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Nanoparticle Self-Assembly of
Hierarchically Ordered Microcapsule
Structures™®*

By Rohit K. Rana, Vinit S. Murthy, Jie Yu, and
Michael S. Wong*

As a process by which molecular subunits spatially organize
into well-defined supramolecular structures through non-
covalent interactions, self-assembly is becoming a powerful
synthesis approach for generating advanced materials out of
nanoparticle (NP) building blocks.!! Highly structured NP
assemblies, such as wires, rings, and superlattices, can be pre-
pared on flat surfaces.”! However, ordered NP-based struc-
tures remain difficult to prepare in the unsupported colloidal
form,*! limiting the prospects of the latter for practical ap-
plications (such as drug delivery and catalysis). Here, we iden-
tify the solution conditions under which inorganic NPs effec-
tively self-assemble into hierarchically ordered closed-shell
structures in the presence of polymer. We demonstrate that in
a tandem, two-step process, cationic polyamines form supra-
molecular aggregates with multivalent counteranions via ionic
crosslinking, and negatively charged NPs deposit around these
aggregates to form a multilayer-thick shell. The resulting or-
ganic/inorganic hybrid microcapsules contain polymer or
water in the core interior, depending on the multivalent anion
used. In this work, we analyze the polymer aggregation step
and present a new preparative route that we term “tandem
self-assembly” or “polymer aggregate templating”.

Rotello and co-workers showed that appropriately func-
tionalized gold NPs could be induced to self-assemble into mi-
crometer-sized spherical aggregates by using polymer chains
specially designed with complementary hydrogen-bonding
pendant groups. Stucky and co-workers later showed that
diblock copolypeptides could mediate NP self-assembly to
form hollow microspheres, in which cysteine and lysine poly-
mer blocks bind to gold and silica NP surfaces, respectively.[sl
Hollow-sphere (alternatively, capsule or shell) structures
function as encapsulation, protection, and delivery agents,
and are used in application areas as diverse as medicine,
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MATERIALS

foods, cosmetics, and paints.[6'7] Further research indicated
that Au NP/polymer aggregates were important intermediates
in the formation of the hollow spheres.®! In the course of
studying this NP self-assembly process, we observed that
poly(L-lysine) (PLL) chains undergo counterion condensation
in certain salt solutions to form polymer aggregates, and dis-
covered that these ionically crosslinked polymer aggregates
lead to the rapid formation of ordered microcapsule struc-
tures.

The room-temperature synthesis of microcapsules (or nano-
particle-assembled capsules, NACs) is illustrated by using
PLL conjugated to fluorescein isothiocyanate (FITC) dye. In
a typical preparation, 21 uL of an FITC-tagged PLL solution
(2 mgmL™, 68 kDa, HBr salt; 1 Da=1 gmol™) was gently
mixed for 10 s with 125 uL of a tetrasodium ethylenediamine
tetraacetate solution (Nay;EDTA, 4.02 mM) or with a triso-
dium citrate solution (Na;Cit, 5.36 mM) (Fig. 1a). The overall
charge ratio, R, of total negative charge of the added salt to
total positive charge of the polymer (R = [anion] x |z |/[poly—
mer] x | Z4 | , where z_ is the negative charge per anion and z,
is the positive charge per chain) was 10. This slightly cloudy
polymer/salt solution was aged for 30 min and then vortex
mixed with 125 uL of a silica sol (particle diameter, 133 nm;
20 wt.-% SiO,; pH~3.4) for 20 s. The immediate increase in
turbidity was due to microcapsule formation. The as-synthe-
sized colloidal assemblies were spherical and had a core/shell
morphology with diameters primarily in the 1-4 pm size
range, according to optical microscopy images (Figs. 1c,e) and
Coulter counter size measurements. The microcapsule yield
was estimated on a polymer weight basis from fluorospectro-
scopy measurements to be 85-90 %. According to thermo-
gravimetric analysis results, the microcapsules had a volatiles
content (which includes the salt and polymer) in the 12—
15 wt.-% range, indicating that these organic/inorganic NAC
materials were composed mostly of silica.

