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Introduction

F I Y he introduction of alternating layer-by-layer
(LbL) adsorption, approximately 20 years ago,'™
has led to a new way of looking at and appreciat-

ing the power of electrostatic assembly. In the LbL pro-
cess, different charged species—polymeric, colloidal,
nano- and microscale—are deposited on a substrate in
sequences of alternating charge or other complementary
interactions such as hydrogen bonding (Figure 1). This
approach enables the fine control desired for tunable
design of functional materials, as well as a broad diversity
of components that can be readily incorporated into these
nanoscale thin films with ease. The area has grown at an
unusually rapid pace since its inception, introducing a
wealth of new fundamental science and a broad range of
engineering applications. Of particular interest to the
chemical engineer have been applications in reactive and
passive membranes, drug delivery systems, and electro-
chemical and sensing devices. These applications generally
require controlled transport— of ions, electrons, organic
molecules, water—as well as the ability to tune the assem-
bly and disassembly of the films, and manipulate proper-
ties with a high level of control. Key to all of the afore-
mentioned is the ability to control film composition
across thickness.

To advance this technology from the realm of exciting dem-
onstrations to real-world applications, one must be able to engi-
neer layer-by-layer assemblies with the same ease with which
one engineers other bulk materials systems. There are several
chemical engineering challenges in the area of layer-by-layer
assembly that, when mastered, can lead to the generation of
complex thin film architectures and morphologies. Further-
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more, the viability of these engineered materials will rest on
whether they can be reproduced on the commercial length
scale, using a range of simple and accessible processing opera-
tions. In this perspective, some of the key engineering opportu-
nities, as well as the challenges, in electrostatic assembly are
presented. Both passive and responsive, or “smart’ materials
systems, based on multilayer assembly will be used as exam-
ples of how the LbL approach to building materials nanolayer
by nanolayer can yield promising systems for drug delivery,
energy, reactive membrane and electrochemical applications.
Finally, new means of generating or processing multilayer thin
films using rapid assembly methods are opening up possibilities
for commercialization, and new territories for exploration, as
the key driving forces for final morphology of these films—i.e.,
kinetics vs. thermodynamics—are manipulated to gain new
control over thin film composition, morphology and function.

LbL films as nanoscale blends

One of the most important advantages of layer-by-layer as-
sembly is the ability to bring together polymers, small mole-
cules and inorganic materials systems in a singular thin film
without the constraints that are usually associated with the
formation of polymer blends and composites. Because the
adsorbed layers of a polyelectrolyte multilayer thin film are
highly interpenetrated, chain segments from a polymer
adsorbed in any given layer will typically exist in the 3 or 4
layers above and below the point of adsorption.* Such a high
degree of integration of the components in multilayer films
allows the use of LbL assembly as a means of creating nano-
scale blends. The thermodynamic driving forces that govern
the formation of mixtures work against homogeneous polymer
blends, which have a much lower entropic driving force for
mixing. Polymers are usually able to dissolve small molecules
in blend matrices at low-percent loadings (1-5%), and the
blending of one polymer with another is typically very diffi-
cult even at very low-molar fractions. With layer-by-layer,
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Figure 1. Schematic illustrating the construction of LbL films
from the alternating adsorption of positively and
negatively charged species from water solutions
on a substrate.

polymeric species of interest can be designed to exhibit
charged groups that enable incorporation into multilayers.
Polymer backbones that would normally be fairly difficult to
combine together to form a homogeneous blend system can,
thus, be alternately adsorbed through the corresponding strong
electrostatic interactions, forming multivalent ionic complexes
that stabilize the thin film. Furthermore, the use of electro-
static assembly allows a tuning of the relative composition of
the thin film in a manner that is not accessible with traditional
blends through the manipulation of the ionic strength and the
pH of the polyelectrolyte solutions. This flexibility is not fea-
sible with traditional blends that are dictated solely by a nar-
row window of compositions that are thermodynamically sta-
ble. The resulting multilayer consists of a polymer network of
both polymer types, and properties that indicate a true molec-
ular level blend.

This ability to use layer-by-layer assembly as a means of
generating unique blend materials systems offers significant
advantages in the design of materials systems that regulate
transport of ionic, electronic, and molecular species across a
polyelectrolyte multilayer membrane. A number of examples
have shown that LbL can be used to generate thin-film mem-
branes that can exhibit selective gas transport’'® or act as a
means of rejecting salt ions in water filtration''™"> and ion
exchange'®!'” applications. Multilayer films present excellent
opportunities to combine polymers that exhibit desired diffu-
sivity and solubility characteristics for given applications.
For example, the author and her collaborators have taken
advantage of this capability to address limitations in metha-
nol fuel-cell proton exchange membranes.'® Methanol fuel
cells require that the proton exchange membrane facilitates
rapid transport of protons, while preventing the cross-over of
liquid methanol fuel into the membrane and to the opposite
electrode. Fuel crossover not only represents lost efficiency
due to loss of fuel, but also leads to the fouling of the cath-
ode catalyst. The commonly used membrane is a sulfonated
perflouroether ionomer composed of Nafion®, which is
highly effective in hydrogen fuel cells, but is fairly permea-
ble to liquid methanol, because the methanol molecules read-
ily diffuse through sulfonated pores within the Nafion ma-
trix. Poly-p-phenylene oxide has excellent mechanical and
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thermal stability and a very low permeability to liquid meth-
anol. By creating highly sulfonated (> 80%) poly-p-phenyl-
ene oxide (sPPO), one can generate a fully water-soluble
polymer, that would not be of use as a homopolymer in a
membrane, because of its tendency to swell or dissolve in
the aqueous environment of a fuel cell membrane. However,
when layered with a polycation, such as polydiallyl dimethy-
lammonium chloride (PDAC), sPPO can be used to generate
a polyion complex blend that is stable in water, and has
low-methanol permeability, but high-ionic conductivity. The
ionic strength of the polyion solutions changes the degree of
shielding of the polymer backbone as it is adsorbed, thus,
leading to a means of (a) tuning the effective ionic crosslink
density of the film, and (b) changing the relative amounts of
sPPO and PDAC adsorbed by adding salt only to the sPPO
bath."” These simple changes in ionic strength lead to nearly
two-orders of magnitude increases in ionic conductivity. It
was found that just a few bilayers deposited on a nafion
membrane (Figure 2a) led to increases in methanol fuel-cell
performance of up to 50%."

