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Non-LBL Assembly and Encapsulation Uses
of Nanoparticle-Shelled Hollow Spheres

Gautam C. Kini, Sibani L. Biswal, and Michael S. Wong

Abstract Nanoparticles (NPs, diameter range of 1-100nm) can have size-
dependent physical and electronic properties that are useful in a variety of
applications. Arranging them into hollow shells introduces the additional func-
tionalities of encapsulation, storage, and controlled release that the constituent NPs
do not have.This chapter examines recent developments in the synthesis routes and
properties of hollow spheres formed out of NPs. Synthesis approaches reviewed
here are recent developments in the electrostatics-based tandem assembly and inter-
facial stabilization routes to the formation of NP-shelled structures. Distinct from
the well-established layer-by-layer (LBL) synthesis approach, the former route
leads to NP/polymer composite hollow spheres that are potentially useful in med-
ical therapy, catalysis, and encapsulation applications. The latter route is based on
interfacial activity and stabilization by NPs with amphiphilic properties, to generate
materials like colloidosomes, Pickering emulsions, and foams. The varied types of
NP shells can have unique materials properties that are not found in the NP building
blocks, or in polymer-based, surfactant-based, or LBL-assembled capsules.
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Cys Cysteine

E Energy of attachment

EDTA Tetrasodium ethylenediamine tetraacetate
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ICG Indocyanine green

k Boltzmann’s constant
LBL Layer-by-layer
Lys Lysine

NAC  Nanoparticle assembled capsule
NIR Near-infrared

NP Nanoparticle

o'W Oil-in-water

PAA Poly(acrylic acid)

PAH Poly(allylamine hydrochloride)
PE Polyelectrolyte

PLL Poly-L-lysine

QD Quantum dot

R R ratio, defined as the total negative charge from a multivalent anion
divided by the total positive charge from the polymer

r Particle radius

SEM  Scanning electron microscope
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TEM  Transmission electron microscope
TGA  Thermogravimetric analysis
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1 Introduction

The study of colloids and interfaces has resulted in identification of key short-range
interactions and systematized understanding of colloidal interactions [1-5]. One of
the tangibles that has emerged is the creation of assemblies with precision down
to nanoscale levels, which hold promise as next-generation devices in technology-
driven applications. Ranging from traditional areas such as agriculture and mining
to the latest in cutting-edge fields that include nanotechnology and biotechnology, it
is apparent that approaches to the control and creation of assemblies using building
blocks with custom-designed functionalities are essential to sustain advancements
in technology [6-20].

A class of colloidal assemblies that evokes interest in its synthesis approaches
and physicochemical properties are “hollow spheres” or “capsules” [21]. Hollow
spheres are discrete volume closures that have a well-defined boundary separat-
ing the interior from the bulk external environment [8, 22]. Popular routes for the
synthesis of hollow spheres can be categorized into self-assembly, chemical re-
actions, sequential electrostatic assembly, and interfacial stabilization approaches
[9, 13, 23-40].

The shell interior (hollow region) can be empty or filled (with a liquid but not
a solid). The shell boundary is typically constituted of materials such as parti-
cles, polymers, charged polymers or polyelectrolytes (PEs), low-molecular-weight
molecules such as enzymes, or their combinations [41]. These structures find wide
applications in fields such as encapsulation, targeted and controlled drug delivery,
personal care, biosensing, diagnostics, catalysis and paints [13, 32, 42, 43].

This review examines recent developments in the synthesis routes and proper-
ties of hollow spheres formed out of nanoparticles (NPs, diameter range 1-100 nm).
Of specific interest to this review are cases where NPs (metal, metal oxide, and
semiconductor compositions) constitute a part of the coating and can impart to the
structures their optical, magnetic, and catalytic properties. To tailor next-generation
devices with custom-built functionalities, methods for assembling NPs into con-
trolled patterns and architectures are required and have resulted in areas of active
research [7, 10, 44-46]. There are many excellent reviews that consider NPs as
building blocks and describe methodologies to create functional NP assemblies
[6, 47-53]. These include accounts that describe strategies and mechanisms for NP
assemblies in one, two and three dimensions (1D, 2D and 3D), like wires, dyads,
triads, rods, rings, clusters, strings, and spheres [54—64].