Contrasting the sequential layer-by-layer adsorption of col-
loidal species around sacrificial templates to yield hollow and
filled spheres7[7‘9] the above two-step sequence forms the basis
of the tandem self-assembly model (Fig. 1a). We followed the
process with optical and confocal microscopy using FITC-
tagged PLL. The polymer formed globular aggregates upon
addition of EDTA (Fig. 1b), which then yielded microcapsule
structures (with sharply defined inner and outer perimeters,
as observed in Fig. 1c) upon the addition of SiO, NPs. The
polymer aggregates are necessary for microcapsule formation,
as confirmed by a negative control experiment, in which com-
bining SiO, NPs with a PLL solution resulted in randomly
structured aggregates. The PLL in the microcapsules was lo-
cated in the core interiors and within the shell walls, where
the positively charged polymer chains were interspersed with
the negatively charged SiO, NPs.

The microcapsules were structurally robust, exhibiting no
apparent damage after being subjected to the centrifugation
and drying steps used for electron microscopy sample prepa-
ration (Figs. 1f-k). Confocal, SEM, and TEM image analysis
of the as-synthesized and dried materials indicated contrac-
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Figure 1. Tandem self-assembly of microcapsules. a) Proposed schematic of the tandem,
two-step, formation process, in which positively charged polymer chains ionically crosslink
with multivalent anions, and silica NPs subsequently deposit around the polymer aggre-
gates. b) Confocal microscopy image of EDTA-bridged PLL-FITC aggregates. c—e) Bright-
field (top), confocal (bottom), and combined confocal/bright-field images (inset) of three
different silica structures suspended in water; f-h) scanning electron microscopy (SEM)
and i-k) transmission electron microscopy (TEM) images of the corresponding dried
structures. Microcapsules in (c,f,i) were self-assembled from SiO, NPs, EDTA, and PLL;
microspheres in (d,g,j) were synthesized using silicic acid, EDTA, and PLL; microcapsules
in (e,h,k) were self-assembled from SiO, NPs, citrate, and PLL. All scale bars, 5 um.

tions of ~20-25 % and ~5-10 % for EDTA-de-
rived and citrate-derived microcapsules, re-
spectively. The former microcapsules had thin-
ner shell walls (~150-200 nm) than the latter
(~250 nm), and thus contracted to a greater ex-
tent.

The thick microcapsule shell walls are incon-
sistent with Langmuir-type adsorption of SiO,
NPs around the polymer aggregates, which
should yield shell walls with a thicknesses of
one NP (~12 nm). We propose that the NPs
penetrate the surface exterior of the polymer
aggregate, and that the penetration depth de-
termines the shell thickness, with the implica-
tion that smaller particles diffuse deeper into
the polymer aggregate than larger particles. In-
deed, replacing the SiO, particles with oligo-
meric silicate clusters (~1 nm) in silicic acid
preparations led to spheres with thicker shells
and even solid silica cores (Figs. 1d,g,j). These
particular polymer/silica structures are reminis-
cent of those reported by the groups of Sumper
and Clarson.!'

The concept of ionic crosslinking between
the polymer and salt species provides a simple
and informative way of understanding polymer
aggregation. The effect of reducing the total
number of anion carboxylate groups (negative-
ly charged binding sites) from 4 to 3 can be
gauged by replacing EDTA with citrate anions.
The citrate anions caused PLL to form ag-
gregates, which also led to the formation of
microcapsules after contacting with SiO, NPs
(Figs. 1le,h,k). Unlike the EDTA-derived mate-
rials, however, the polymer in the citrate-
derived microcapsules was contained mostly in
the shell walls. We speculate that the citrate-
bridged PLL aggregate was not as crosslinked
(and therefore not as structurally stable) as the
EDTA-bridged aggregate, leading to its deag-
gregation or its collapse after the shell wall was
formed. This crosslinking-density argument
could explain the observed difference in shell
thicknesses; SiO, NPs penetrated less deeply
into the more-crosslinked EDTA-bridged ag-
gregates, which resulted in thinner shells of
the EDTA-derived microcapsules.

