/HSA)g
microtubes for 30 min (after 16 h cell culture at 37 °C).!!® Adapted with permission from ref.
119. Copyright 2014 Royal Society of Chemistry. (C) Schematic illustration of biotinylated
fluorescein (bFL) anchored on the external surface of self-propelled Avidin/PtNP microtubes,
based on biotin-avidin interaction'!®. (D) Fluorescence spectra of the PB solution (pH 7.0, 1.0
wt % Hy0,, 0.2 wt % Triton X-100) of bFL/DiD (Aex, 494 nm for bFL; Aex, 650 nm for DiD)
after treatment with self-propelled Avidin/PtNP microtubes, with subsequent centrifugation!!s.
DiD: 1,1'-dioctadecyl-3,3,3',3'- tetramethylindodicarbocyanine. Adapted with permission from

ref. 115. Copyright 2019 American Chemical Society.

For larger objects, such as particles, bacteria or virus, the tubular structure offers ideal
spaces for holding them. In this case, the lumen of tubes should have a larger or at least
comparable size to targets. For instance, (PLA/HSA),/PLA/PLG/Avidin nanotubes with 200
nm pore size can selectively allow the selective incorporation and binding of 100 nm biotin-
functionalized nanoparticles; thus nanoparticles with different size can be separated.!'® Figure
11A shows a schematic illustration of E. coli entrapped in (PLA/HSA)y microtubes (MTs).

These (PLA/HSA)y microtubes have a hollow structure with an inner diameter of ~700 nm,
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larger than the size of E. coli. The inner surface HSA layer can bind to E. coli. by interacting
with expressed surface proteins. The motion of E. coli. in response to certain chemicals in the
environment was believed to contribute to the E. coli capture into the (PLA/HSA)y microtubes.
The use of a magnetic field to collect Fe;O4(PLA/HSA)y MTs after trapping of E. coli. clearly
is an efficient way for bacteria removal, as evidenced by the absence of bacterial colonies on
LB agar plates after MT removal (Figure 11B).'!"° Similarly, protein nanotubes functionalized
with fetuin'?? or a specific antibody'?! can capture the influenza A virus PR8 (HIN1) or other
viruses efficiently.

Similarly to the capture by a properly functionalized inner wall, the external wall can also
be utilized for binding of molecules or larger targets. For instance, the positively-charged
surface of PLA/HSA/Fe;0,/(PLA/HSA)s/PLA/Pt nanoparticle microtubes was used to
electrostatically adsorb negatively charged bacteria (E. coli.) (Figure 11C)'?2. Based on the
biotin-avidin interactions, biotinylated fluorescein can be captured by avidin on the external
wall surface!!. In the presence of H,0,, the capture efficiency was enhanced by the movement
of microtubes induced by O, bubbles (Figure 11D) (due to the decomposition of H,O, by Pt

catalysts anchored on the inner wall).

4.1.4  Liberated tubes for transportation

Cell penetration rather than full internalization of high aspect ratio nanotubes provides an
elegant way for transmembrane mass transport, since they can act as an artificial nanochannel
through cell membrane.

Abe et al.!?® fabricated poly-L-arginine/poly-L-glutamic acid (PLA/PLG) protein
nanotubes by layer-by-layer assembly. The average outer diameter and length of nanotubes
were ~400 nm and 5-9 um, respectively. The internal pore size was larger than 200 nm, which
is sufficient to carry any molecule of interest. Studies were performed on the ability of these
protein nanotubes to penetrate through HeLa cell membranes, and on the viability of HeLa cells
after treatment with protein nanotubes. Results show that most protein nanotubes penetrated
into the cell membrane without any major internalization process, and that the cell membrane
was intact around the protein nanotubes (Figure 12A). The cells retained their viability after

