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METHOD TO FABRICATE MICROCAPSULES 
FROM POLYMERS AND CHARGED 

NANOPARTICLES 

CROSS-REFERENCE TO RELATED 
APPLICATIONS 

2 
There are examples of using vesicles composed of surfac

tant molecules that assemble into bilayers as templates for the 
hollow sphere formation. These spherical bilayer shells have 
also been studied for drug delivery but suffer from a lack of 
robustness [Zasadzinski eta!., 2001]. Templating by vesicles 
and vesicular aggregates using metal alkoxide precursors 
[Hubert et a!., 2000; Jung et a!., 2000] and polymers [Hotz 
and Meier, 1998] has been shown possible with specific sur
factants. Interestingly, submicron spheres were found to form 

This application claims benefit ofU.S. application Ser. No. 
60/512,738 filed Oct. 20, 2003, and entitled "Multivalent 
Counterion-Mediated Self-Assembly of Polyelectrolytes," 
which is incorporated herein by reference in its entirety. 

10 rafts on vesicles instead of forming a complete shell, which 
has negative implications for templating vesicles with the 
much smaller nanoparticles [Aranda-Espinoza eta!., 1999]. 

STATEMENT REGARDING FEDERALLY 
SPONSORED RESEARCH OR DEVELOPMENT 

There have also been traditional methods other than self 
assembly where a large particle (sub-micron/micron diam-

Not applicable. 

Field of the Invention 

15 eters -100's ofnm) is generally coated with a ceramic (or 
polymer) precursor, and then removed to leave behind a 
ceramic (or polymer) hollow sphere [Wilcox eta!., 1995]. 
Interesting variations include using Au nanoparticles totem
plate polymer shells [Marinakos eta!., 1999], and using poly-

The present invention provides a novel method for the 
fabrication of well-structured materials utilizing nanopar
ticles as building blocks and polyelectrolytes as the structure
directing agents. More specifically, a charge-driven assembly 
of inorganic nanoparticles by oppositely charged polyelec
trolytes in presence of multivalent counterions leads to the 
formation of micro shells or microcapsules having spherical 
or other shapes. 

20 mer microspheres to template polymer shells [Lvov et a!., 
2001] and titania shells [Zhong eta!., 2000]. In a different 
approach, Colvin and co-workers created a polymer cast of an 
opaline structure of silica micro spheres, removed the silica, 
and deposited onto the interior polymer walls a ceramic pre-

25 cursor to construct titania hollow spheres [Jiang et a!., 200 1]. 

Background of the Invention 

While previous preparation routes to hollow spheres 
appear flexible, they tend to be labor-intensive processes, 
requiring multiple steps to be performed in a sequential man
ner. Encapsulation of a desired compound within the hollow 

30 spheres further requires additional steps, and any preparation 
schemes must avoid degradation of the desired compound. 
Hence it is desired to provide a method for making microcap
sules that is simple and easy to perform. 

The synthesis of hierarchically ordered inorganic frame
works is of potential interest in various fields including 
catalysis, separation techniques, and materials chemistry. In 
particular, recent attention has been focused on the use of 
organic superstructures to assemble nanoparticles with con- 35 

trolled morphologies. This methodology termed as "nano
techtonics" involves novel approaches relying upon bioin
spired synthesis and assembly of nanobuilding blocks to 
allow the design of complex architectures with controlled 
size, shape, orientation and polymorphic structures. Various 40 

organic templates derived from surfactants, polymers and 
biomolecules, have been used to template the growth of inor
ganic materials. The specificity, stability and degree of orga
nization of the organic template were found to be crucial in 
dictating the level of control over the morphology of the 45 

resulting materials. A wide variety of particle structures and 
shapes such as spherical, porous, fibrous and tubular shapes 
have emerged out of this supramolecular assembly. 

Fabrication of hollow-spheres has been of immense inter-
est owing to the encapsulation properties of these micro shells 50 

that can find applications in diverse areas such as confined
reaction vessels, catalysis, adsorption, biomolecular separa
tion, drug-delivery processes, foods, cosmetics, and insula
tion. The feasibility of forming hollow spheres using the 
assembly of nanoparticles has recently been demonstrated. 55 

Caruso et a!. have shown that layer-by-layer assembly of 
charged inorganic particles and polyelectrolytes onto sub
micron polystyrene particles can yield hollow spheres after 
subsequent calcinations to remove the sacrificial core par
ticles [Caruso eta!., 1998]. Dong eta!. have produced hollow 60 

zeolite capsules via the vapor-phase transport treatment 
(VPT) of nanozeolite (seeds) coated mesoporous silica 
spheres [Dong et a!., 2002]. Under the effect of the amine 
vapor during VPT treatment, the seeds on the surface grew by 
completely consuming the silica in the mesoporous silica 65 

cores, thus generating hollow spherical shells built of grown 
zeolite crystals. 