No review exists so far that examines the newest methodologies [apart from
the popular layer-by-layer (LBL) assembly route] for forming hollow spheres or
capsules where the shell is comprised of NPs, or describes the resultant prop-
erties of such assemblies. This is an area of immense significance as the utility
of NPs in forming shell boundaries offers specific advantages over those formed
by microparticles or polymers. Advantages include accurate control over shell
thickness, resolvable to nanometer scales, and synergistic benefits gained through
NP-exhibited “size-quantization effects” that give the system a host of new me-
chanical, optical, electrical, magnetic, and catalytic properties. Further, individual
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NPs can be functionalized with chemical moieties (amino or mercapto groups or
DNA), making them capable of binding to specific target sites through well-known
amino or thio complexation chemistry or through Watson—Crick base pair inter-
actions with DNA oligonucleotides. Thus, “smart” NP-shelled hollow spheres that
are responsive to external triggers (pH, ionic strength, laser sources etc.) can be
prepared [65-68]. Section2 focuses on the electrostatic assembly approach to the
synthesis of NP-shelled hollow spheres, specifically the NP—polymer tandem as-
sembly route. Section3 concerns interfacial stabilization methods for assembly
of NP-shelled hollow spheres. Distinctions in properties that emerge from NP-
shelled hollow spheres in comparison to their non-NP analogues will be highlighted
[5, 19, 46, 69-73].

2 Hollow Spheres from Electrostatic Assembly of Nanoparticles
Through Tandem Assembly

2.1 Current Methods

The use of colloidal templates has emerged as an elegant approach for the assembly
of NPs into hollow spheres. Typically, hollow sphere synthesis begins by coating
the core template with materials such as polymers and NPs using electrostatics or
van der Waals attractive forces in conjunction with a reactive precursor. This is fol-
lowed by a polymerization chemical reaction to form the shell. Removal of the core
template by chemical dissolution or calcination results in hollow spheres [21, 74].
The term often used to describe this method — “sacrificial core templating” — can
be somewhat misleading because it implies that other approaches do not involve the
use and removal of a core template to form hollow spheres. To avoid any confusion,
here we use the term “covalent assembly” in place of “sacrificial core templating”
to distinguish its use of a reactive precursor to covalently bind the shell together.

An alternate route to assembly of nanoparticles as hollow spheres that does
not require a polymerization reaction step is sequential electrostatic assembly.
Electrostatic-mediated multilayer assembly of charged particles was first demon-
strated by R. Iler on planar surfaces, wherein he established the proof-of-principle
to deposit particles sequentially onto solid substrates [25]. Decher advanced this
scheme by assembling alternately charged PEs (e.g., polycations and polyanions)
onto solid supports. Ever since, this scheme has been used to form capsules by
sequential electrostatic deposition of single or multiple coatings of materials on pre-
formed colloidal templates and subsequent removal of the template by calcination
or solvent dissolution. This constitutes the LBL method for assembly of hollow
spheres.

Figure 1 depicts LBL assembly of hollow spheres. The first step involves surface
modification of pre-formed solid colloidal templates (most commonly negatively
charged) by depositing a layer of oppositely charged PE (here positive) through
attractive electrostatic interactions. This step deposits the first layer of surface
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Fig.1 LBL assembly routes for formation of NP-shelled inorganic capsules

coating and results in charge reversal of the ensemble (in this case, positive).
Following the first cycle of deposition, unadsorbed material is removed by centrifu-
gation, wash, and filtration steps. Different combinations of charged moieties can be
added, including PEs, proteins in the form of enzymes, organic dyes, and NPs. At
the end of each cycle of deposition, unadsorbed material is removed by procedures
described previously, and the process is repeated. Multiple repetitions lead to multi-
layered composite structures, with each closed-shell layer made of a given charged
moiety.

Capsules can then be formed by either a calcination or a dissolution step to create
hollow structures. Calcination (typically carried out at a temperature of ~450° C) re-
moves all the organic constituents (like the colloidal template core and the organic
shell-forming moieties), leaving the constituent inorganic NPs slightly sintered to
form robust shell walls. Solvent dissolution of the core material yields hollow
spheres, which retain all the shell constituents. The LBL approach is thus a versa-
tile route for creation of NP-shelled hollow spheres. Extensive reviews on forming
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functional capsules by the LBL methods have been provided by Caruso and others
and are beyond the scope of this chapter [13, 29, 30, 75].

A disadvantage common to both covalent and LBL assembly routes is the mul-
tiple steps involved in materials assembly. Automation of these layering steps
provides an excellent approach to address this issue and leads to LBL-based man-
ufacturing capabilities [76]. Also of concern are requirements of an incineration
or solvent dissolution step to remove the core in order to form hollow spheres.
It is a non-trivial challenge to selectively remove the inner core without degrad-
ing the shell properties and affecting structural integrity [13, 29, 30, 75]. Recent
work demonstrates that liquid colloidal templates in the form of surfactant-stabilized
liquid crystal droplets can be used successfully in the LBL assembly of capsules
[77-79]. Such liquid droplets can further be used in continuous-flow production of
LBL-assembled capsules via microfluidic technology.