protein nanotube penetration (Figure 12B). Propidium iodide (PI) was observed in the nucleus
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of treated cells after 5 min of incubation, indicating the free passage of molecules through
protein nanotubes into the cell (Figure 12C). The poration of the cell membrane could be
assisted by external stimuli. He et al.'** constructed a conical (PSS/PAH);, tubular structure by
using a template-assisted layer-by-layer technique. The length of the tube was ~10 pum, and the
diameters of the two openings were ~200 nm and ~800 nm, respectively, replicating the size
of nanoporous templates. The conical tubes exhibited efficient and controllable movement
toward target cells like nanoswimmers, through the manipulation of the acoustic field, resulting
in attachment of nanoswimmers onto the membrane of HeLa cells with orientation of the small
opening. More importantly, Au nanoshells deposited inside the larger opening enabled the
poration of the cell membrane within 0.1 s under irradiation by NIR light (Figure 12D). The Au
nanoshells on the larger opening convert NIR laser energy into heat and help to penetrate the
cell membrane. This was evidenced by the transport of a fluorescent dye through the cell

membrane (Figure 12E, F) and by SEM images (Figure 12G).
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Figure 12. (A) lllustration of transmembrane transport of molecules by nanotubes and (B) SEM
image of HeLa cells with penetrated protein nanotubes. White solid arrows indicate the location
of protein nanotubes on the cell surface and the white rectangle represents a magnified area of
the cell surface with protein nanotubes. (C) CLSM (merge) image of propidium iodide (PI)
transported into HeLa cells by nanotubes.!?* Republished with permission from ref. 123.
Copyright 2014 Royal Society of Chemistry. Yellow solid arrows show the location of cell .(D)
Schematic cell poration of the AuNS-functionalized (PSS/PAH),, nanoswimmers upon
exposure to NIR light. (E) CLSM image of the nanoswimmers after cell poration. Yellow
dashed line indicates the frontier of the cell. (F) Corresponding 3D CLSM image of (E). (G)
SEM image of the nanoswimmer after cell poration.'?* Republished with permission from ref.

124. Copyright 2019 American Chemical Society.
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In vivo, kinesins walk along microtubules (polymerization of tubulins) to realize
intracellular transport. The integration of motor protein kinesins on LbL tube inner surface is a
smart strategy to guide the transport of tubulin microtubes. Upon entering the LbL tubes, the
tubulin microtubes walk unidirectionally on the inner surface until they leave the LbL tubes,

implying that these LbL tubes are great channel tools for cargo transport!?3.

4.1.5 Liberated tubes for drug delivery

Compared to hollow capsules, tubular structures have longer persistence in living
systems!’, thus providing interesting carrier platforms for drug delivery. Jonas et. al.!*¢
investigated the uptake of core/shell nanotube by dendritic cells (Figure 13A). The prepared
LbL nanotubes have a rigid (PAH/PSS)s and a biocompatible protein shell made of Poly-L-
ornithine hydrobromide (PLO) and ovalbumin. The successful transport of long protein-loaded
robust rigid nanotubes to the cytoplasm of dendritic cells offers the possibility of using them

for cargo delivery.

LbL .
(A) By N > dendritic cells
Biocompatible compartment
Ovalbumin A

400 -500 nm
® T
& 3 10-20pum
Rigid compartment ‘ ’ _1_
ePAH = "7
® PSS

(B)

Ca:aiys! Magnetic .




Nanoscale

Figure 13. (A) Uptake of long LbL core/shell nanotubes by dendritic cells.!?® Reprinted with
permission from ref. 126. Copyright 2017 American Chemical Society. (B) Structure of drug
loaded CHI/ALG nanotubes. (C) Differential interference contrast and (C) CLSM images of a
(CHI/ALG)4-DOX-(ALG/CHI),-Fe;04-(CHI/ALG),4-PtNP nanorocket after (C, D) treatment
with ultrasound in vitro and continuous cultivation of the HeLa cells for 3 h. The incorporated
DOX drugs have fluorescent signal. The absence of fluorescent signal from nanotubes indicated
the release of DOX drugs from nanotubes. Figures C and D are collected from the same area.'?’
Reprinted with permission from ref. 127. Copyright 2013 Wiley-VCH Verlag GmbH & Co.
KGaA, Weinheim.