SUMMARY OF THE INVENTION 

The present invention provides a simple and convenient 
method of based on a self-assembly process that leads to the 
formation of micro shells (sometimes hereinafter referred to 
as microcapsules or nanoparticle-assembled capsules 
(NACs)) having spherical and non-spherical shapes. In pre
ferred embodiments, the present methods for making micro
capsules comprise providing a polyelectrolyte having a posi
tive or negative charge, providing an oppositely charged 
counterion having a valence of at least 2 and more preferably 
at least 3, combining the polyelectrolyte and the counterion in 
a solution such that polyelectrolyte self-assembles to form 
spherical aggregates, and adding nanoparticles to the solution 
such that nanoparticles arrange themselves around the spheri
cal aggregates. The method may be carried out at ambient 
temperature and may further include the step of removing the 
polyelectrolyte so as to produce hollow spheres. 

In some embodiments, the final step produces sub-micron/ 
micron-sized organic-inorganic spheres in which the shell 
consists of nanoparticles and polyelectrolyte molecules that 
hold the nanoparticles together. The method may further 
include functionalizing the polyelectrolyte with at least one 
moiety selected from the group consisting of: organic mol
ecules, organic fluorophores, and biomolecules and the func
tionalization may occur before the formation of the encapsu
lating nanoparticle shell. Alternatively or in addition, the 
nanoparticles may be functionalized. 

In certain embodiments, the polyelectrolyte comprises a 
polyamine. In other embodiments, the polyelectrolyte is any 
polymer that has a positive charge in solution. 

The counterion is preferably be added as a salt, which may 
comprise a compound selected from group consisting of but 
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not limited to carboxylates, sulphates and carbonates such as 
sodium sulphate, trisodium citrates, trisodium salts ofEDTA, 
tetra sodium salts ofEDTA, and combinations thereof. Alter
natively, the counterion may be a crown-ether consisting of 
charged moieties such as carboxylates, phosphates, sulfates 
or carbonates. 

In certain embodiments, the nanoparticles comprise silica 
nanoparticles. In certain other embodiments, the nanopar
ticles are colloidal species and can comprise metals, metal 
non-oxides, metal oxides having positively charged surface. 

In certain other embodiments, the polyelectrolyte is nega
tively charged, the counterion is positively charged and the 
nanoparticles have negative surface charge. 

The invention also includes products made by providing a 
positively charged polymer (polyelectrolyte) in solution with 
a counterion and contacting the solution with silica nanopar
ticles and compositions comprising aggregates of positively 
charged polyelectrolyte, counterions, and silica nanopar
ticles. 

In still other embodiments, the counterion is selected from 
the group consisting of polymers, dendrimers, molecular 
ions, and metal ions. In specific embodiments, the polymer 
comprises DNA and/or the nanoparticles comprise ceramic 
particles. 

4 
pH's (Table 2). These then template and spontaneously yield 
hollow spheres via the self-assembly of nanoparticles under a 
wide pH range and at ambient reaction conditions. 

Microshells prepared according to the present invention 
provides have potential applications in diverse areas such as 
drug delivery, chemical storage, contaminated waste 
removal, gene therapy, catalysis, cosmetics, magnetic con
trast agents (for use in magnetic resonance imaging), and 
magneto-opto-electronics. Microshells made from porous 

10 nanoparticles as the building blocks can find use as low
dielectric materials, insulation, catalysts, separation mem
branes, and photonic band-gap materials. It should be empha
sized that for many of the above applications the present 
synthesis procedure provides flexibility to meet the required 

15 reaction conditions such as pH of the medium, temperature, 
etc. depending upon specific applications. 

Thus, the present invention comprises a combination of 
features and advantages which enable it to overcome various 
problems of prior methods. The various characteristics 

20 described above, as sell as other features, will be readily 
apparent to those skilled in the art upon reading the following 
detailed description of the preferred embodiments of the 
invention, and by referring to the accompanying drawings. 

Notably, the synthesis performed according to the present 25 

fabrication methods can be performed at neutral pH and 
ambient conditions. A variety of inorganic and organic nano
particles such as metals, metal-oxides, metal-non-oxides, 
non-metal oxides, and polymer beads can be used, depending 
upon their ability to have electrostatic interactions with the 30 

charged polyelectrolytes. The microshells thus formed often 
have spherical morphologies with a shell wall composed of 
the inorganic/organic nanoparticles and the polyelectrolyte. It 

BRIEF DESCRIPTION OF THE DRAWINGS 

For a more detailed description of the preferred embodi
ment of the present invention, reference will now be made to 
the accompanying drawings, wherein: 

FIG. 1 is a schematic illustration of a proposed mechanism 
offormation; and 

FIG. 2 is four plots showing the effect of aging time and 
charge ratio on aggregates formed by the present methods. 

is expected that the hollow core of these materials can be 
utilized to encapsulate useful and interesting materials for 35 

special applications such as drug delivery, packaging, cataly
sis, and sensors. Importantly, the mild synthesis conditions 
allow the encapsulation of sensitive organic compounds with
out degrading them. In addition, the synthesis process can be 
modified to be both economically and environmentally favor- 40 

able. 