Another recent development features the in situ formation of liquid colloidal
templates. The assembly of NPs at the periphery of these templates is driven by elec-
trostatics, resulting in the formation of robust NP-shelled hollow spheres, originally
termed “nanoparticle-assembled capsules” (NACs). This scheme is called “tandem
assembly”, “nanoparticle—polymer tandem assembly”, or “polymer-aggregate tem-
plating” and presents an alternate, simple and non-destructive route for formation of
NP-shelled hollow spheres [6, 32-35, 40, 80, 81].

When comparing the time scales of transport of material to the hollow capsule
interiors, the efficiency of encapsulation arising from assembly schemes featuring in
situ encapsulation should be higher than for hollow structures formed by core-shell
dissolution. Time requirements should be higher for hollow capsules contacted in a
solution of material to be encapsulated, particularly when material transport is based
on kinetically driven diffusion or absorption processes, as compared to an in situ en-
capsulation scheme. In the case of material transport governed by a thermodynamic
phenomenon such as partitioning, the equilibrium quantity of material that needs to
be transported across the shell will be dependent on the partition coefficient of the
shell with respect to the material to be encapsulated [13, 32-35, 80-83].

2.2 Preparation of Two-Nanoparticle-Type Hollow Spheres

The origin to tandem assembly can be traced to the investigations by Stucky and
coworkers on cooperative charge-based assembly of lysine (Lys)-cysteine (Cys) di-
block copolypeptides with SiO, and Au NPs to result in robust hollow spheres.
Diblock copolypeptides containing amphiphilic groups (hydrophilic Lys, pKa~9,
hydrophobic Cys, pKa~8), upon reaction with Au NPs (diameter 10—12nm),
led to the formation of spherical aggregates of Au NPs (Fig.2) [32]. On further
reaction with SiO, NPs, micron-sized hollow spheres were seen to form. It is
worthwhile re-emphasizing that aggregates emerge spontaneously and that the pro-
cess is an electrostatically driven self-assembly process, which is different from
entropy-driven molecular self-assembly schemes exhibited by surfactants, block
copolymers, and vesicles.



Non-LBL Assembly and Encapsulation Uses of Nanoparticle-Shelled Hollow Spheres

+ n—Si02

1 um

Fig. 2 Formation of hollow spheres by tandem assembly of two NPs. (a) TEM im-
ages of Lys,;,Cys;/n-SiO, precipitate. (b) TEM images of Lys,,,Cys;o/n-Au precipitate.
(©) Lys,09Cys3p/n-Au/n-SiO, hollow spheres (inset shows areas of higher magnification). Struc-
ture in (c) is obtained only by adding SiO, NPs to the Lys,,,Cyss,/n-Au precipitate but is not
formed when Au NPs are added to Lys,y,Cysso/n-SiO; precipitate. Note: n-Au and n-SiO; repre-
sent Au and SiO, NPs, respectively. Reproduced from [32], with permission from the publisher

Noteworthy is the fact that hollow spheres did not form when diblock copolypep-
tides were reacted with SiO, NPs first and then with Au NPs, thus indicating
the crucial role of Au NPs in forming hollow spheres by binding copolypeptide
chains into submicron- and micron-sized aggregates. Walls of the hollow spheres
that formed consisted of a distinct layer of Au followed by an outer layer of
Si0, NPs with an average thickness of 250 nm. (as shown in Fig. 3). This indicates
the flexibility and generic nature of the process, thus providing avenues for organi-
zation of multicompositional arrays of NPs. Also shown by a similar scheme was
the formation of two-nanoparticle-type (2-NP) spheres from assembly of diblock
copolypeptides poly-(L-Lys,qo-L-Cyssq) with citrate-stabilized CdSe/CdS quantum
dots (QDs) followed by a layer of SiO, NPs [84].

Stucky and coworkers furthered this work by studying citrate-stabilized CdSe
QDs with single-block positively charged homopolymer PEs (poly-L-lysine, PLL)
[33]. Macroscopic phase separation of initially water-soluble reactants were driven
by molecular interactions between ligands on the inorganic phase (carboxylate
groups of citric acid) and functional groups of the organic PEs (amino group on
PLL), forming QD-PLL “vesicle”-like intermediates. The as-assembled QD NP
vesicles collapsed on drying, but after addition of SiO, NPs to the reaction mix-
ture, stable 3D hollow spheres formed with distinct localization of the two NP
types. QDs were located at the interior, whereas SiO, NPs occupied the exterior
of the shell wall, similar to the Au NP/SiO, NP/diblock copolypeptide capsules.
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Fig. 3 Hierarchical self-assembly of gold and silica NPs (n-Au and n-SiO,, respectively) into
hollow spheres with a two-layer shell structure. Reproduced from [32], with permission from the
publisher

The significant finding in this work was the establishment of the electrostati-
cally driven mechanism behind self-assembly that did not depend on thiol-Au
interactions.