Similarly, the multilayer wall of a LbL-assembled nanotube was designed to have a
core/shell structure: the inner layers acting as framework and the outer layers as drug container
(Figure 13B)!?’. The nanotubes were made of two biodegradable natural polysaccharides,
positively charged chitosan (CHI) and negatively charged sodium alginate (ALG). The cores
and shells were separated by a Fe;O,4 layer and a fluorescent anticancer drug (doxorubicin,
DOX) was incorporated in the shell to form a (CHI/ALG),-DOX-(ALG/CHI),-Fe;0, layer.
Moreover, the inner surface of the core was modified by Pt nanoparticles (PtNP), used to drive
the nanorockets by a H,O, fuel (Figure 13B). Under an external magnetic field, the direction of
the nanorockets was controlled to approach and finally partially penetrate into the targeted
HeLa cells. Then, the DOX drug would be released by destruction of the (CHI/ALG),-DOX-
(ALG/CHI),-Fe;04 outer multilayer shell with aid of ultrasounds (Figure 13C, D), while the
(CHI/ALG),4-PtNP inner layer core was found to be robust against ultrasound. It is believed
that Fe;O,4 nanoparticles play a role in disassembly of the drug shell because it is sensitive to
ultrasound. In these two examples, drug molecules were incorporated in the LbL nanotube wall.
Actually, the inner hollow space is ideal for encapsulation of molecules. The opening of tubes
could be capped by silica particle after loading by drug molecules!?8. Biocompatible and
responsive materials can be used to construct LbL tube walls which may have tunable
permeability by pH or ion strength. For example, when drug-loaded LbL nanotubes reach tumor

cells, the more acidic environment may change the permeability of LbL tube wall, allowing the
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controlled delivery of drug to target cells. However, until now most attention was paid to LbL.

capsules'?*131; no efforts were dedicated to tubular structures.

4.1.6 Liberated microtubes for cancer cell killing

A novel approach was developed to enable cancer cells to be destroyed by the explosion
of gold nanoshell (AuNS)-functionalized polymer (PSS/PAH)¢ multilayer tubes (Figure
14A).132 Upon NIR irradiation, the AuNS of the tubes converts light energy into thermal energy.
The generated thermal energy causes rapid evaporation of water within the tubes which causes
the explosion of the tubes as illustrated in Figure 14A. Prior to NIR irradiation, the tubes were
incubated with HeLa cells for 1 h to allow the contact. NIR irradiation caused the tubes to
explode into pieces. The destruction of cancer cells stems from the pressure wave-based cell
wall rupture, and the piercing of the cancer cells with tube shrapnels as well as thermal damage,

since only cells within close proximity of the tubes were destroyed (Figure 14B, C).

NIR 1 min

Figure 14. (A) Illustration of NIR-triggered explosion of a tube to kill cancer cells. Bright field
microscopy images (B) before and (C) after 1 min laser irradiation of the (PSS-PAH)sAuNP
tube (small gold nanoparticles on the outer surface).!3? Reprinted with permission from ref.

132. Copyright 2015 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim.
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4.2 Channels as templates to fabricate micro/nanotube arrays

Nanopapers made of randomly positioned LbL nanotubes were fabricated by filtration of
liberated nanotubes after template dissolution in organic solvent® 193, The nanotubes are then
stacked with channels perpendicular to the filtration direction. Alternatively, LbL nanotubes
can be arranged in vertical nanotube arrays. Tubular LbL-structures shaped by the nanochannels
within templates were anchored onto a support, followed by the removal of the sacrificial
templates, yielding nanotube forests. However, due to the distance between the pores in the
template, the vertically aligned nanotubes on the supporting substrate have limited contact with
their neighboring nanotubes when the template is dissolved, and tend to collapse on the
substrate. Consequently, the supporting substrates (typically, porous membranes) are required
for most practical applications.

The first example of nanotube arrays was given by Chia who constructed a pH-responsive
reversibly swellable (PAH/PAA),, nanotube array by immobilization of PAH/PAA-modified
porous PC membranes onto a positively charged glass substrate, via electrostatic interactions!33.
The unattached side of the membrane was then plasma-etched in oxygen to selectively remove
the crust film deposited on the membrane surface prior to dissolution in CH,Cl,. Protein
nanotube arrays immobilized on solid substrates were also proposed by Komatsu'3* as
molecular traps in aqueous medium. In that case, crust films on both surfaces of hybrid PC
membranes were eliminated prior to nanotube immobilization. The PC membrane containing
protein nanotubes was glued onto a cover glass using epoxy resin, which was precoated onto
the glass slide, preventing insertion into the nanotubes. Both immobilization approaches lead
to the formation of tube brushes.