DETAILED DESCRIPTION OF THE PREFERRED 
EMBODIMENTS 

The present invention provides a single-step method for 
synthesis of ordered, hollow or filled spheres or non-spherical 
shapes within a wide range of reaction parameters. The 
present methods are extremely simple to carry out, allow 

The present methods provide a direct and efficient synthe
sis route in which charged polymers interact with multivalent 
counterions leading to the self-assembly of these polymers, 
which in tum templates the assembling of inorganic/organic 
nanoparticles to form hollow spheres. The present methods 
allow the preparation of hollow or non-hollow microspheres 
without the use of expensive Au nanoparticles or quantum 
dots (required by related methods to hollow microspheres [M. 
S. Wong, J. N. Cha, K.-S. Choi, T. J. Deming, and G. D. 
Stucky, "Assembly of Nanoparticles into Hollow Spheres 
Using Block Copolypeptides," Nano Lett. 2, 583-587 (2002); 
J. N. Cha, H. Birkedal, M. H. Bartl, M. S. Wong, and G. D. 
Stucky, "Spontaneous Formation of Nanoparticle Vesicles 
from Homopolymer Polyelectrolytes," J. Am. Chern. Soc. 
125, 8285-8289 (2003); J. N. Cha, M. H. Bartl, M.S. Wong, 
A. Popitsch, T. J. Deming, and G. D. Stucky, "Microcavity 
Lasing from Block Peptide Hierarchically Assembled Quan
tum Dot Spherical Resonators," Nano Lett. 3, 907-911 
(2003); V. S. Murthy, J. N. Cha, G. D. Stucky, and M. S. 
Wong, "Charge-driven Flocculation of Poly-L-lysine-Gold 
Nanoparticle Assemblies Leading to Micro shell Formation," 
J. Am. Chern. Soc. 126, 5292-5299 (2004); United States 
Patent Application 20030082237). According to the present 
methods, the aggregation of polyamines or other poly electro
lytes is effectively controlled by adding various types of 
multidentate counterions at appropriate concentrations and 

great flexibility in structure design and materials composi
tion, and can be made environmentally and economically 
benign. The ease of encapsulating a wide variety of com-

45 pounds in the resulting aggregate particles makes them viable 
for a broad spectrum of applications. The present methods 
entail adding counterions to a solution of charged polyelec
trolyte so as to cause the polyelectrolyte to self-assemble, 
along with the counterions, into aggregates. The selected 

50 counterion(s) is/are added to a solution of the polyelectrolyte 
in a concentration sufficient to produce a desired ratio of total 
counterion charge to total polyelectrolyte charge, which 
causes formation of spherical aggregates. A sol (suspension) 
of a predetermined type of nanoparticle is then added to the 

55 same solution, whereupon these nanoparticles arrange them
selves around the spherical aggregates. The nanoparticles 
infiltrate and/or encapsulate the aggregated polyelectrolyte. 

The positively charged polyelectrolyte can comprise a 
compound selected from the group consisting of polypep-

60 tides, polyamides, and polyamines with different chain 
lengths with straight or branched structures (e.g., poly lysine, 
polyallylamine, polyethyleneimine). In these embodiments 
the counterion is preferably negatively charged and com
prises a compound selected from the group consisting of 

65 carboxylates, phosphates, sulfates, carbonates, aminocar
boxylates, peptides, polypeptides, copolypeptides and poly
mers having negative charge (e.g. polyaspartic acid and poly-
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glutamic acid). Alternatively, with a negatively charged 
polyelectrolyte, the counterion is preferably positively 
charged and comprises cationic counterions such as 
polyamines. In these embodiments the negatively charged 
polyelectrolyte can comprise a compound selected from the 
group consisting of polypeptides, polyacids and polystyrene
sulphonate or derivatives thereof. Suitable copolypeptides 
may be derived from the 20 natural amino acids (lysine, 
arginine, histidine, aspartic acid, glutamic acid, glycine, ala
nine, valine, leucine, isoleucine, methionine, proline, pheny- 10 

!alanine, tryptophan, serine, threonine, asparagine, 
glutamine, tyrosine, and cysteine). Combinations of polypep
tides and polymers may also be used. 

The polyelectrolye and the counterions are preferably 
selected and provided such that the overall charge ratio R of 15 

total charge attributable to the dissolved salt to total charge 
attributable to the polymer is greater than 1.0, more prefer
ably greater than 2, still more preferably greater than 3, and 
optionally about 10. When the polyelectrolyte is positively 
charged, R can be expressed as R=[anion]xlz-1/[polymer] 20 

xI z+ I, where [anion] and [polymer] represent total con centra
tions, z- is negative charge per anion, and z+ is positive charge 
per polymer chain. In embodiments in which the charges are 
reversed, the polyelectrolyte is negatively charged and the 
counterions are cations and R=[cation]xlz+/[polymer]xlz-1. 25 

6 
nanoparticles, such that this compound is contained in the 
core of the formed microcapsule, within the shell of the 
microcapsule, or bound to the iuner or outer surfaces of the 
microcapsule. Other ways to encapsulate include adding the 
compound to the polymer solution before counterion addition 
and adding the compound after nanoparticle addition. 