Similar principles apply to the use of LbL techniques to
generate novel composite structures with compositions or
morphologies that would be difficult to achieve through
direct mixing or blending of traditional polymers to form
composites. These include the incorporation of catalytic
micro- and nanoparticles for electrodes,zo_24 sensors and re-
active membranes,ﬁf31 the introduction of redox-active inor-
ganic species for electrochromic,®*° photorefractive and
light-emitting applications,”_40 and the use of a broad range
of carbon nanomaterials.*'* Of particular interest is the
impact of nanomaterials on the mechanical strength of or-
ganic polymer films. Layer-by-layer offers the unique
advantage that it uses a charged nanomaterial that is fully
dispersed in water and is self-stabilizing. This property, in
turn, ensures that the nano-objects that are adsorbed into
multilayer films are not aggregates or clusters, as is typical
with dispersions from organic solvents, but individual mate-
rials with highly accessible surface area—making it possible
to exhibit percolative properties, such as mechanical
enhancement or conductivity increases at low amounts of the
nanomaterial. Such property enhancements have been dem-
onstrated with the incorporation of nanotubes into polyelec-
trolyte multilayer composites leading to materials with re-
markable gains in mechanical strength and toughness.41 Sim-
ilar enhancements have been observed with the incorporation
of two-dimensional (2-D) nanomaterials, such as graphene
oxide and silicate clays, in LbL multilayer thin films. For
example, clays, which are negatively, charged nanomaterials,
1-3 nm, and submicron to micron-scale sheet-like structure,
have net negative charge and can be directly incorporated
into multilayer films. The resulting highly stratified and
organized structures (Figure 2b) have been compared to the
naturally occurring “nacre” of oyster shell.** The resulting
thin films can provide very interesting mechanical and bar-
rier properties, and exhibit anisotropic thin film properties,
such as conductivity and gas permea‘[ion.g’47

The aforementioned examples involve multilayers for
which at least one component is a polyion, yielding organic—
inorganic hybrid materials. It is also possible to use LbL to
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Figure 2. LbL nanostructures can create highly interpenetrated networks that yield molecular scale blends and hybrid com-

posite structures with great uniformity.

(@) Cross-sectional SEM micrograph of an LbL thin film of a highly sulfonated aromatic polyanion with a polycation de-
posited on a traditional sulfonated perfluoroether Nafion® fuel-cell membrane (full thickness of 9o microns) that can
regulate ion and methanol transport; film shown is thicker than those used for fuel cell operation (which were < 100
nm) to enable visualization of the LbL/nafion interface, (b) alternating hydrogen bonding polymer (poly(ethylene oxide))
with negatively charged laponite clays and a simple polycation yields layered nanosilicate LbL films with anisotropic con-
ductivity and transport properties, and (c) the formation of all-carbon nanotube LbL fims yields isolated carbon nano-
tubes in porous high-surface area networks. Sources: (a) Argun et al’®, and (b) Lutkenhaus et al.“” (c) Lee et al.*®

generate thin films that consist solely of nanomaterials sys-
tems. In these cases, films with interesting nanoporous mor-
phologies are often obtained, determined by the irregular
shape of the associated nanomaterials systems and the na-
ture of their packing. For example, alternating deposition of
positively and negatively charged carbon nanotubes to form
a cohesive thin film with an extraordinary density of nano-
tube as well as a large amount of available surface area
made accessible by the open network of the CNTs (see Fig-
ure 2c¢) has been demonstrated.*® These films consist of
well isolated nanotubes rather than the bundled aggregates
of tubes typically observed in cast films or other processed
versions of CNT films. After heat treatment, the carbon
nanotube film is mechanically stabilized, the nanotube surface
becomes available for lithium ion insertion via the residual
carboxylated and other functional groups on the outer gra-
phitic surfaces of the nanotube, and the nanotube inner walls
act as electron conducting channels. The LbL nanolayered
CNT films were shown to act as the positive electrode for
lithium ion batteries; the electrodes exhibit unusually high
power as well as high-energy density by combining the redox
characteristics of a traditional lithium ion battery with the
rapid charge/discharge properties of a capacitor.** Other
examples of hybrid multilayer films in the literature include
the combination of inorganic and organic nanomaterials to
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create optical coatings, biosensors, catalytic and electrochemi-
cal electrodes.”*>

The body of experimental evidence has been growing at a
significant pace and the conclusion is clear: LbL films pro-
vide an excellent technological platform for achieving (a)
uniform blending of materials, with uniformity extending to
very small scales, e.g., 100 nm to 1 um, and (b) desired
nanostructured morphologies of composite or hybrid materi-
als systems.