Refining the NP vesicle formation model, Wong and coworkers developed a new
model describing the formation of hollow microspheres in which polymer and NPs
form spherical aggregate intermediates through particle/polymer flocculation [34].
An important finding was the establishment of a flocculation-driven mechanism of
PLL-Au NP template growth, which led to a new understanding of how to control
AuNP/SiO, NP hollow sphere sizes (Fig. 4). Dis-assembly of the shell was possible
when the pH of the suspending fluid was made lower than the point of zero charge
of SiO;,(~2). The process was reversed on raising the pH.

2.3 Preparation of One-Nanoparticle-Type Hollow Spheres

In 2005, Rana et al. further expanded the scope of methods for forming colloidal
templates in situ by devising a reaction scheme that utilized multivalent anions
(such as tetrasodium ethylenediamine tetraacetate, EDTA) over previously used Au
or CdSe NPs. The governing synthesis parameter is the “R ratio”, defined as the
total negative charge from the multivalent anion divided by the total positive charge
from the polymer. This new formation pathway relies on the counteranion conden-
sation of EDTA and other multivalent anions with polyamines, to form polymer/salt
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Fig. 4 Flocculation-based self-assembly of organic—inorganic hollow spheres from PLL, Au NPs
and SiO, NPs. Reproduced from [34], with permission from the publisher

aggregate colloidal templates. McKenna et al. reported similar aggregation behav-
ior of polypeptides [85]. This salt-induced aggregation of polymer follows a very
different mechanism from that in the cases of Au NP/PLL and CdSe QD/PLL. From
a capsule synthesis point-of-view, salt-induced aggregation eventually yields mate-
rials composed of one NP composition whereas the other cases necessarily lead to
materials composed of two NP compositions (Fig. 5).

Shell formation occurs when negatively charged SiO, NPs (at pH above its point
of zero charge of 2) are contacted with the polymer/salt aggregates, such that the
NPs adsorb to form a shell. Because the shell is many times thicker than the NP
diameter, it has been proposed that the NPs penetrates into the polymer/salt aggre-
gates before depositing, thereby forming a thick shell. This thick shell is responsible
for the structural stability of these NACs on drying. Because the polymer/salt aggre-
gates grow in time as metastable species (with growth rates a function of the R ratio),
the capsule sizes can be controlled by both growth time and R ratio. Larger silica
capsules are prepared with polymer/salt aggregates aged for longer times (30 min)
rather than shorter times (3 min) (Fig. 6). The capsule material is essentially made
of NPs and polymer in the shell, in which the polymer holds the oppositely charged
NPs together. Interestingly, the NAC interior can contain either the polymer/salt ag-
gregate or water, depending on the salt type used. Thus polymer-filled or water-filled
capsules can be generated in one pot, merely by changing the precursor [35].

Subsequent investigations have established the general nature of the tandem
assembly method using a host of linear cationic polymers [such as PLL and
poly(allylamine hydrochloride), PAH] and multivalent salt variants (monosodium
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Fig. 5 (a) Proposed schematic of the tandem self-assembly process in which positively charged
polymer chains ionically cross-link with negatively charged multivalent anions, and silica
nanoparticles subsequently deposit around the polymer aggregates. (b) Confocal image of EDTA-
bridged PLL-FITC aggregates. (¢, f) Bright field (fop), confocal (bottom), and combined bright
field/confocal (insets) of three different silica structures suspended in water. SEM (d, g) and TEM
(e, h) images of silica structures correspond to structures in images (¢ and f), respectively. Scale
bars: 5pm. Reproduced from [35], with permission from the publisher
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citrate, disodium citrate, sodium acetate, trisodium citrate, sodium succinate, EDTA,
and Na,HPQOy,). Besides SiO, NP capsules, capsules made of SnO; NPs, ZnO NPs,
Fe 03 NPs, Fe;04 NPs, CdSe QDs, polymer, Al;03-SiO; NPs, and SiO, NPs—
silicic acid have been successfully synthesized [80, 81, 86—88]. A variation of
tandem assembly was reported by Tropak et al. in which nanocomposite magnetic
microspheres were formed through coascervates by reacting PLL with citrate-
stabilized Fe;O3 NPs and subsequent cross-linking with glutaraldehyde [89, 90].
In more recent developments, Murthy et al. describe formation of patchy or mul-
ticompartment capsules using a blend of polymers (PAH and PLL), citric acid and
SiO, NPs [91].