A promising membrane of LbL nanotubes'33 was achieved for ionic separations following
similar protocols. In this work, a PC membrane containing nanotubes was immobilized onto
NaOH-treated wet porous polyacrylonitrile (PAN) support upon drying in an oven at 80 °C
rather than using glue, before being immersed in CH,Cl, to dissolve the PC framework (Figure
15A). Then, the authors went a step further by depositing another type of functional nanotubes
onto the first prepared nanotube array, followed by the formation of a sealing layer on top of
the mixed nanotubes (Figure 15B). Interestingly, the sequential deposition of nanotubes leads
to well-arranged tubular elements without overlap, producing a densely-packed mixed

3
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nanotube array. The mixed nanotube brushes exhibit higher ion rejection than other types and

are capable of enriching in NaCl a solution that permeates through the membrane (Figure 15C).

12
BILAYERS

12
BILAYERS

B D
o o

Rejection (%)

Control  Anionic  Cationic MMM

Membrane Type

Figure 15. (A) Schematic of the mixed mosaic membranes (MMMSs) prepared using LbL
assembly. Cationic (blue) and anionic (red) nanotubes are aligned vertically on a support
membrane, and a sealing layer is applied to prevent convective flow through the interstitial
regions between the nanotubes. Dissolved ions (blue and red spheres) can permeate through
nanotubes lined by moieties with the opposite charge, which results in higher ionic
permeabilities compared to the permeability of neutral molecules (green spheres). (B) SEM
image of formed MMM with the sealing layer on top of the PEI-terminated and PSS-terminated
nanotubes. (C) Comparison of solute rejection for charged and neutral solutes between four
different membranes. The control membrane was made by depositing the sealing layer (i.e., 3.5
bilayers of PAH and PAA) directly onto the support membrane, anionic membranes were

produced by functionalizing the support with PSS-terminated nanotubes then applying the
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sealing layer, cationic membranes were produced by functionalizing the support with PEI-
terminated nanotubes then depositing the sealing layer, and the MMMs were produced by
functionalizing the PAN support with both PEI-terminated and PSS-terminated nanotubes
before applying the sealing layer.!3> Reprinted with permission from ref. 135. Copyright 2014

American Chemical Society.

Recently, a light harvesting system was constructed by using PAH/PSS LbL microtube
arrays in which the inner space was used as container for a sol-gel solution with an incorporated
chloroplast photosystem (PSII) (Figure 16A); this system is analogous to the light absorption
organ of plant leaves which have a palisade-like tissue consisting of cylindrical cells aligned
perpendicular to the epidermis. The mixture containing PSII was injected into the
polyelectrolyte-modified PC membrane, followed by selectively removing the PC template
using dichloromethane, resulting in a PSII-based sandwich-like scaffold with well-defined
hierarchical structure (Figure 16B, C). The photochemical conversion activity of the

hierarchical light-harvesting architectures was evaluated by investigating the production of

ATP.
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Figure 16. (A) Schematic representation of a bioinspired system capable of
photophosphorylation. In this biomimetic system, the polyelectrolyte multilayered membrane
serves as the scaffold, resembling the shell of a cylindrical cell in natural plant leaves. The
photophosphorylation units, PSII and ATP synthase, are compartmentalized in the silica sol-
gel inside the polyelectrolyte microtubes. PAH, poly(allylamine hydrochloride); PSS,
poly(sodium-p-styrenesulfonate); PSII, photosystem II; Pi, inorganic phosphate. ATP,
adenosine triphosphate; ADP, adenosine diphosphate. The lipid bilayer is composed of
dimyristoylphosphatidylcholine (DMPC) (green) and dimyristoylphosphatidylglycerols
(DMPG) (purple). (B) Cross-section and (C) top view of the modified polyelectrolyte
microtube array. (D) Photophosphorylation assay of the hierarchical light-harvesting
architectures.!3¢ Reprinted with permission from ref. 136. Copyright 2018 Wiley-VCH Verlag
GmbH & Co. KGaA, Weinheim.