From Stratified to Fully Mixed Multilayer
Systems—Role of Diffusion and Kinetically
Locked Structures

One of the most attractive aspects of electrostatic assem-
bly is the technological ability it provides to control materi-
als structure on the length scale of a few nanometers. Thus,
if one desires two elements of complementary functions to
be integrated over regions of fairly well-defined thicknesses,
multilayer assembly enables the insertion of materials com-
ponents at given points along the thickness of the film. As
was discussed in the previous section, the highly interpene-
trating nature of polymer chains provides molecular level
connectivity between chain segments that can occur over
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Figure 3. The ability to introduce nanometer-scale systems can lead to desired control of structure, depending on whether
films grow in a linear fashion without mixing, or with interdiffusion and mixing during assembly.

(@ TEM micrographs and confocal fluorescence image of “nanorainbows” reported by Kotov et al. with sequential
introduction of series of layers with differently sized quantum dots (CdTe NPs made of 10 bilayers each of “green”,
“yellow”, “orange”, and “red” NPs), (b) cartoon schematic llustrating the layering of two different model drugs sepa-
rated by a thin “barrier” layer that prevents interdiffusion, and data illustrating the achievement of sequential release
of the two drugs from an LbL film, and (c) demonstration of how the interlayer diffusion phenomenon can lead to

interdiffusion and exchange of polyions, thus, enabling the mobilization and entropic ordering of kinetically trapped

phage onto the surface of an LbL thin film. Sources: (a) Mamedov et al4, (b) Wood et al.®® and (c) Yoo et al.**

several layers, thus, enabling molecular level blending. How-
ever, over larger length-scales of 10 or more bilayer pairs,
one can generate relatively discrete regions of homogeneous
composition by generating “blocks” of multilayers with dif-
fering compositions. The ability to generate these well-
defined compositional variations across film thickness is
dependent on the idea that the adsorbing species primarily
adsorb to the top surface regions of the growing film, where
it remains kinetically “locked”, resulting in overcompensa-
tion and charge reversal. Upon rinsing, any nonadsorbed ma-
terial at the interface is removed, and the film construction
continues with a single “monolayer” adsorption step with
the oppositely charged polymer. This linear growth behavior
is the most commonly observed kind of multilayer film
buildup, and it can lead to the development of structures
with exquisite levels of control in film composition. Exam-
ples include the precision placement of charged quantum
dots into nanometer-scale layers, with variation of QD size

AIChE Journal November 2011 Vol. 57, No. 11

Published on behalf of the AIChE

to achieve films with a gradient of electron transfer across
the film thickness and a gradation of luminescent color to
form “rainbow” structures (Figure 3a).>* The ability to place
a nano-object within any desired plane of the multilayer is
also illustrated in the formation of optical coatings for which
polyelectrolytes that bind metal cations are assembled in cer-
tain regions in alternation with nonmetal binding
polyions to create antireflective surfaces and complex optical
diffractors.>

However, not all polyelectrolytes adsorb in this linear
fashion. In some cases, the polyelectrolyte or multivalent
species is readily solubilized within the water-swollen multi-
layer film. Rather than merely adsorbing onto the top surface
due to strong electrostatic attractions, the polymer chains are
free and mobile enough to absorb into the bulk of the grow-
ing film and remain sequestered within the film interior as
excess polymer. When the film is then immersed in the rinse
and subsequent polyion baths, it diffuses back toward the
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top surface and ultimately complexes with oppositely
charged polymer from the second adsorption step. With each
subsequent step, the film thickness increment gets larger,
leading to films with exponentially growing thickness.>® The
thickness per bilayer pair can exceed 100 nm, reaching 200—
400 nm in some cases. Polymer chains in these interdiffusing
LbL films get redistributed with each step of the alternating
adsorption cycle. Consequently, attempts to generate isolated
thin film structures by using blocks with different composi-
tion are often thwarted by the absorption of polymer within
the film.>”>® This phenomenon can be problematic in the
construction of complex functional devices in which differ-
ent groups of layers act as separate device components, or as
isolated reactive, electro-optical, or permselective compo-
nents in complex LbL films.””