The unique selling proposition of the tandem-assembly process is its contribution
to the field of green chemistry in obtaining closed-shell colloidal structures through
an environmentally friendly route, as the entire synthesis is carried out in water, at
near neutral pH, and at room temperature. Further, the size of the colloidal template
can be controlled by the charge ratios of reactants, which results in structures with
sizes ranging from 100 nm to 2 um [32-35, 80, 81].
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2.4 Applications and Properties of Tandem-Assembled Capsules

2.4.1 Optical Properties
Photoresponsive Delivery Systems

In the fields of medicine and drug delivery, photoresponsive delivery systems have
received much attention in recent years because irradiation with light provides a
direct, non-invasive method for releasing active molecules. This offers significant
advantages over conventional approaches of drug delivery that rely on altering local
environments (through the use of triggers such as pH, ionic strength, and tem-
perature) to release actives, often resulting in undesired side effects. Engineered
photoresponsive systems with NPs or dyes that absorb in the near-infrared (NIR)
region are advantageous because most body tissues show weak light absorption,
thus protecting healthy tissue while selectively treating affected tissue. In advanc-
ing photoresponsive delivery technologies, metal-NP-shelled hollow spheres from
tandem assembly can be engineered to provide suitable candidates [60].

One of the key features of tandem assembly is the ability to encapsulate com-
pounds easily and without damage. In a demonstration of applications of optically
functional NACs for medical applications, Yu et al. synthesized NIR NACs, where
an FDA-approved photosensitizer dye called indocyanine green (ICG) was success-
fully incorporated into silica/polymer capsules with diameters ranging from 0.6 to
1.0um. ICG loading was readily controlled, with a maximum attained loading of
~23 wt%. Leakage tests carried out for over 24 h at room temperature indicated
negligible ICG leakage in a phosphate buffer saline solution that demonstrated the
robust nature of NACs. However, ICG-containing capsules were active (capable of
heat generation) to NIR laser-induced irradiation and were stable to multiple pho-
tothermal heating cycles. Fibroblast cells exposed to these capsules remained viable
even after 2 days of incubation, thus these NACs serve as a promising material
for photothermal therapy, offering cost and processing advantages over LBL and
reduction-reaction-based Au-NP capsules and Au-nanoshells (Fig.7) [86].

Optical Stability and Targeted Fluorescence Imaging

ICG finds applications as a fluorescent probe in clinical imaging. Challenges to re-
alizing ICG as a probe for targeted fluorescence imaging in vivo emerge from its
optical instability and tendency to excessively accumulate in the liver. Yaseen et al.
recently devised a versatile and inexpensive route to the encapsulation of ICG within
NACs, and performed targeted fluorescence imaging in vivo for the first time ever.
Negatively charged constructs, formed by a coating of magnetite (Fe304) NPs and
polyacrylic acid (PAA), were shown to predominantly accumulate in lungs, whereas
neutrally charged capsules formed from PLL and ICG exhibited a prolonged circu-
lation time in the bloodstream.
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Fig. 7 (Above) Formation mechanism of NACs and ICG-containing NACs (ICG-NACs). (Below)
SEM images of ICG-NAC:s irradiated at different temperatures: (a) 23, (b) 40, (¢) 50, (d) 60, (e) 70,
(f) 73°C. Scale bars: 2 um. Reproduced from [86], with permission from the publisher
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Optical Devices

Semiconductor NPs such as QDs have successfully been utilized for their size-
dependent optical properties and find applications as optical contrast agents for
biological tagging, in photovoltaics, and in lasing. In the application of QDs for op-
tical lasing, requirements are high volume fractions of QDs, rapid optical pumping,
and an optical feedback media that stimulates spontaneously emitted photons. In this
regard, spherical microcavities have been established to present the ideal feedback
geometry for confining the propagation of light in 3D. Cha et al. showed that hollow
spheres of CdSe/CdS QDs, formed with water-soluble diblock copolypeptides and
Si0, NPs, could be used for microcavity lasing applications. These spheres have a
high QD volume fraction and their hollow, 3D geometry provides an ideal combina-
tion of quantum and optical confinement properties, wherein electronic states of the
confined QDs are coupled to the photonic states of the spherical microcavity [84].

Another variant of semiconductor NPs uses SnO,, with applications in displays,
solar cells, sensors, and photocatalysis. Assembly of SnO, NPs in a spherical shell
construct is desirable in that an optically active encapsulation device can be real-
ized. Yu et al. recently reported preparation of semiconductor SnO, NACs, using
PAH polymer and Na,HPO,4 polyelectrolyte, that exhibited the size-dependent op-
tical properties of the SnO; NPs building blocks. Further, the size of the resulting
SnO; NACs were easily controllable by the aging time of the PAH/Na,HPO, ag-
gregates, demonstrating flexibility in creating optical constructs of desired size. The
optical properties of SnO, NACs were measured using diffuse reflectance UV-vis
spectroscopy and found to be similar to SnO, NPs, suggesting their application in
light-responsive encapsulation devices (Fig. 8) [81].