The thermodynamically favored formation of
carboxylate-ammonium salt bridges drives ion-
ic crosslinking between the multivalent anions
and polyamines,[“] but the presence of carbox-
ylate and ammonium groups is an insufficient
condition for polymer aggregation. A minimum
number of binding sites in the anion is re-
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quired, as found for PLL and polyallylamine hydrochloride
(PAH) (Supporting Table 1, Supporting Information). Cur-
iously, divalent carboxylate anions (e.g., succinate and malo-
nate) and sulfate anions did not cause PLL to aggregate, but
did cause PAH to do so. The aggregation process is apparently
sensitive to the molecular structure of the polymer. We found
that other polyamines like poly(rL-arginine) and polyethylene-
imine formed aggregates with citrate anions, as long as the pH
of the synthesis medium was below the pK, of the polyamine
(~9.5-11). Aggregation occurred over a wide range of poly-
mer molecular weights (10250 kDa), with the longer chains
tending towards larger polymer aggregates.

The importance of the solution pH to polymer aggregation
could be observed by comparing different citrate salts. At the
same R ratio, the trisodium and disodium salts led to PLL ag-
gregates (Supporting Table 1, Supporting Information). The
pH values of these suspensions were above 5, and acid-base
equilibrium calculations indicated that the citrate ion was
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Figure 2. Citrate-bridged PAH aggregates in microcapsule formation. a) Aggregate growth curves of citrate and PAH suspensions at different charge
ratios. The charge ratio was adjusted by varying the amount of citrate. The citrate and polymer were combined at time 0. The suspensions could not
be analyzed at times earlier than ~2 min due to experimental limitations. b) Aggregate growth rates (at 2 min, determined from growth curves of (a)),
zeta potentials, and % dissociation of Cl ions at different values of R. Growth rates were normalized to the maximum growth rate (found at R=50).
c) Size distributions of citrate-bridged PAH aggregate (R=10) at 3 min and 30 min. d) Optical microscopy images of microcapsules prepared from

corresponding PAH aggregates. Scale bars: 5 um.
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mostly in the form of Hcit*™ and cit® species. On the other
hand, monosodium citrate and citric acid solutions did not
yield polymer aggregates, as calculations indicated that the
citrate anions were in the form of Hjcit and H,cit™ species at
pH values below 5. Thus, the pH of the solution controls the
effective charge (and therefore number of binding sites) of
the multivalent anion, and polymer aggregation proceeds
within a pH window defined by the pK, values of the anionic
salts and polyamines.

The polymer aggregates, through coalescence, grew in size
with time of aging. To gain an understanding of the polymer
aggregation dynamics, we focused on citrate-bridged PAH ag-
gregates (Fig. 2a). Aggregate formation was immediate after
citrate addition, and the hydrodynamic diameter (Dy,) of the
PAH solution was measured to be ~110 nm before citrate ad-
dition, and ~ 700 nm 2 min after citrate addition. For compari-
son, addition of a NaCl solution at the same charge ratio
(R=10) and at higher concentrations did not induce PAH ag-
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gregation; instead, PAH contracted (Dy, ~30 nm) due to Cou-
lombic screening of the positively charged ammonium units.
Crosslinking between the citrate and the PAH could be
tracked by measuring the increase in concentration of free
chloride ions caused by the displacement of CI” bound to the
polymer backbone.'?! Chloride potentiometric measurements
of the PAH-only solution indicated that 26 % of the total CI”
was dissociated, and that one citrate molecule displaced
~2.2 Cl ions, based on the initial slope of the CI dissociation
curve (Fig. 2b). Although the polymer aggregates were meta-
stable, they were apparently rigid, and allowed for NP deposi-
tion and shell formation; the addition of SiO, NPs to the
aggregate suspension aged at different times resulted in
microcapsules with tunable diameters (Figs. 2c,d).