The technological ability to obtain and control stratified
layers through LbL systems is of particular significance
for the controlled release of drugs from surfaces. Multi-
layer assemblies offer the unique advantage of introducing
a range of different types of drugs into the multilayer thin
film. If one can generate films in which release is based
predominately on surface erosion, it should be possible to
incorporate different drug components at different layers
in an LbL film. This film would then erode to release the
drugs in the inverse sequence of their construction, as
shown in the schematic of Figure 3b. For example, one
might wish to have an anti-infective agent eluted from the
coating of a biomedical implant initially, followed by bio-
logic wound healing agents. Such a system would be
formed by adsorption of a series of LbL layers containing
first the wound healing agents, followed by multilayers
incorporating an antibiotic, for example; however, the se-
quential release of drugs can be thwarted by the interdiffu-
sion and mixing that is common to many biomacromole-
cules and small charged molecules during LbL assembly.
One means of addressing this problem of intermixing is
the introduction of ““barrier layers” between different sets
of LbL film layers (components); in building LbL films
with multiple components, such separating barrier layers
would not allow the interdiffusion of one drug component
into the underlying multilayer film containing the other
component during film assembly. This concept was dem-
onstrated by constructing a multilayer barrier system that
was heated to enable the formation of amide bonds
between a polyacid and polyamine, thus enabling the
introduction of two LbL drug release systems in tandem,
for which the top layers could controllably be released
first, followed by release of the bottom drug-containing
layers after a 24 h pause.°® A similar approach has also
worked for the generation of all-LbL electronic devices,
such as electrochromic devices, for which the active com-
ponents need to be separated. Although this method can
work well for certain systems, there are many others for
which even a crosslinked layer is not sufficient to prevent
interdiffusion, or in which the amidation process can lead
to deactivation of an encapsulated drug or degradation of
an active component. In such cases, structured LbL films
can be difficult to generate. Engineering challenges in this
area include, among others, the introduction of more
effective barriers or separators that can be implemented
with the water-based LbL approach. Solutions may include
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judicious exploitation of the nanomaterials such as silicate
clays and graphene, implementation of orthogonal cross-
linking chemistries at mild conditions, or finding a means
of directly modulating the interdiffusion behavior of the
materials.

While the issue of interdiffusion in certain layer-by-layer
systems is clearly a critical problem requiring drastic inter-
vention, for other systems the increase in mobility of chains
during the interdiffusion process can actually be a true asset
and a differentiating advantage. For example, material com-
ponents that would be kinetically pinned into less ordered,
and possibly less efficient or desirable arrangements, are
able to interdiffuse freely within these films during the
adsorption step. The added mobility enables events that
would otherwise be hindered by the presence of long-range
electrostatic attractions. Thus, while the film is growing,
interdiffusion leads materials in and out of the film and poly-
mer chains or/and nanoscale objects take on their more
entropically favorable configurations. The net result of these
processes is the increasing stratification of the materials at
the top or bottom regions of the film, which could produce
the desired geometric structures. This was the case with the
ordered distribution of MI13 phage, incorporated into
multilayers of linear polyethyleneimine (LPEI), a linear
weak polycation, and polyacrylic acid (PAA)." Specifically,
the interdiffusion of LPEI into adjacent layers of the
matrix, following adsorption of negatively charged viruses,
led to a reassembly of the viruses in highly ordered liquid-
crystalline-like packings (Figure 3c) on the top surface of
the multilayer film—a configuration that is very difficult to
achieve with electrostatic adsorption on a traditional 2-D
substrate. The dense, high-surface area monolayer of viruses
has been used as the basis of a battery cathode that can ex-
hibit significantly higher capacitance in comparison with
conventional battery electrode systems for lithium bat-
teries.®”

Several researchers have examined the nature of interdif-
fusion and how to manipulate or control it.”>"* It has been
observed that interdiffusion and exchange take place under
conditions when the polyion of interest exhibits low charge
density and a high degree of mobility during the adsorption
process.’® The rate of exchange increases as degree of ioni-
zation decreases, indicating that polyions with high-charge
density are too “sticky” to undergo large-scale interdiffu-
sion, thus, decreasing both the rate and penetration depth of
the interdiffusion processes. Molecular weight has a signifi-
cant effect on polyion interdiffusion as well. At higher mo-
lecular sizes, the rate of interdiffusion and/or exchange is
much slower than the time scale of the adsorption step, con-
sistent with models of reptation diffusion behavior for mac-
romolecules in a polymer medium.”" These questions present
interesting opportunities for the chemical engineer to model
these systems as a function of macromolecular size and
shape, and predict interdiffusion behavior. This capability
could lead to improved design and control of materials com-
positions and geometric structures in LbL systems. Under-
standing the mechanism and driving factors under which
interdiffusion occurs and minimizing its effects, as well as
finding ways to generate—and control— artificial barriers
between film compartments are areas of great opportunity in
this field.
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Rapid LbL Approaches—Means to New
Structure and Commercial Translation

One of the key challenges for the translation of multilayer
assembly to industrial applications is the ability to generate
these thin film systems at sufficiently high throughput and
low cost. For many applications, including, for example, sim-
ple surface modification to manipulate wetting behavior or
introduction of key functional groups to a surface, only two
or three bilayers are needed to achieve the desired effect. In
such cases, simple adaptations of the traditional dipping pro-
cess may be sufficient to create a viable product. In traditional
dipped solution adsorption (dip-LbL), typical adsorption times
range from 5 to 30 min, depending on the species to be
adsorbed, its concentration in solution, and its charge density,
leading to typical cycle times, for a single bilayer pair, of 45
min. In addition to short time for assembly, additional manu-
facturing constraints for the commercialization of dip-LbL
include, film uniformity and potential out-diffusion of compo-
nents during film assembly over long time periods.