Fig. 8 TEM image (left) of SnO, NACs, prepared with PAH and phosphate ions. TEM image
of NAC walls (right) comprised of SnO, NPs. Reproduced from [81], with permission from the
publisher
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2.4.2 Mechanical Properties

The mechanical properties of microcapsules are characterized by parameters
(mechanical strength, stiffness, buckling) that describe their resistance to defor-
mation and structural change when subjected to an external load from mechanical
stress or triggers such as pH, ionic strength, and temperature. Mechanical properties
largely depend on the local microstructure of the capsule shell wall in terms of
composition and thickness (based on its permeability or porosity), and of the core
(water-filled or polymer-filled). It is useful to distinguish mechanical properties
from structural stability, which in the parlance of microcapsules are changes as-
sociated with the structure of microcapsules during the drying step of synthesis.
Depending on the anticipated application, structural collapse of capsules subjected
to mechanical stress or triggers should either occur or be avoided.

Encapsulation and Release Properties

Rapid and facile generation of capsules from tandem assembly in aqueous media
is amenable to encapsulation of water-soluble compounds. Encapsulation of ICG
dye within PAH/H,PO, aggregates was shown by Yu et al. Enzyme encapsula-
tion and the feasibility of capsules to serve as reaction vessels was demonstrated
by Rana et al. In their study, they encapsulated acid phosphatase enzyme in PLL—
citrate—silica sols and suspended the spheres in a solution containing fluorescein
diphosphate. Fluorescence increased in intensity within the shell walls as fluores-
cein was formed by enzymatic cleavage of phosphate groups. This study showed
that microcapsules could serve as reaction vessels that allow enzymatic action to
take place in a protective environment and allow for reactants and/or products to
diffuse through permeable shell walls.

Bagaria et al. developed new routes for controlling shell wall thickness by adding
silicic acid to NACs formed by tandem assembly of PAH, citric acid, and SiO, NPs.
Diffusion of silicic acid through SiO, NPs resulted in an inward thickening of
shells walls, confirmed by thermogravimetric analysis (TGA) and decreased dye
release [88].

To describe the concentration profiles and release kinetics of fluorescein from
single NP-shelled capsules, Mufioz Tavera et al. solved a mathematical model
that describes unsteady-state transport from multilayered spheres using the Sturm—
Liouville approach [92]. Several aspects of dye release, such as the asymptotic
plateau effect of diffusive release and the effects of capsule diameter and shell
thickness distribution on dye release, were captured by the model and confirmed
by experimental data.

In more recent developments, Murthy et al. report a novel variant of tandem
assembly leading to the formation of patchy or multicompartment anisotropic mi-
crospheres from NP/polymer assembly and demixing of polyamine. On sequentially
mixing a blend of PLL and PAH with citric acid and a silica source, PLL/PAH so-
Iution was seen to phase-separate as heterogeneous domains. Addition of SiO, NPs
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I
10 micron

Fig. 9 Patchy particles synthesized by stabilizing PLL-PAH/citrate aggregates with SiO, NPs at
various PLL:PAH ratios: (a) 75:25, (b) 50:50, (¢) 25:75. Reproduced from [91], with permission
from the publisher

resulted in hollow, water-filled capsules with PAH-citrate domains attached to the
cell walls. Addition of silicic acid resulted in solid spheres with PAH and PLL
present in discrete domains. This method of generating compartmentalized micro-
spheres promises to hold great potential for targeted delivery and triggered chemical
release applications (Fig. 9) [91].

Catalytic Properties

Kadali et al. demonstrated another useful application of NACs prepared by tandem
assembly in the formation of catalyst support materials. NACs can be calcined to
remove the polymer without collapsing the hollow sphere structure (Fig. 10). Such
stability is more difficult to achieve with LBL-assembled capsules. On calcination,
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Fig. 10 SEM image of
PAH-citrate and silica NACs
calcined at 600°C while
retaining structural stability.
Scale bar: 5pm. Reproduced
from [87], with permission
from the publisher

the specific surface area of the microcapsules was found to be at 259m? /g, with
a pore size of 4nm and pore volume of 0.38cm?/g. The surface area was similar
to that of dried, calcined NPs but the porosity and pore volume were found to be
significantly higher. These are useful attributes for a catalyst support. Since the ma-
terial is aluminosilicate in composition, these capsules could also have applications
as an acid catalyst [87].