Under light illumination, PSII in such a highly ordered light-harvesting array, splits water
to produce oxygen, protons and electrons; the electrons are captured by an electron acceptor,
while the protons are accumulated to promote the rotational catalysis of ATP synthase
spreading on the surface of the membrane to produce ATP (Figure 16D). The production rate
of ATP production in this hierarchical light-harvesting architecture is enhanced 14 times,

compared to that in nature, showing great potentials for artificial energy harvesting devices.

4.3 Channels as membrane scaffolds for functional multilayers

In this case, the nanochannel membranes are used as the supporting scaffolds for the
functional LbL layer for various tasks'’’, for instance water purification!3® 13° ion
separation/selectivity/gating!40-144, nanofluidic diode!*’, molecule separation'4’, biosensing!4¢-

148 and energy harvesting!'#°.
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Figure 17. Two configurations of LbL modified nanochannel membranes. Functional
membranes prepared by the deposition of a polyelectrolyte multilayer film (A, B) on a support
with small pores and (C, D) in large nanochannels. (B) (PSS/PAH)s film on 20 nm pore size
AAO membrane!>® (Reprinted with permission from ref. 150. Copyright 2008 Elsevier); (D)
PEI/(PSS/PDDA);5 in 400 nm diameter PET nanochannels!3! (Reprinted with permission from
ref. 151. Copyright 2013 Elsevier). PDDA: Poly(diallyldimethylammonium chloride).

In fact, when a nanoporous membrane is alternatively immersed in the polyelectrolyte
solutions, assembly takes place both on the nanochannel inner surface and on the outer surface
of the membrane. After the pore is filled by a polyelectrolyte film, assembly would still happen
on the surface to allow film growth. When the film on the surface becomes thick enough, it will
gradually dominate the chemical/physical properties of the functional membranes'2. Small
pore size would strongly limit the diffusion of polyelectrolyte chains to the nanochannels, thus
the multilayer film is mainly formed on the surface of membrane (Figure 17A). Figure 17B

shows the LbL film formed only on the surface of an AAO membrane with 20 nm pore size.
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This functional membrane exhibits 95% rejection of MgCl, along with a Na*/Mg?" selectivity
of 22, as a result of the functional surface LbL film'>°. For larger pores, the main contribution
comes from the LbL films assembled on the inner channel surfaces (Figure 17C). The presence
of a LbL film was observed in nanochannels of 400 nm diameter (Figure 17D)!5!. Actually, the
outer surface LbL film is often preferred for applications, for instance for water purification!33-
163 "jon!64173 or molecule separation!’ 175, gas separation!’%17°, element recovery'8% 181 and
anti-fouling!®2-189. However, in this review, we only focus on LbL assemblies in nanochannels,
thus applications mainly based on the functionality of LbL multilayer films resting over the

nanoporous membrane surface will not be reviewed here.
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Figure 18. Porous membranes with internal LbL modification for (A) ion separation!®®
(Reprinted with permission from ref. 190. Copyright 2013 American Chemical Society) and

(B-D) ion rectification and gating'4? (Reprinted with permission from ref. 143. Copyright 2017

American Chemical Society).

For ion selective separation, the blocking of pores by an outer surface LbL film is preferred,
because it increases ion selectivity'>2. However, the filling of pores can also increase the