The compounds that are encapsulated in the microcapsules 
can be selected from the group consisting of enzymes for 
biochemical reactions and organic dyes for use as sensors or 
indicators. Alternatively, magenetic nanoparticles such as 
those found in a ferro-fluid for magnetic data storage appli
cations can be encapsulated. 

The preparation of microcapsules can include post-treat
ment of the sphere surface with organic molecules, additional 
nanoparticles, and an inorganic coating. 

The present synthesis methods can be carried out in a 
flow-type reactor, such as microfluidic device or in an aerosol 
reactor, or in any other type of reactor that allows the com
ponents to come into mixing contact with each other. The 
preparation of the microcapsules satisfies many of the 
requirements for a chemical process to be "green" and envi
ronmentally friendly, enabling the scale-up of the preparation 
method. It can be carried out at room temperature, at atmo
spheric pressure, in water, and at mild pH values by mixing 
the 3 components sequentially together. Controlling how the 
components are mixed at the nanoscale is an additional 
approach to tune the microcapsule size, size distribution, and 
shape. 

In certain embodiments, polyamines are used as the struc
ture-directing agent in the presence of trisodium citrate or 
tri/tetra sodium salt ofEDTA. The polyamines are preferably 
dissolved in water at a predetermined concentration. A solu-

The polyelectrolyte is preferably dissolved in water, or in 
any other solvent that is capable of dissolving both the poly
electrolyte and the counterion precursor. The synthesis can be 
carried out over a broad range of temperatures, limited pri
marily by the solvent. Thus, in some embodiments the pre- 30 

ferred temperature range is between oo C. and 100° C. and 
more preferably 20° C. to 85° C. As discussed in more detail 
below, the pH of the solution may have an effect on the rate of 
aggregation and on the structure of the resulting microcap
sules. 

The nanoparticles can be silica or can comprise colloidal 
metals, such as gold, platinum, palladium, copper, silver, 
rhodium, rhenium, nickel, and iridium having surface posi
tive/negative charge, alloys of metals, such as platinum/iri
dium having surface positive/negative charge, metal non- 40 

oxides, such as Group II-VI, III-V, and IV quantum dots 
having surface positive/negative charge, or metal oxides, 
such as titanium oxide, zirconium oxide, aluminum oxide, 
iron oxide, tungsten oxide, cerium oxide, antimony oxide and 
silicon oxide having surface positive/negative charge. In 45 

other embodiments, the nanoparticles may alternatively com
prise molecular clusters, such as Keggin ions and heteropoly
metallates, or may be organic and composed of crosslinked 
polymer, such as polystyrene and polypyrrole. 

35 tion of a selected salt is added to the polyamine solution in a 
concentration sufficient to produce the desired charge ratio, 
whereupon the counterions mediate the self-assembly of 
polyamines to form aggregates. The aggregates begin as 
spheres, but may become non-spherical if the aggregation is 

In still other embodiments, silica nanoparticles can be 50 

replaced with same-charged linear polymers, such as poly
acrylate and polystyrene sulfonate, to form microcapsule 
structures via electrostatic interactions. 

The nanoparticles can also be provided in the form of 
uncharged polymers, such as dextran, to form microcapsule 55 

structures. Hydrogen-bonding and/or hydrophobic interac
tions rather than electrostatic interactions are what drives the 
adsorption of uncharged polymer into the polylysine-salt 
aggregates in these embodiments. 

allowed to proceed at length. Once the desired spherical or 
non-spherical aggregates have formed, nanoparticles such as 
silica nanoparticles are added and arrange themselves in and/ 
or around the aggregate. 

The formation of microcapsules according to the present 
methods has been monitored using optical and confocal 
microscopy using FITC-tagged PLL. One proposed mecha
nism for the hollow sphere formation is schematically shown 
in FIG. 1. As illustrated there, the polymer is believed to form 
globular aggregates upon addition ofEDTA, which then yield 
microcapsule structures (with sharply defined iuner and outer 
perimeters) upon the addition of Si02 nanoparticles. The 
polymer aggregates are necessary for microcapsule forma
tion, as confirmed by a negative control experiment in which 
combining Si02 nanoparticles with a PLL solution resulted in 
randomly structured aggregates. The microcapsules have the 
PLL located in the core interior and within the shell wall, 
where the positively charged polymer chains are interspersed 
with the negatively charged Si02 nanoparticles. 