3 Interfacial Stabilization and Other Approaches
to the Assembly of Nanoparticle-Shelled Hollow
Structures as Emulsions and Foams

The previous sections reviewed recent advancements in sequential electrostatic as-
sembly to form NP-shelled structures. An alternate route to NP assembly arises
from interfacial activity and stabilization of NPs. Colloidal particles with partial
hydrophilic and hydrophobic character are known to behave like surface-active
molecules (surfactants), particularly when adsorbed to a fluid—fluid interface. The
assembly of small particles at interfaces is of relevance to advance fields that tradi-
tionally feature emulsions, foams, and flotation systems. It is also of pertinence to
the development of new fields such as the synthesis of novel materials that include
Janus particles, colloidosomes, porous solids, and anisotropic particles, all recently
prepared by particle assembly at interfaces [36, 38].

Finely divided solid particles have been known since the turn of the last cen-
tury to act as stabilizers in emulsions. In a seminal paper, Pickering reported that
particles that preferentially wetted water over oil formed oil-in-water (O/W) emul-
sions through assembly at the interface [93]. This idea has been extended to the
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Fig. 11 (Top) Position of a spherical (colloidal) particle at a planar fluid-water interface for a
contact angle (6, measured through the aqueous phase) <90° (left), 90° (center), and >90° (right).
(Bottom) Corresponding probable positioning of particles at a curved fluid—water interface. For
6 < 90°, solid-stabilized aqueous foams or O/W emulsions may form (left). For 8 > 90°, solid-
stabilized aerosols or W/O emulsions may form (right). Reproduced from [37], with permission
from the publisher

assembly of NPs at interfaces. There exist analogies between the interfacial as-
sembly of colloidal particles and NPs with surfactants, in terms of their water- or
oil-liking tendencies, wherein their behavior can be described in terms of wetta-
bility. This is defined by the contact angle (0) formed at the fluid—fluid interface
(Fig. 11). The result of this wetting behavior is the formation of either O/W or W/O
emulsions with interfaces decorated by particles.

NPs, like surfactants, can facilitate phase transformation of emulsions from O/W
to W/O type through change in surface wettability by altering field variables such
as pH or electrolyte concentration. There are, however, important differences be-
tween stabilization of interfaces by surfactants and by particles, particularly in
terms of emulsion stability. Binks has provided a comprehensive review high-
lighting the differences between surfactant- and particle-stabilized emulsions [37].
A key development in the latter has occurred through investigations of NP assembly
at liquid-liquid interfaces, where emulsions have remarkably different properties
to those formed using micron-sized particles [94]. The stability of emulsions pre-
pared by particles is dependent on the ability of the particle to partially wet both
fluid phases and to exist as a weakly flocculated state. In this regard, the energy of
attachment (E) of a particle to an interface is given by:

E =1r’Yyp (1 £cos0)? (1)
where r is the radius of the particle, ¥,g is the interfacial tension between phases

o and f3, and O is the contact angle of the particle defined with respect to one of
the phases as the reference. It can be seen that E varies as the square of radius;
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hence, NPs readily stabilize interfaces, assuming favorable wetting conditions
(favorable 0). In contrast, micron-sized particles have to overcome an initially high
energetic penalty arising from steric factors. However, once formed, the emulsions
obtained are highly stable because E well exceeds the thermal energy (kT',k being
Boltzmann’s constant and 7 temperature), so they are not easily destabilized by
thermal fluctuations. At very low size ranges (<10nm), NPs tend to behave in a
manner analogous to surfactants in that thermal fluctuations facilitate easy adsorp-
tion and desorption from interfaces. Thus, an optimum NP size (10-100nm) is
suitable for formation of stable emulsions [37].

Stability of NP-assembled emulsions can be controlled further in the presence
of surfactants. Binks and coworkers report synergistic benefits when negatively
charged silica NPs and cationic surfactants, or positively charged silica NPs and
anionic surfactants, were used to create O/W emulsions. These emulsions demon-
strated high kinetic stability to creaming and coalescence, due to synergistic low-
ering of interfacial tension by surfactants and of wetting behavior by NPs [94, 95].
The stability of emulsions prepared using NPs and uncharged nonionic surfactants
was seen to be strongly dependent on the protocol of preparation, where the ab-
sence of electrostatic interactions between NPs and surfactants resulted in scenarios
in which either interfacial tension or wettability effects dominated, thus resulting in
unstable or stable emulsions, respectively [94, 96].