Many important commercial opportunities, based on the
use of multilayer thin films, involve the formation of much
thicker films that can be generated rapidly. Such applications
include the generation of battery electrodes, photovoltaics,
and reactive electrode systems, solid state electrolytes, re-
sponsive thin films, and drug release systems generated using
LbL assembly techniques. Therefore, it is quite a critical that
engineers examine ways in which the alternating assembly
process can be accommodated on a larger scale and with
greater flexibility for application to a broad range of sub-
strates and surfaces.

In the past 10-15 years, several alternative modes of
building multilayer films, promising to offer high-speed
processing, have been suggested and demonstrated. In spin-
assisted LbL,”* dilute aqueous polymer solutions are spin-
coated onto a charged substrate, followed by a rinse spin-
coat cycle that removes the polyions that have not been elec-
trostatically (truly) adsorbed. The spin-assisted LbL method
has been used to generate highly controlled and uniform
LbL films on flat planar substrates such as silicon, glass, and
indium-tin oxide (ITO) electrodes. Researchers have discov-
ered that spin-LbL yields thin films that exhibit slightly less
interpenetration between layers, and some degree of lateral
chain orientation and stratification.”? Nanoparticle/polyion
composite films, generated with spin-LbL, can exhibit re-
markable biaxial strength and toughness,73 and it has been
demonstrated that even at low-nanoparticle content, such
films can act as photoacoustic membranes, sensors, and func-
tional thin films even at very low-overall thicknesses of sev-
eral nanometers. Spin-LbL is a very promising process for
controlling the fabrication of multilayer assemblies on solid
planar surfaces, but cannot be used to coat 3-D, porous, or
otherwise complex substrates, such as biomedical devices,
porous electrodes, etc. It is also not amenable to scale-up for
coating very large surfaces, such as a window, a dielectric
mirror, or as a component in a display.

Misting or spraying alternating polyelectrolyte solutions
onto a substrate (e.g., misted layer of polycation, misted
rinse, misted layer of polyanion) leads to linear build up of
simple polyelectrolyte thin films, which are similar in struc-
ture and properties to those produced by dip-LbL, as studies
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Figure 4. Photograph of simple automated spray-LbL labora-
tory setup illustrating the coating of a silicon wa-
fer.

Spray nozzles administer independent streams of both posi-
tively and negatively charged species, as well as a rinse
stream used between each adsorption step.

Source: Photograph from Technology Review “Fuel
Cell Power-Up” 2008, MIT Press, Cambridge, MA.

have demonstrated.”*’® The author and her collaborators
recently developed the first automated version of the spray-
LbL system’’ that enables fabrication and an extensive ex-
amination of LbL films’ structure and properties, and allows
coverage of a broad range of substrates and surfaces (Figure
4). Furthermore, by introducing a pressure drop across the
misting nozzles and the membrane, they introduced new vac-
uum-assisted spray-LbL methods which facilitated the coat-
ing of porous membranes with a controlled pressure drop
across the membrane. These enhanced capabilities of spray-
LbL have expanded significantly the range of multilayer sys-
tems that can be fabricated. Cycle times for the generation
of LbL films using spray-LbL are of the order of tens of sec-
onds, rather the 30—45 min cycles, as mentioned earlier for
the conventional systems. This 50- to 100-fold decrease in
assembly times makes feasible the industrial fabrication of a
large range of commercial thick multilayered films. The
reduced cycle times, combined with the ability to adapt the
nozzle spray structure, change the number of nozzles, and
control the arrangement of the substrate yield a versatile and
highly efficient system for manufacturing thin multilayered
film coatings. Ultimately, the use of roll-to-roll manufacture,
implementation of sophisticated rapid spray technologies,
and use of existing manufacturing infrastructure for spray-
coating applications, will make the generation of these films
highly accessible to industry. It is anticipated that spray-LbL
will be one of the primary means by which this approach
will lead to commercial technologies.

The LbL assembly process is driven by kinetics, based on
the electrostatic and other secondary attractions/repulsions
between the various molecules or/and nanoparticles. There-
fore, the means of generating these interactions can have a
profound effect on the morphology, structure and final prop-
erties of the multilayered films. For this reason, the enhanced
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Figure 5. (a) Vancomycin containing LbL thin films undergo differing amounts of small molecule drug interdiffusion during as-
sembly, leading to much thicker films for the same number of layers when assembled using traditional dip-LbL vs.
spray-LbL processes—higher drug loadings were observed in the thinner films, (b) nanometer-scale LbL coatings
can be deposited with uniformity across a several hundred micron thick electrospun polymer fiber mat, by control-
ling the rate of flow of spray-LbL droplets through the membrane, and (c) composite membranes can be formed on
an electrospun mat, by eliminating pressure drop across the membrane during film assembly, to yield a condensed
thin film that spans across the pores on the surface of the membrane and provides a protective barrier layer.