Various counterions tested for the synthesis are tabulated in 
Table 1. In these embodiments, the resulting product com
prises sub-micron/micron-sized organic-inorganic spheres, 
in which the shell is relatively thick and consists of nanopar
ticles and the polyamine molecules that hold the nanopar
ticles together. The organic polyamine mostly remains inside 

The thus-formed microcapsules assembled from nanopar- 60 

ticles can also be used as building blocks for further assem
bling them to make hierarchical hollow sphere structures. The 
hierarchical structure may comprise microcapsules made 
from same or different polymers, counterions and nanopar
ticles. 65 the sphere sticking to the shell-wall, and may be removed to 

produce a completely or substantially hollow inorganic 
sphere. To encapsulate other organics the polyamines may be 

A compound of interest can be encapsulated by adding it to 
the polymer-counterion aggregate followed by the addition of 
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functionalized with organic molecules, organic fluorophores, 
biomolecules or the like before formation of the encapsulat
ing nanoparticle shell. 

Alternatively, the nanoparticles themselves may be func
tionalized to have active species on the outer surface of the 
spheres. The nanoparticles can be functionalized with cat
ionic/anionic polymers that can be assembled by adding suit
able counterions. Alternatively, the nanoparticles can be func
tionalized with molecules that provide a hydrophobic or 
hydrophilic surface. 

The nanoparticles preferably have diameters of 1-100 nm 
and are preferably spherical, although nanoparticles with 
shapes other than spheres, such as rods, triangles, and hexa
gons can be used, as can combinations of nanoparticles. 

8 
same charge ratio (R = 1 0) and at higher concentrations did not 
induce PAH aggregation; instead, PAH contracted (Dh-30 
nm) due to Coulombic screening of the positive charged 
ammoninm units. Crosslinking between the citrate and the 
PAH could be tracked by measuring the increase in free 
chloride concentration caused by the displacement of Cl
bound to the polymer backbone. Chloride potentiometric 
measurements of the PAH-only solution indicated that 26% 
of the total Cl- were dissociated, and that one citrate mol-

10 ecule displaced -2.2 Cl- ions, based on the initial slope of the 
Cl dissociation curve. Although the polymer aggregates are 
metastable, they are apparently rigid enough to allow for 
nanoparticle deposition and shell formation; the addition of 
Si02 nanoparticles to the aggregate suspension aged at dif
ferent times results in microcapsules of tunable diameters The thick microcapsule shell walls observed in microcap

sules made according to the present methods are inconsistent 
with Langmuir-type adsorption of Si02 nanoparticles around 
the polymer aggregates, which should yield a shell wall one 
nanoparticle thick (-12 nm). We propose that the nanopar
ticles penetrate the surface exterior of the polymer aggregate 
and that the penetration depth determines the shell thickness, 20 

with the implication that smaller particles diffuse deeper into 
the polymer aggregate than larger particles. Indeed, replacing 
the Si02 particles with oligomeric silicate clusters ( -1 nm) 
contained in silicic acid preparations led to spheres with 
thicker shells and even solid silica cores. 

15 (FIGS. 2(c) and 2(d)). 
It has been found that the charge ratio R governs the for

mation and growth rate of the salt-bridged polymer aggre
gates. Polymer aggregation occurs at R>1, which is coinci
dent with the near complete removal of Cl- ions from the 
PAH by the citrate anions. The zeta-potentials of the polymer 
aggregates decrease in magnitude and eventually assnme 
negative values with increasing R values with the observed 
charge reversal resulting from citrate anions binding to the 
aggregate exterior. The aggregates remain insufficiently 

25 charged (-10 mV<zeta-potential <+10 mY, between R=1.2 
and R=50) to prevent contact with each other and with Si02 

nanoparticles, allowing for fast aggregate growth and shell 
formation, respectively. 

A minimum number of binding sites in the anion is typi
cally required, as found for PLL and PAH (polyallylamine 
hydrochloride) (Table 2). Curiously, divalent carboxylate 
anions (e.g., succinate and malonate) and sulfate anions did 
not cause PLL to aggregate, but did so with PAH. The aggre
gation process is apparently sensitive to polymer and coun
terion molecular structure. Polyamines are well-suited to use 
in the present techniques. Other polyamines like poly(L-argi
nine) and poly( ethyleneimine) formed aggregates with citrate 
anions, as long as the pH of the synthesis medinm was below 
the polyamine pKa's ( -9.5-11). Aggregation occurred over a 
wide range of polymer molecular weights (1 0-250 kDa ), with 
the longer chains tending towards larger polymer aggregates. 

The importance of solution pH to polymer aggregation can 
be observed by comparing different citrate salts. At the same 
R ratio, the trisodium and disodium salts led to PLL aggre
gates (Table 2). These suspension pH's were above 5, and 
acid-base equilibrium calculations indicate the citrate was 
mostly in the form of Hcie- and cie- species. On the other 
hand, monosodinm citrate and citric acid solutions did not 
yield polymer aggregates, as calculations indicated that cit
rate anions were in the form ofH3 cit and H2 ciC species at pH 
values below 5. Thus, solution pH controls the effective 
charge (and therefore binding site nnmber) of the multivalent 
anion, and polymer aggregation proceeds within a pH win
dow defined by the pKa's of the anionic salts and polyamines. 
The assembled microcapsules can be disassembled/reas
sembled by changing the pH of the aqueous suspension. 