Binks and Murakami report unique behavior in NP-induced phase transforma-
tion in particle-stabilized air—water systems that is not demonstrated by surfac-
tants. It was seen that by altering silica-NP (20-30 nm) hydrophobicity at constant
air:water ratio or by changing the air:water ratio at fixed NP wettability, phase in-
version could be induced from air-in-water to water-in-air foams (Fig. 12) [36]. This
investigation thus demonstrates that control over interfacial assembly of NPs leads
to the formation of stable NP-shelled hollow spheres, thus resulting in the forma-
tion of stable foams, dispersions, and powders with far reaching consequences in
opening new avenues for advanced encapsulation (Fig. 13).

In other unique structures that emerge from interfacial NP assembly, Weitz and
coworkers report formation of solid capsules with precise size control over perme-
ability and mechanical strength through self-assembly of 0.9-um colloidal particles
at the interface of emulsion droplets. Particles are locked to form elastic shells and
then transferred to a continuous-phase fluid that is of similar composition to the
fluid inside the droplets, resulting in colloidosomes with characteristics of high
structural robustness [38, 40]. Duan et al. report interfacial assembly of magnetic
NPs and formation of water-dispersible NP colloidosomes with permeable shells,
while He and Yu report formation of silica NP-armored polyaniline microspheres in
particle-stabilized emulsions [97, 98]. In all such cases, the driving force for assem-
bly at interfaces is stabilization through minimization of exposed interfacial area
[36, 37, 39, 40, 53, 57, 58, 73, 94-96, 98-110].
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Fig. 12 Dispersed systems prepared from fluid mixtures and colloidal particles/nanoparticles. For
oil-water mixtures (top), emulsion drops of O/W emulsions and W/O emulsions are stabilized
with hydrophilic or hydrophobic particles, respectively. For air—water mixtures (bottom), air-in-
water foams or water-in-air powders can be likewise stabilized through the use of nanoparticles.
Reproduced from [36], with permission from the publisher

4 Conclusions and Future Work

This chapter describes the non-LBL approaches of tandem assembly and interfa-
cial stabilization for the formation of closed shell structures, with an emphasis on
ensembles in which NPs constitute the shell. Tandem assembly is a versatile and
environmentally friendly route to the formation of useful NP-shelled capsules. In
contrast to sacrificial core templating and LBL assembly methods, tandem assembly
has the important differentiating feature that it avoids the incineration or solvent dis-
solution step to generate the hollow interior of the capsule. Enhancements in optical,
mechanical, catalytic, and release properties of such materials hold great promise for
their application in photoresponsive delivery systems, catalysis, and encapsulation.
Interfacial stabilization routes are found to yield NP-shelled structures in the form
of emulsions and foams that have enhanced stability over those from conventional,
surfactant-based approaches. Unusual interactions of the NP with fluid interfaces
have made possible new structures, such as water-in-air foams, colloidosomes, and
anisotropic particles.

As a future direction of research, capsule walls comprised of amphiphilic NPs
(Janus capsules) could give rise to a new class of material that has the dual properties
of interfacial activity and targeted materials delivery. LBL assembly has previously
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Fig. 13 Transitional inversion of the curvature of air-water surfaces with respect to particle hy-
drophobicity. (a) Vessels containing 2 wt% (relative to water) of dichloromethyldisilane-coated
silica particles with fixed volume fraction of water (¢y, = 0.056) 2 weeks after mixing and aera-
tion, for particles of different wettability. The % SiOH content on particle surfaces (given along the
top) decreases from right to left as particles become more hydrophobic; the mixtures change from
aqueous dispersions to air-in-water foams (with drained water) to water-in-air powders. Inversion
occurs on moving either side of the left dashed line. (b) Free-flowing powder passing through
a glass funnel made by aerating 5 g of silica particles possessing 20% SiOH and 95 g of water
(¢w = 0.056). (c) Foam extruded through a serrated metal nozzle prepared by aerating 5 g of silica
particles possessing 32% SiOH and 95 g of water (¢y, = 0.056). Scale bars:1 cm.Reproduced from
[36], with permission from the publisher

been used to make hollow Janus structures with amphiphilic submicron particles,
and tandem assembly has until recently resulted in 1- or 2-NP-shelled capsules.
This approach could be revisited wherein NPs with differing levels of hydrophilic
or hydrophobic nature (such as silica NPs) could be deposited at precise locations
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on templates to create Janus capsules [31, 111-113]. The use of biological hollow
particles called “vaults” (~40-70nm) could be incorporated into tandem assembly
chemistry to generate multifunctional microcapsules comprised of biocompatible
nanocapsules [114]. Continued development in top-down approaches of microfab-
rication (such as lithography and reactive-ion etching) could provide novel avenues
for assembly of NP-shelled capsules into well-defined patterned macrostructured
films [108].
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