Sources: (a) Shukla et al’, (b) and (c) Krogman et al.””

control, gained with the use of spray-LbL, has led to inter-
esting and unique materials thin film structures, which were
not possible to generate, using either traditional polymer film
methods or dip-LbL techniques, alone. In general, the spray-
LbL films do exhibit many of the film growth and final
materials behavior, expected from typical linearly growing
polyelectrolyte multilayers. However, for exponentially
growing films in which molecular interdiffusion plays a sig-
nificant role, if the time scale of interdiffusion is comparable
to the spray cycle, one can get quite different modes of film
growth and film morphologies from the same LbL polyelec-
trolyte pair. A dramatic example of this phenomenon was
observed in the construction of polyelectrolyte drug release
films, containing the weakly charged vancomycin mole-
cule.”® These films are constructed through the alternation of
vancomycin (which has a singular positive charge) with neg-
atively charged dextran sulfate and the hydrolytically
degradable cationic poly (b-aminoester), Polyl, to generate
tetralayers of alternating charge. The weakly charged vanco-
mycin molecule interdiffuses within the film during dip-LbL
assembly, leading to unusually thick layers that contain mod-
erate loadings of Vancomycin. The vancomycin is believed
to undergo additional secondary interactions with the poly-
saccharide dextran sulfate that further stabilize the film.
When the completed film is released at 37°C in a phospate
buffer solution, it exhibits prolonged release of vancomycin
over a few days. On the other hand, when the same film is
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constructed using spray-LbL, with the same number of
bilayer pairs, the film exhibits linear growth behavior with
interdiffusion greatly suppressed. Typical film thicknesses
are up to 9 to 10 times smaller than those of dip-LbL films,
as shown in Figure 5a, and the associated loading of vanco-
mycin is much higher; larger than 20% w/w of the film’s
weight. For this system, the length of the spray-LbL cycle
was smaller than the time constant of the kinetics of interdif-
fusion. Thus, on exposure to the spray cycle, containing the
oppositely charged species, the film structure has already
been effectively “locked” into a specific geometric structure
and unable to rearrange or enable mobility for interdiffusion
events to take place.

Surprisingly, interdiffusion does eventually take place in
the spray-LbL films at much higher film thicknesses. It
appears that once a critical film thickness is achieved, there is
an effective depot that provides sufficient time for interpene-
tration of the misted layer into the film before the oppositely
charged species can complex and effectively arrests the inter-
diffusion. At these higher film bilayer thicknesses, one can
maintain much higher loadings of vancomycin because there
is much less opportunity for its out-diffusion during film as-
sembly. In addition, the secondary interactions, that appear to
regulate the rate of drug release, are strengthened and lead to
an increase of the period of drug release from a few hours,
with the thin spray-LbL films, to several days for films con-
structed with twice the number of tetralayers that exhibited
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interdiffusion behavior. Thus, the kinetic time scale achieved
with spray-LbL can lead to advantages over the control of
interdiffusion, exchange, and rearrangement processes that
take place in these films with dip-LbL. This control ultimately
leads to the ability to design materials systems with enhanced
compositions and controlled film stability.

The ability to manipulate the assembly process and kineti-
cally trap species within the film can be advantageous for
reactive membranes and catalysis applications. For example,
the author and her collaborators were able to demonstrate
the loading of excess metal cations in poly(acrylic acid)
(PAA) containing LbL thin films, using spray-LbL.” The
spray LbL process allowed the incorporation of PAA that
was precomplexed with metal ions in alternation with a pol-
ycations. Exposure to dip-LbL systems with similar loadings
of metal ions led to the ultimate loss of these metal ion spe-
cies, due to alternating exposure to dilute polyion and rinse
solutions. However, the rapid spray-LbL process enabled
entrapment of these ionic species within the film. The ions
were retained after final film assembly, and could be reversi-
bly complexed with other species as a mechanism for sens-
ing, or converted into metal nanoparticles via reduction.

Finally, perhaps the most important technological advance
that has been enabled by spray-LbL is the ability to manipu-
late the structure of complex membranes using different LbL
processes. By controlling the pressure drop across a high-po-
rosity membrane, such as an electrospun mat, it is possible to
generate conformal coatings along the nanopore surfaces that
have controlled nanometer level thicknesses,77 as shown in
Figure 5b. This approach can be used to functionalize the inte-
riors of membrane pores, as demonstrated here with a photoca-
talytic LbL film of alternating titania nanoparticles with
PDAC. On the other hand, complete removal of the pressure
drop across the membrane leads to pinning of water droplets
across the membrane surface. This process supports the bridg-
ing of pores as the LbL films begin to build across these water
droplets that span multiple pore regions. The net result is the
generation of composite membranes as shown in Figure 5c, in
which the pores might be functionalized with a reactive mate-
rials system, and the top layers of the membrane may serve as
a permselective barrier, as in this example of a reactive titania
loaded high-surface area interior region combined with a thin,
dense selective barrier film. The ability to create such complex
membrane structures, in which different LbL film functional-
ities are introduced with unique and synergistic morphologies,
can lead to a range of new applications with alternating assem-
bly as a means of designing functional membranes, coatings
and structures. This kind of structure, for example, could read-
ily be adapted to water purification membranes, biomaterial
cellular supports and drug delivery platforms.

Outlook

Future directions for the use of alternating LbL assemblies
include some key areas of opportunity for which the LbL
method provides unique advantages over traditional bulk
polymer thin films. In particular, applications for which
materials design and control of individual film components
are important, will benefit tremendously from the flexibility
that LbL provides in combining components. Mild assembly
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conditions and the ability to manipulate synthetic and natural
materials systems also provide inroads to new applications.