resistance of membrane systems, resulting in a limited ion flow. Bruening et al. 1°° investigated
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the ion separation property of track-etched membranes modified by different numbers of
PSS/PAH bilayers (Figure 18A). For nominal 50 nm pores modified with (PSS/PAH),, the pore
size decreased to ca. 15 nm, regardless of the ionic strength of the rinse medium, indicating that
a LbL film was built in the nanochannels. Results show that K*/Mg?" selectivity increases to
values as high as ~8 after deposition of (PSS/PAH), and (PSS/PAH); films ending by a positive
charge, but then decreases for membranes containing (PSS/PAH), coatings. Changing the
rinsing solution during polyelectrolyte deposition from water to 0.5 M NaCl leads to a small
increase in selectivity, perhaps because rinsing with the salt solution decreases the swelling of
the outer PAH layer, implying that the LbL film structure is significant for ion selectivity. When
a conical nanochannel was used, the intrinsic rectification was enhanced by introduction of
surface charges. As shown in Figure 18B, PAH chains were adsorbed onto the inner negative
surface of a single conical nanochannel to create a fluidic diode which selectively transports
counterions (ion gating); this selectivity results from the electrostatic interaction between the
charged pore surface and the ions passing through them under an electric field across the
nanochannel membrane!®!. The PAH modified nanochannel exhibits pH-dependent rectifying
behavior because the net surface charge of the nanochannel is sensitive to pH (Figure 18C).
The (de)protonation of amine groups along PAH chains and carboxylate groups of the PET
pore wall underneath the PAH layer accounts for this pH responsiveness. Actually, in
asymmetric nanochannels, the flow of ions occurs preferential from the tip side (narrower
opening) to the base side (larger opening)3*. In acidic solutions, the positive surface charges
make the nanochannel anion-selective; this facilitates anion transport from tip to base, driven
by a negative voltage bias (working electrode placed at the tip side), resulting in a large anionic
current (On state, Figure 18D). The limited anion flow from base to tip and cation flow from
tip to base produces a small ion current under a positive voltage bias (Off state). When in
alkaline solution, the cation ions become major current carriers because of the reversed surface
charges of the now positively charged nanochannel. The current-voltage curves are reversed as

well, with large/small ion currents at positive/negative voltage biases (Figure 18C, D).
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Figure 19. Porous membranes with internal LbL modification for (A) catalysis!®?> (Reprinted
with permission from ref. 192. Copyright 2017 American Chemical Society), and (B) target
protein binding and identification'®3 (Reprinted with permission from ref. 193. Copyright 2020

American Chemical Society).

Likely, functional components could be integrated into membranes to create catalytic
platforms!®? as shown in Figure 19A. PAA/PAH/Laccase was built in PVDF microfiltration
membranes with average pore diameter of 200 nm!°?, leading to a decrease of average pore
diameter to ~70 nm. The unfilled space with nanotubes facilitates the access of substrate to the
inner layer of enzymes. Under a pressure-driven continuous flow mode, over 80% of the initial
2,4,6-trichlorophenol (TCP) was dechlorinated at an optimum flow rate under an applied air
pressure of about 0.7 bar or lower which gives a residence time of only 36 s, whereas it takes
hours for degradation in a batch reaction. GOx was also electrostatically immobilized with
alternative adsorption of PLL in pores of 450 nm diameter within nylon microfiltration
membranes, for the catalytic oxidation of glucose!®. The immobilized GOx has a higher
stability against a wide range of pH than free GOx. Besides bioactive enzymes, gold
nanoparticles were electrostatically incorporated in the channels. A high density of well-
distributed nanoparticles in the membrane pores was achieved!?> 196 capable of selectively
catalyzing the reduction of nitro groups in compounds containing other reducible functionalities
such as cyano, chloro, and styrenyl moieties. When an antibody was adsorbed on the oppositely
charged polyelectrolyte layer, the functional membranes become biosensing platforms based
on antibody-antigen specific interactions'®’. Recently, a waveguide spectroscopy strategy was

developed to sense the binding events between a small target and anchored receptors
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immobilized in nanochannels!®®. This technology employs optical signals, thus do not require
labelling of small analytes. Benefiting from the large internal surface area of nanoporous
membranes, the binding of a minute quantity of unlabeled material over the pore inner surfaces
may produce a significant change in the overall optical density and hence a detectable signal.

Functional molecules can also be covalently anchored to the LbL film by crosslinking
chemistry. For example, post-modifications by an antibody!*® and DNA2% were conducted for
the detection of target molecules. Bruening et al.!®3 went further to elute proteins for mass
spectrometry (MS) to identify the target protein of immobilized small molecules. As shown in
Figure 19B, they fabricated PAA/PEI/PAA layers in porous nylon membranes, followed by the
immobilization of 4-(2-aminoethyl)benzenesulfonamide (AEBSA) using EDC/NHS chemistry.
Carbonic anhydrase II (CAII) was used as the target protein to bind to immobilized AEBSA to
examine the efficiency and selectivity of affinity capture in AEBSA modified membranes.
Subsequent selective elution of captured proteins and tryptic digestion for MS analysis
identified CAII as the dominant AEBSA target in diluted serum or cell lysate.