In some instances, the microcapsule will be filled with 
cross-linked polyelectrolyte and solvent, while in other 
instances, the microcapsule will be missing the polyelectro
lyte from the core. Microcapsules can thus be filled with 
polymer and water ("filled" microcapsules) or filled only with 
water ("hollow" microcapsules). Additionally, the microcap
sules can be removed from the water or solution and dried. In 
the dry state they are hollow and contain air or another gas. 

We refer to this type of microcapsule formation as the 
30 tandem self-assembly of charged nanoparticles and polymer 

molecules. Nanoparticles of other metal oxide compositions, 
such as tin oxide and zinc oxide, can be used to generate 
capsular structures as long the particle surface is negatively 
charged (Table 1). This condition is ensured if the pH of the 

35 suspending fluid is higher than the point-of-zero charge of the 
metal oxide. Interestingly, negatively-charged linear poly
electrolytes like poly( acrylic acid) (PAA) and poly(styrene 
sulfonate) (PSS) can also yield microcapsular structures, in 
which they presnmably take the place of silica nanoparticles 
in the shell formation step.(Table 2). 

40 

45 

50 

55 

TABLE 1 

Negatively-charged colloidal species self-assemble into microcapsule 
structures. 

Nanoparticle Particle size pH of 
(or polymer) (or molecular pzc microcapsule Zeta potential 
composition weight) (orpKa) suspension (mV) 

Si02 10-20 nm 2 6.0 -13 
ZnO 50-90 nm 9 8.9 -41 
Sn02 10-15 nm 4-7 9.0 -20 
CdSe 3-5 nm 7.6 -30 
Carboxylated 20 nm 7.2 -26 
Polystyrene 
PAA 30 kDa 4.8 8.5 
PSS 70 kDa 8.4 

The colloidal species (NPs and anionic polyelectrolytes) were added to a suspension of 
either (FITC tagged)-PLL/citrate or PAR/citrate suspension after aging for 30 min (R = 1 0). 
Microcapsules of 1-6 ~diameter were typically formed, as evaluated through a combina
tion of optical and fluorescence microscopies. 
Electrophoretic mobilities ofPAA and PSS confirmed the negative charges of the polymers. 

The polymer aggregates grow in size with aging time 60 

through coalescence. To gain an understanding of the poly
mer aggregation dynamics, we focused on citrate-bridged 
PAH aggregates (FIG. 2a). Aggregation formation was 
immediate after citrate addition, with the hydrodynamic 
diameter (Dh) of the PAH solution measured at -110 nm 65 

(before citrate addition) and -700 nm (2 min after citrate 
addition). For comparison, addition of a NaCl solution at the 

Table 2 below lists various sodium salt forms that were 
used for microcapsule synthesis from PLL (222 kDa) or PAH 
(70 kDa) and Si02 nanoparticles. The charge ratio R was kept 
at 10 for all the experiments. 'Y" and "x" indicate whether 
hollow sphere was formed or not respectively under the reac
tion conditions described as in Example I. The +ve to -ve 
charge ratio was kept between 1:4 and 1:10 in all the experi
ments. 
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TABLE2 

Anions Structure Salt form suspension 

Chloride cl- NaCl 5.5 

Acetate ~0 Na acetate 6.6 

H3C-C" 
o-

Sulphate o~/o- Na2 S04 6.8 

~s 
/~ 

-o o 

Malic H2c-coo· Na2 6.6 
Acid I hydroxy 

-ooc-c-oH succinate 
H 

Succinate H2c-coo· Na2 7.2 

I succinate 

H2c-coo-

Tri- H2c-coo- Na3 6.1 
carballylate I tri-

Citrate 

!so citrate 

EDTA 

Asp-Asp-
Asp-Asp-

He-coo-

I 
H2c-coo-

H2c-coo· 

I 
-ooc-c-oH 

I 
H2c-coo· 

H2c-coo-

I 
-ooc-cH 

I 
Ho-c-coo-

H 

-ooc-cH2 H2c-coo-

' H2 H2 / 
N-C -C -N 

/ ~c-coo--ooc-cH2 

coo- 0 coo-

I II I 0 coo-

II I -ooc,c' .. ...-cH,N_.......c, _........cH2 
c _.,....c, _....CH2 

H2 H H HN CH 

Na3Ca salt of 
Diehtylene triamine 
pentaacetate 

Meta Tungstate 

Sodium salt of 
Poly-acrylate 

I I I 
HN......._ _........cH NH2 

c 'cH 

II I 
2 

0 coo-

[ H2 H] 
•---t-c -c -t-* 

I 
coo-

carballylate 

Na3citrate 7.4 
Na2Hcitrate 5.3 
NaH2citrate 3.8 
Citric acid 2.8 

Na3 isocitrate 7.5 

Na4EDTA 10.1 
Na3HEDTA 9.0 
Na2H2 EDTA 4.8 

Na5(ASP)4 8.8 

10 

Polymer aggregate 
formation? 