Possibly, one of the largest areas of growth and potential
opportunity is in the use of LbL systems as biomaterials to
generate thin film coatings for biomedical implants, tissue
engineering scaffolds and drug delivery systems.**®* There
are several features of LbL assembly that make it very
attractive for these biorelated areas, but the specific feature
that offers a strong differentiating advantage is the fact that
LbL is a water-based assembly method that enables the
direct incorporation of sensitive protein-based drugs such as
growth factors, cytokines and small molecules, RNA, DNA
and other nucleic acids. In all of these cases, the ability to
maintain near 100% activity of this therapeutics is remark-
able for any drug delivery system. Traditional degradable
polymers usually involve the use of solvent or temperature
to generate mixtures with polymers. These harsher condi-
tions usually lead to denaturation or degradation of biologi-
cal drugs. Furthermore, as mentioned in the section entitled
”LbL Films as Nanoscale Blends*, drug loading capacity is
much higher for LbL systems,** > because the resulting thin
and uniform coating film is, in effect, constructed from the
drug. The conformal nature of LbL films enables the coating
of a broad range of surfaces, including porous materials and
complex surfaces. For example, multilayer thin films has
been used to coat microneedles for transdermal drug deliv-
ery,86’87 as well as stents,ggf90 bandages,91 and the surfaces
of biosensors and detection devices.””** The fact that the
LbL assembly is adaptable to the coating of small structures,
from nanoparticles to micron-scale features, makes it much
more adaptable than traditional, less conformal polymer
films. LbL microcapsules” ™’ have been templated on
micron- to nanometer-scale objects and used for regulated
delivery and release. Such LbL-assembled nanoparticles ena-
ble the development of a generic technological platform for
the preparation of systemic delivery systems, in which the
particles act as delivery or/and sensing vessels in the blood
stream. The LbL assembly conditions are so mild that it is
actually possible to encapsulate cells in multilayer mem-
branes. A recent exciting development is the ability to attach
micron scale LbL thin films to macrophage cell surfaces—
the thin film remains attached while the cell is in circula-
tion.”®? It has been proposed that these “cell backpacks”
might be loaded with nutrients or factors that facilitate cellu-
lar function or are used to combat other cells targeted by the
macrophages.

The assembly of LbL films is driven by electrostatic inter-
actions or hydrogen bonding; a very attractive feature for the
design and fabrication of drug delivery systems. These inter-
actions can be designed to undergo disassembly either pas-
sively or on demand by manipulating the charge balance
within the film. Incorporation of a material that undergoes
changes in charge density with a given stimulus can lead to
LbL films that can release drugs in response to a small elec-
tric field or a change in the localized pH of specific regions
in the body.'”'"> These redox active LbL thin films fall
apart when the charge is removed at a given potential, lead-
ing to film instability and deconstruction until the charge is
replaced at the open circuit condition. Hydrogen-bonded
LbL films can be assembled with a range of different poly-
mers, enabling the incorporation of highly biocompatible but
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uncharged polymers such as PEO. Sukhishvili et al.'*'%*

have published extensively on these systems. A change in
pH for these systems can trigger a corresponding change in
charge density, yielding systematic release at a desired pH
range, including biological pH or the lowered pH environ-
ment of a tumor. Finally, LbL films have been of increasing
interest as substrates for cell growth and for surface modifi-
cations to enhance cell adhesion or manipulate cellular
behavior. It has been shown that the mechanical behavior of
these LbL films can dramatically impact cell attach-
ment'%1% and that these properties can be tuned through
the following means: choice of assembly pH to yield stiff,
thin films, or thicker, more hydrated thin film surfaces, or
the introduction of nanomaterials. The ability to introduce a
range of surface functionalities with ease, including binding
ligands for cell adhesion and critical growth factors for spe-
cific cell interactions and signaling, has made this area one
of significant new growth and future potential. Among the
critical questions that must be addressed before further pro-
gress in this area is realized is the need to design LbL nano-
materials that can withstand systemic delivery through the
bloodstream; a requirement that has been difficult to meet
due to the inherent charged nature of LbL assemblies. Fur-
thermore, LbL assemblies based on electrostatics or hydro-
gen bonding can often be destabilized in the presence of se-
rum proteins or salts that compete for or shield these interac-
tions. Recent studies show that careful choice of polyion and
assembly conditions can greatly enhance systemic delivery
and increase biodistribution of nanomaterials generated using
LbL methods.'*”'% Film stability may be enhanced through
the manipulation of the number of layers, the introduction of
labile crosslinks that can be triggered for release at certain
biological conditions, or the use of other nanomaterials that
can increase interactions within the film. The issue of cyto-
toxicity is one that must be also considered carefully by
engineers working in this area of biomaterials. Perhaps a
greater challenge will be the combination of LbL thin films
that can slowly elute drugs, including a range of biological
drugs, while enhancing cellular adhesion at surfaces. Often
the mechanical stiffness of protein- and nucleic acid-contain-
ing multilayers is not optimal for cellular adhesion. A num-
ber of approaches can be considered for addressing the need
for high loadings of protein while maintaining a cytophilic
surface that allows tissue integration on biomedical implant
surfaces.