Based on single conical nanochannels, ion transport properties (ion selectivity, gating and
rectification) could be used to detect target molecules. Figure 20A shows the layer-by-layer
assembly of biotinylated poly(allylamine) (b-PAH)/streptavidin in single conical nanochannels
based on the biotin-avidin specific interactions. The biotinylated poly(allylamine) has
bifunctional groups which are able to electrostatically interact with the negative nanochannel
surface and expose the binding sites (biotin) for biorecognition of streptavidin proteins. Both
adsorption and biorecognition can be transducted in an electronic signal provided by the ionic
flux through the pore. The b-PAH-modified single nanochannel are characterized by diode-like
current-voltage (I-V) curve with a large rectified ion current at negative voltage bias. The
presence of streptavidin at even 1 pM leads to a dramatic decrease in rectified current at
negative voltage biases due to the blockade of the nanochannel and its decreased surface charge
density. This effect was even more pronounced when more concentrated streptavidin solutions
were employed (Figure 20B). Formation of (b-PAH/streptavidin), in the nanochannel led to an
almost complete blockade of the nanopore (Figure 20C).

Enzymatic reactions could also be utilized to detect an enzyme substrate in a nanochannel
when the products can interact with the inner surface of the nanochannel and alter its

4
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chemical/physical properties; thus this may induce a detectable change in ion current. In this
case, the single nanochannel can act as a biosensor. Following this principle, a urea sensor was
designed by using a PAH/urease modified conical nanochannel (Figure 20D)“%. The
electrostatically immobilized urease catalyzes the decomposition of urea into ammonium and
carbonic acid. The byproduct OH- increases the local pH inside the nanochannel which
inevitably changes the surface charge density and even polarity. The charges on the inner
surface of the conical nanochannel determine the rectification behavior?!, thus the urea
concentration can be correlated to the rectification behavior which is characterized by a
rectification efficiency (|I;v/L;v|) (Figure 20E). The smaller the surface positive charge density,
the weaker the extent of rectification.

Mesopores are ideal candidates for osmotic energy harvesting under salt gradient because
of the large ion flux through mesopore membranes.?%% 203 However, the high ion selectivity is
typically difficult to achieve for mesopores because of the limited overlap of electric double
layers in mesopores. Therefore, a highly charged surface of confined mesopores is required to
induce mesopore rectification which offers preferential and amplified ion transport to promote
the osmotic energy efficiency?** 295, A highly charged polyelectrolyte, poly-L-lysine, was
deposited in the tip opening (>400 nm) to create a mesopore rectifier'4® serving as anion-
selective pore system as shown in Figure 20F. Under a salt concentration gradient, anions were
selectively transported from high concentration to low concentration, producing osmotic power
(Figure 20G). As shown in Figure 20H, the power density (W/m?) increased as the salt gradient
became larger and reached ca. 1000 W/m? when a 500/1 configuration was applied. These
polyelectrolyte modified single mesopore systems are thus promising platforms for harvesting