The charge ratio governs the formation and growth rate of
the salt-bridged polymer aggregates, which can be rationa-
lized using the Derjaguin—-Landau—Vervey—Overbeek
(DLVO) theory of colloidal stability!*) —namely, a suspension
of charged colloidal particles is kinetically stable to aggrega-
tion if the particle surfaces are sufficiently charged to repel
each another. Polymer aggregation occurs at R>1, which is
coincident with the near-complete removal of CI” from the
PAH by the citrate anions (Fig. 2b). The zeta potentials (§) of
the polymer aggregates decrease in magnitude and eventually
assume negative values with increasing R values; the observed
charge reversal results from citrate anions binding to the ag-
gregate exterior. The aggregates remained insufficiently
charged (=10 mV <{<+10 mV, between R=1.2 and R=50),
allowing for fast aggregate growth and for contact with SiO,
NPs leading to shell formation.

We have found the concept of tandem self-assembly of
charged nanoparticles and polymer molecules to be broadly
applicable. NPs of other metal oxides, such as tin oxide and
zinc oxide, can be used to generate capsular structures as long
the particle surface is negatively charged under the synthesis
conditions (Supporting Table 2, Supporting Information).
This condition is ensured if the pH of the suspending fluid is
higher than the point of zero charge of the metal oxide.!"”!
Other NPs with negatively charged surface species, such as
citrate-stabilized CdSe and carboxylated polystyrene beads,
can also be used to make microcapsules. Interestingly, nega-
tively charged linear polyelectrolytes, like poly(acrylic acid)
and poly(styrene sulfonic acid), can also yield microcapsular
structures, in which they presumably take the place of silica
NPs in the shell formation step (images are not shown for
brevity). Polymer aggregates can also be supported on sur-
faces to template the formation of capsular hybrid structures
(Figure, Supporting Information). Citrate-bridged PAH ag-
gregates adsorbed onto a mica surface appear as flattened
spheres due to spreading, and lead to dome-like shells after
contacting with SiO, NPs.

The rapid generation of microcapsules in an aqueous medi-
um is amenable to the facile encapsulation of water-soluble
compounds, for example, by adding a solution of the desired
compound to a PLL/citrate suspension prior to adding the sili-
ca sol. To test the feasibility of microcapsules as reaction ves-
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sels, ' we encapsulated the enzyme, acid phosphatase, at a

loading of 0.15 mg/(mg microshell) and suspended the spheres
in a solution containing fluorescein diphosphate, a non-fluo-
rescent molecule. Fluorescence emerged and grew in intensity
inside the microcapsule and within the shell walls over a
course of 40 min, due to the formation of fluorescein from en-
zymatic cleavage of the phosphate groups (Fig. 3). We could
not discern if the enzyme molecules were located inside the
microcapsules, within the shell walls, or both, but confocal
analysis clearly indicated that the generated fluorescein accu-
mulated inside the shell walls and in the capsules’ interiors,
before diffusing out after 15 min. Vigorous mixing or sonica-
tion did not noticeably degrade the microcapsule structure or
the contained enzyme. The microcapsules allow the confined
enzymes to function in a protected environment, and allow
the reactant and product molecules to transport across the
permeable shell walls.

In conclusion, we demonstrate that electrostatic interac-
tions at the molecular and nanometer levels can be employed
in the self-assembly of highly structured, nanoparticulate-
based materials. Under solution conditions that favor the
appropriate acid-base and colloidal chemical interactions,
nanometer-sized particles organize into multiscale-ordered
ensembles in the form of micrometer-sized spheres with sub-
micrometer thick shells. This form of materials synthesis in-
volves the simple mixing of well-defined precursors, and thus
scale-up of the materials is readily accomplished. The self-as-
sembly chemistry is very flexible, and can be extended to dif-
ferent NP compositions, polymer molecules, and multivalent
anions. The ease of encapsulation, the mild conditions of
microcapsule synthesis, and the structural robustness and
semipermeability of the organic/inorganic shell wall, collec-
tively point to the exciting possibilities of microcapsules and
surface-patterned microcapsule arrays as controlled release
devices and reaction vessels.