X 

X 

X 

,/(for PAH) 

X 

,/(for PAH) 

X 

,/(for PAH) 

Valence 

MWt. 
2000 

,/ 

,/ 
,/ 
X 

X 

,/ 

,/ 
,/ 
X 

,/ 

Microcapsule 
formation? 

X 

X 

X 

,/(for PAH) 

X 

,/(for PAH) 

X 

,/(for PAH) 

Hollow 
Sphere 

X 

X 

X 

,/ 

,/ 
,/ 
X 

X 

,/ 

,/ 
,/ 
X 

,/ 
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Polymer aggregates can also be supported on surfaces to 
template the formation of capsular hybrid structures. Citrate
bridged PAH aggregates adsorbed on a mica surface, which 
appear as flattened spheres due to spreading, lead to dome
like shells after contacting with Si02 nanoparticles. 

fluorescein from enzymatic cleavage of the phosphates. It was 
not possible to discern if the enzyme molecules were located 
inside the microcapsule, within the shell wall, or both, but 
confocal analysis indicated clearly the generated fluorescein 
was accumulating inside the shell wall and in the interior 
before diffusing out after 15 min. Vigorous mixing or soni
cation did not noticeably degrade the microcapsule structure 
or the contained enzyme. The microcapsules allow the con-

10 fined enzymes to function in a protected environment, and 
allow the reactant and product molecules to transport across 
the permeable shell walls. 

The rapid generation of microcapsules in an aqueous 
medium is amenable to the facile encapsulation of water
soluble compounds, for example, by adding a solution of the 
desired cargo to a PLL/citrate suspension prior to adding the 
silica sol. To test the feasibility of microcapsules as reaction 
vessels, acid phosphatase enzyme was encapsulated at a load
ing of 0.15 mg/(mg microshell) and the resulting spheres 
were suspended in a solution containing fluorescein diphos
phate, a non-fluorescent molecule. Fluorescence emerged 
and grew in intensity inside the microcapsule and within the 15 

shell wall over a course of 40 min, due to the formation of 

A 

The preferred embodiments described above can be varied 
widely. Some variations are discussed above and further 
shown in Table 3 below. Additional illustration of the inven
tion is given by the Examples that follow. 

TABLE3 

(A+ B) ~ Polymer aggregates 
Polymer aggregates+ C ___,. Microcapsules 

B c 

I. Positively charged component+ anion 

Poly(allyamine) Sulphate Si02 nanoparticle (NP) 
ZnONP Poly(L-lysine) Succinate 

Poly(ethyleneimine) Carbonate Sn02 NP 
Poly(arginine) Phosphate CdSe NP 
Generalization Isocitrate AuNP --------
Polyamines 
Polypeptides 
Polycopeptides 
Positively Charged polymers 
Derivatives thereof 

Tri-carballylate 
Citrate 
EDTA 
DTPA 
(Asp)4 

Carboxylated Polystyrene NP 
PAANP 
PSSNP 
Dextran 
Generalization 

Tungstate Metal NPs 
Molybdate Metal oxide NPs 
Heteropolyacids Chalcogenide NPs 
Generalization Molecular Clusters -------
Molecular Clusters 
Polyacids 
Peptides 
Polypeptides 
Polycopeptides 
Dendrimers 
Derivatives thereof 

Functionalized NPs 
Negatively Charged NPs 
Negatively Charged polymers 
Nonionic polymers 
Biomolecules 
Virus particles 
Buckyballs 
Carbon nanotubes 
Derivatives thereof 

II. Positively charged component + anion 

Poly( acrylate) 
Poly( aspartate) 
Poly(styrenesulphonate) 
Generalization 

Polyacids 
Polypeptides 
Polycopeptides 
Negatively Charged polymers 
Derivatives thereof 

Ca2 + 

Al3+ 
B3+ 

Generalization 

Al20 3 NP 
MgONP 
Poly( allyamine) 
Generalization 

Transition metal ions Metal NPs 
Alkaline-earth metal ions Metal oxide NP s 
Lanthanide metal ions 
Actinide metal ions 
Amines 
Peptides 
Molecular Clusters 
Polyamines 
Polypeptides 
Polycopeptides 
Dendrimers 

Derivatives thereof 

Chalcogenide NPs 
Molecular Clusters 
Functionalized NPs 
Positively Charged NPs 
Positively Charged polymers 
Nonionic polymer 
Biomolecules 
Virus particles 
Buckyballs 
Carbon nanotubes 

Derivatives thereof 
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EXAMPLE I 

Microcapsule Formation Using poly(L-lysine) (222 
kDa), Trisodium Citrate and Si02 Nanoparticles 

14 
showed that the polymer forms aggregates of spherical shape 
after addition of citrate, as shown by the fluorescing dye 
molecules attached to the polymer. Micro shells after silica sol 
addition are spherical in shape, having poly-L-lysine attached 