Another exciting area of opportunity for multilayer thin
films lies in energy applications. The ability to incorporate a
broad range of nanomaterials into these thin films has been
demonstrated, including the direct incorporation of single
and multiwall carbon nanotubes, graphene, catalytic carbon,
noble metal nanoparticles, metal oxides and quantum dots as
described in the section entitled “LbL Films as Nanoscale
Blends““. Because the layers generated in the LbL system
are thin and highly integrated, electronic and ionic communi-
cation between different film components is readily enabled.
Energy transfer has been observed between electronic and
electro-optical nanoelements in these systems, and the ability
to generate fully intercolated structures that combine these
elements, or to isolate layers of different components in a
controlled fashion, allows us to use LbL fabrication methods
as a means of custom-designing devices. Electrochemical

2936 DOI 10.1002/aic

Published on behalf of the AIChE

and photoelectrochemical devices can be configured through
the appropriate layering of nanomaterials. For example, for
supercapacitors and battery electrodes, it is necessary to pre-
serve reactive surface area, a requirement that can be
achieved by the direct alternation of nanoscale objects such
as nanotubes, dots, or particles. In this case, the elimination
of a polymeric species provides an inherently porous, high-
surface area electrode. The generation of multilayer networks
that consist of conductive organic or inorganic nanotubes,
nanowires, or other high aspect ratio nanomaterials provide a
means of generating a percolative conductive network, upon
which additional nanomaterials, such as capacitive or cata-
lytic metal nanoparticles, may be added, following assembly
via electrochemical or chemical redox processes. The tech-
nological capability to create organic—inorganic hybrid struc-
tures, over close to the full range of stoichiometry, is partic-
ularly attractive to energy-related technologies such as solar
cells, for which the transport of electrons and holes in their
excited states can be manipulated by providing nanoscale
morphologies that maximize capture of free electrons and
decrease recombination of excitons. Economically viable
manufacturing of electrodes using the LbL assembly process
must resolve scale-up trade-offs of the manufacture process,
i.e., rapid incorporation of nanomaterials without losing the
inherent advantages of LbL films, e.g., lack of bundling and
aggregation of the materials during the film assembly.
Spray-LbL may provide some answers in resolving these
trades-offs, although the hydrodynamics of the LbL-spray
system may need to be adapted for use on irregularly shaped
high-aspect ratio nanostructures. Furthermore, significant
opportunities in the development of energy devices lie in the
ion or proton exchange media required for these devices,
including proton exchange membranes and solid state elec-
trolytes for lithium ion and flow batteries and dye-sensitized
solar cells. The advantages of LbL include the ability to
incorporate a broad range of charged polymers that can pres-
ent ionic groups that facilitate ion-hopping mechanisms of
transport. Chemical and mechanical stability must be
addressed in these systems. This issue requires the introduc-
tion of a broader range of polyelectrolyte backbones through
the functionalization of known high-performance polymer
systems with ionic groups. It should be noted although that
the adaptation of these systems to battery and other water-
free electrolyte applications requires that these films exhibit
high-ion conductivity and lithium transference in the dry
state. Typical LbL films, studied thus far, are highly plasti-
cized in the presence of water, thus, enabling excellent ionic
conductivities in fuel-cell membranes and other aqueous
environments. To achieve high-ionic conductivity using LbL,
we may need to consider a broader range of low-glass transi-
tion polymers that exhibit charge. Polymer backbones of in-
terest include polysiloxanes and polyphosphazenes, for
example.

Finally, there are many other applications for which the
LbL process is likely to make commercial inroads. Some of
the applications require only a few bilayers of application
that can be rapidly applied. LbL assembly can be a simple
and facile means of providing a highly functional surface,
modifying surfaces to achieve superhydrophobic or hydro-
philic properties, modifying adhesion, or addressing biofoul-
ing on surfaces. For example, microbicidal coatings with
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100% killing activity can be introduced on a surface with
just three bilayers. Perhaps one of the most promising of
these simpler applications is in the use of LbL films to mod-
ify membranes. Because only small numbers of layers of an
LbL film can introduce significant barriers to a range of
small molecules, ions, or biomacromolecules. Chemical
engineers provide a unique perspective that is critical for
the advance of the field. Although there are already several
demonstrations of the utility of these systems, there is a
great need for increased efforts to model the fabrication as-
sembly process of these films, and the nature of their degra-
dation or disassembly under certain conditions. Understand-
ing of the interdiffusion and exchange phenomena in LbL
assemblies will provide additional opportunities to use
these materials systems as platforms to construct a broad
range of thin film devices. The understanding of kinetics
and transport that impact the construction of these films is
much more complex than originally thought, and as one
explores broader sets of polymers and nanomaterials, new
models will be needed to address film growth and construc-
tion, as well as final properties. Ultimately, as demonstrated
by the rich behavior of hydrogen-bonded LbL films,
increased control of additional secondary interactions can
greatly enhance the kinds of systems that can be built using
LbL. As the field continues to expand, it is important that
engineers begin to tackle a number of the fundamental
issues of these LbL systems. There are also several chal-
lenges in adapting the means of processing LbL films to
achieve rapid assembly and maintain, or possibly increase,
the control and flexibility of this approach. These efforts
will lead LbL technologies toward ultimate translation in
the commercial realm, and to new discoveries in the fields
of polymer and materials science.
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