Experimental

Materials: FITC-tagged poly(L-lysine hydrobromide) (68 kDa),
poly(L-lysine hydrobromide) (30 and 222 kDa), poly(L-arginine)
(94 kDa), poly(allylamine hydrochloride) (15 and 70 kDa), branched
polyethyleneimine (750 kDa), poly(sodium 4-styrenesulfonic acid)
(PSS, 70 kDa), Poly(acrylic acid, sodium salt) (PAA, 30 kDa, 40 wt.-%
in water), all the salts, and the EDTA buffer solution (2 mM EDTA,
pH 8.4) were procured from Sigma-Aldrich (USA) and used as re-
ceived. All solutions were prepared using de-ionized water (18.2 MQ,
Barnstead NANOpure Diamond water purification system). SiO, NPs
(Snowtex-O, 133 nm, 20 wt.-% SiO,, pH 3.4) were obtained from Nis-
san Chemical (USA). ZnO (DP5370, 50-90 nm, 30 wt.-% containing
4 wt.-% of PAA salt, pH 9.5), and SnO, (SN15, 10-15 nm, 15 wt.-%,
pH 10) were purchased from Nyacol Nanotechnologies (USA) and used
after dilution in water. Citrate-stabilized CdSe NPs (3-5 nm) were
synthesized in an aqueous medium by the reaction of cadmium nitrate
with selenourea. Carboxylated polystyrene NPs tagged with FITC were
obtained from Molecular Probes, Inc. (USA).

Synthesis of SiO> Microcapsules: In all the preparations, 21 uL of
an aqueous polymer solution (2 mgmL™) was gently mixed for 10 s
with 125 uL. of a salt solution (Na;EDTA or NasCit). The overall
charge ratio was varied from 0.5 to 100 by adding the same volume of

www.advmat.de Adv. Mater. 2005, 17, 1145-1150
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Figure 3. Representative microcapsules prepared from citrate-bridged PLL aggregates and SiO, NPs that contained the enzyme, acid phosphatase, in
an aqueous solution containing fluorescein diphosphate: a) a series of time-lapse confocal microscopy images collected over the course of 30 min,
b) bright-field image, and c) line intensity profiles along the red line shown in (b). The reactant diffuses inside the microcapsules and interacts with
the encapsulated enzyme to form the fluorescent fluorescein product. Scale bars: 2 um.

varying salt concentration to maintain a constant polymer concentra-
tion. The polymer/salt solution was aged for different times
(2-30 min) and then vortex mixed with 125 uL of a silica sol for 20 s.
The resultant silica microcapsules were aged for 2 h and then centri-
fuged, decanted, and resuspended in EDTA buffer for further charac-
terization.

Synthesis of SiO; Solid Spheres: Silicic acid, with a nominal compo-
sition of Si(OH),, was prepared to a 1 M concentration by dissolving
tetramethyl orthosilicate in a 10° M HCI solution and used within
1 h. Silica spheres were obtained by mixing 125 uL of silicic acid with
the above polymer-aggregate suspension for 10 s. The resultant silica
spheres were immediately centrifuged, decanted, and resuspended in
water.

Synthesis of Microcapsules from Other NPs: Microcapsule synthesis
from various NPs and polyamines was carried out as follows: 21 uL of
an FITC-tagged PLL or PAH solution (2 mgmL™) was mixed with
125 uL of a Na;Cit solution (R =10) and aged for 30 min. To this poly-
mer/salt suspension was added different NPs or anionic polymers with
the following volumes and concentrations, respectively: SiO, (Snow-
tex-O, 125 uL, 20 wt.-% solids); ZnO (125 uL, 1 wt.-%); SnO,
(125 uL, 5 wt.-%); CdSe (125 uL, 5 uM); carboxylated polystyrene
(100 puL, 0.01 wt.-%); PAA (30 uL, 5.0 wt.-%); PSS (30 uL,3.0 wt.-%).