energy from seawater.
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Figure 20. Single conical nanochannel-based systems fabricated by layer-by-layer assembled
(A) biotinylated poly(allylamine) (b-PAH)/streptavidin!4’, (D) PAH/urease!#® and (F)
deposition of poly-L-lysine'¥. (B) Current-voltage characteristics of a biotinylated
poly(allylamine) (b-PAH)-modified single conical nanopore in 0.1 KCI in the presence of
different concentrations of streptavidin (SAv): (dark blue) no streptavidin; (red) 1 pM; (black)
10 pM; (green) 100 pM. (C) Current-voltage characteristics of a surface-modified single conical
nanopore in 0.1 M KCI corresponding to (black) carboxylate-terminated pore; (red) b-PAH
modified pore; (green) b-PAH/streptavidin modified pore; (dark blue) (b-PAH/streptavidin/b-
PAH) modified pore; (pink) (b-PAH/ streptavidin), modified pore. Reprinted with permission
from ref. 147. Copyright 2008 American Chemical Society. (E) Normalized rectification
efficiencies versus urea concentration obtained from the I-V curves recorded after treatment by
different concentrations of urea. Rectification efficiency: |I;v/L1y|. Reprinted with permission
from ref. 148. Copyright 2018 American Chemical Society. (F) Concentration polarization (CP)
induced rectification of poly-L-lysine filled mesopores. (G) Schematic of the system under salt
gradient; 500 mM KCI was placed on the side of the membrane with a narrow opening of ~400
nm, while the other side of the membrane was in contact with 1, 10, or 100 mM KCI. (H)
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Osmotic power density of poly-L-lysine filled mesopore as a function of KCI concentration
gradient. Reprinted with permission from ref. 149. Copyright 2019 American Chemical Society.

When the LbL film was deposited in the nanochannels, the formation of LbL film on the
surface of the membrane was inevitable. In membrane-based platforms where applications rely
on the functional elements in/on LbL films confined in the nanochannels, the nanoscale LbL
film on the surface of membrane has limited contribution. However, these “useless” LbL
nanofilms on the surface of membranes can be designed to be anti-biofouling!>!, reducing
nonspecific binding!?®; this helps improve both the sensitivity and selectivity of membrane-
based sensors. For example, antibodies were covalently anchored on the pre-deposited LbL film
in nanochannels for effective antigen analysis, while the PAA terminated-LbL film deposited
on the surface of AAO membrane provided resistance to protein adsorption in media with
physiological salt concentrations of ~0.15 M, facilitating the detection of proteins at

subnanogram-per-mL levels in complex matrixes, such as diluted plasma'®.

5. Conclusions

Here, LbL assembly in nanochannels was reviewed with respect to building materials,
supporting nanochannels, film growth mechanism, film structure and related applications. In
particular, the peculiarity of assembly in confined nanochannels was demonstrated, showing
the different assembly mechanism compared to that on “open” flat substrates. As the film grows
in nanochannels, the pore becomes smaller, resulting in an enhanced confinement. The
polyelectrolyte chains would present an elongated conformation to some extent, leading to a
slower growth. Based on the diversity of available building materials, functional tubular LbL
assemblies could be employed either as liberated nanotubes/nanorods or in the nanochannels
of'a membrane, depending on the requirements of applications. Applications were summarized
for liberated nanoassemblies, nanotube arrays and tube-functionalized membranes. After
collection and transfer of liberated nanotubes from the nanochannel template to an appropriate
medium (typically, an aqueous solution), they could be used as nanoreactors, transporters, drug
carriers and even cancer cell killers, because these separated nanotubes are capable of
penetrating the cell membrane or being internalized by cells. Robust nanochannel membranes

are ideal scaffolds for functional nanotubes arrays for ion separation and other fluidic
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membrane-based platforms. Notably, the substrate is not limited to the nanochannels that were
summarized in this review, revealing the general applicability of LbL assembly to create
various useful nanomaterials.

Although LbL assembly is certainly promising to create diverse functional materials, it
has some drawbacks as well: slowness of the fabrication process, difficulty to liberate the
nanostructures from the supporting substrates in gentle conditions, low mechanical strength of
pristine polyelectrolyte LbL nanofilms, and possible structural reorganization of the soft walls
of the nanostructures when liberated in solution, to cite the main ones. However, the good
compatibility of LbL technology with crossover technologies from other fields offers smart
strategies to solve some issues. Automation in a continuous roll process could for instance
improve the production rate. By incorporating suitable functional groups (e.g., photocross-
linkable azide groups) into building blocks, photo-crosslinking could be employed, providing
a robust way to control the placement of functional segments and stabilize the templated
nanostructures as well.2% Crosslinked LbL structures are typically robust enough to be self-
supporting, and display hindered internal chain mobility which is needed for long-term stability.
There is thus still a large space to be exploited to make further progress in LbL assembly.
Beyond applications summarized here, we thus hope that this review will contribute inspiring

other researchers to extend further this technology to new fields for performing useful tasks.
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