Enzyme Encapsulation and Testing: 10 uL of a solution of the acid
phosphatase enzyme (7.5 mgmL™=40.2 unitsmL™ in EDTA buffer,
pH 8.4) was added to a citrate/PLL suspension (R =10), which was
prepared by mixing 21 uL of PLL (2 mgmL™, 222 kDa) and 125 uL
of NazCit (5.36 mM), and aged for 20 min. The reaction suspension

Adv. Mater. 2005, 17, 1145-1150 www.advmat.de

was aged for 10 min before SiO, NPs were added, and thoroughly
mixed. The resulting microcapsule suspension was centrifuged and
rinsed with EDTA buffer several times, to ensure removal of any free
enzymes. Enzyme loading of the microcapsules was determined by as-
saying the catalytic activity of the free enzyme in the wash. An encap-
sulation efficiency of 60 % was estimated. 5 uLL of 0.1 mM fluorescein
diphosphate solution was added to the washed microcapsules, and the
reaction mixture was imaged via confocal microscopy.

Characterization Techniques: The structures were characterized in
the wet state via bright-field optical microscopy (Carl Zeiss Axioplan2
and Nikon Eclipse E600), laser-scanning confocal microscopy (Carl
Zeiss, LSM 510 Meta), fluorescence spectroscopy (Jobin-Yvon Hori-
ba Fluoromax 3 spectrophotometer), and Coulter counter measure-
ments (Beckman Coulter, Multisizer 3). In the dry state, the structures
were analyzed via transmission electron microscopy (JEM 2010 Fas-
TEM), scanning electron microscopy (JEOL6500), and thermogravi-
metric analysis (TA Instruments, SDT 2960). Tapping mode AFM was
performed on a Digital Instruments Nanoscope IIIA atomic force mi-
croscope using a 125 micrometer etched single crystal silicon probe
(TESP) tip. Dynamic light scattering and zeta potential analysis were
carried out with a Brookhaven Instruments ZetaPALS with BI-
9000AT digital autocorrelator. Zeta potentials were calculated from
electrophoretic mobility measurements using Henry’s equation (for
NPs) and Smoluchowski’s equation for polymer aggregates.
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Cholesteric Emulsions for Colored
Displays

By Giovanni De Filpo,* Fiore P. Nicoletta, and
Giuseppe Chidichimo

Cholesteric liquid crystals (LCs) have a helical texture that
selectively reflects a specific wavelength of light associated
with the cholesteric LC helical pitch when light propagates
parallel to the helical axis.'l This characteristic is attractive
for reflective color-display devices without the need for back-
lighting, polarizers, or color filters.

In the past it has been demonstrated that polymer-dispersed
cholesteric liquid crystals (PDCLCs) can be used in electro-
optical color displays.?! In the PDCLC displays, low-molecu-
lar-weight chiral nematic materials are dispersed in a non-
mesogenic polymer. Usually, to obtain a cholesteric colored
display it is necessary to create separate sealed compartments,
where each compartment contains a cholesteric liquid crystal
having a pitch length that effectively reflects a different pri-
mary color, i.e., red, green, and blue. There are many ways to
control the cholesteric pitch: by varying the temperature of
the cholesteric LC phase,[l] by adding different amounts of
the chiral agent in the LC phase,[6] or by using phototunable
chiral compounds embedded in the liquid crystals.[7'9] This last
method provides the three primary colors in a sequential ar-
ray from the same original cholesteric stock solution consti-
tuted from a mixture of the nematic host, a chiral dopant, and
a tunable chiral material, i.e., a chiral compound in which the
chiral center is linked to a photosensitive group.

This photosensitive chiral material, whose chirality is ad-
justable by UV irradiation, enables adjustment of the pitch of
the cholesteric material, thereby producing the three reflected
colors for a multicolor reflective color display. Vicentini et
all”! described a multicolor reflective cholesteric display ob-
tained by using a phototunable chiral material linked to the
polymer network. In this way they solved the problem of color
diffusion due to the spontaneous migration of the phototun-
able molecules by creating consecutive arrays at different
phototunable chiral material concentrations.

We present a new colored cholesteric display obtained by
oriented cholesteric LC molecules confined in elliptic droplets
dispersed in an organic-monomer matrix. It is well-known
that LC emulsions in organic monomers are stable over long
times and require low driving electric fields in comparison to
traditional PDCLCs due to the small anchoring energy of the
LC in the droplets."*!'/ The cholesteric LC pitch has been ad-
justed by using a photosensitive chiral material in order to
produce the three reflected colors (red, green, and blue) for a
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