An aqueous solution of poly-L-lysine (MW =222 kDa, HBr 
salt form) was prepared with a concentration of approxi
mately 2.0 mg/ml. 21 fll of this polypeptide solution was 
taken in a 1.5 ml microcentrifuge tube and to it 125 fll of2.14 
mM aqueous solution of trisodium citrate was added and then 
vortex-mixed for 10 sec The positive/negative charge ratio R 

5 to the interior part of the shell-wall, which indicates a tern
plating mechanism by which the silica nanoparticles are 
arranged surrounding the polymer aggregates. The formation 
of an empty core is believed to be an effect of charge inter
actions of polymers with silica nanoparticles that attracts the 

10 polymer from core towards its surface. 

in the solution was 4. Dynamic light scattering (DLS) was 
used to monitor the size of the spherical aggregates formed. 
The DLS analysis showed that the aggregates are of -1 
microns average hydrodynamic diameter. To form the silica 15 

hollow spheres, 125 fll of a sol containing Si02 nanoparticles 
(Snowtex 0, Nissan Chemicals; 20.4 wt % solids, pH 3.4, 
13±3 nm diameter as measured through DLS) was added 
immediately to Solution A and vortex mixed for 20 sec (Solu
tion B). The solution A was occasionally aged for various 20 

times to see the changes in aggregate size and its effect on the 
final size of the silica hollow sphere by subsequently adding 
the silica sol to the aged Solution A. After centrifugation of 
the solution B for 30 sec a clear precipitate was seen. When 
viewed in optical microscope images, this precipitate was 25 

seen to be composed of spherical objects having a hollow 
center. The sizes of these microshells were -2 flill· In the 
absence of citrate salt, when Si02 nanoparticle were added 
directly to the poly-L-lysine solution, large masses of irregu-

EXAMPLE III 

Microcapsule Formation Using Poly(L-lysine) (30 
kDa), Trisodium Citrate and Si02 Nanoparticles 

Silica hollow spheres formed from a poly-L-lysine (30 
kDa)/trisodium citrate/silica nanoparticles system using 
similar concentrations as describe in example I had smaller 
sizes than those obtained with poly-L-lysine (222 kDa). 

EXAMPLE IV 

Microcapsule Formation Using Poly(L-lysine) (222 
kDa), Different Concentrations of Trisodium Citrate 

and Si02 Nanoparticles 

The effect of relative ratios of poly-L-lysine (222 kDa) and 
trisodium citrate on the silica hollow sphere formation was 
investigated. Table 2 shows the various concentrations of 
citrate and the corresponding charge ratios that were studied. 
All the samples were tested by DLS measurements for size 
distribution of the aggregates before addition of silica. The 
aggregate size initially increased with increase in citrate con-

lar shapes were formed. The synthesis was carried out at room 30 

temperature and the pH of Solutions A and B was 7.19 and 4.8 
respectively. The spherical morphology of the particles could 
clearly be seen in SEM images. Some other shapes were also 
observed, such as spheres with a single dimple and spheres 
with an opening. 35 centration till 0.01M citrate solution and then decreased. Fur-

Optical microscopy was performed on Zeiss Axiovert Size 
distribution analyses were carried out with Brookhaven Zeta
PALS dynamic light scattering (DLS) equipment with 
BI-9000AT digital autocorrelator at 656 nm wavelength. All 
studies were done at a 90° scattering angle and temperature 40 

controlled at 25° C.; standard 50 fll cuvettes were used for size 
distribution analysis. Scam1ing electron microscopy (SEM) 
was carried out in JEOL 6500 field emission microscope 
equipped with in-lens thermal field emission electron gun. 
Secondary electron image (SEI) was taken at 15 kV electron 45 

beam with a working distance of 10.0 mm. The micro sphere 
suspension was aged for two days, washed with Isotone solu
tion, and suspended in isopropanol before being loaded and 
air-dried onto carbon tape for imaging. Transmission electron 
microscopy was performed on JEOL 2010 FasTEM system at 50 

100 kV. 

EXAMPLE II 

ther, silica addition resulted in hollow sphere formation for a 
citrate concentration in 0.001-0.1 M range. Outside this range 
it formed small and big aggregates with irregular shapes. 

EXAMPLEV 

Aggregation of Poly(L-lysine) (Conjugated with 
FITC, 68 kDa) with Trisodium Citrate at Different 

pH 

In order to study the effect of pH on the hollow sphere 
formation, to a solution of21 fll poly-L-lysine-FITC (68 kD) 
and 125 fll trisodium citrate (2.14 mM), various amounts of 
NaOH or HCl were added. The ionic strength ofNaOH and 
HCl solutions was kept same as that of the poly-L-lysine and 
citrate mixture (0.011 M) so that the addition of base or acid 
would not change the final ionic strength. After maintaining 
the desired pH, 125 fll silica sol was added. Hollow spheres 
were formed from a solution (poly-L-lysine-FITC+Citrate+ 

Microcapsule Formation Using FITC Conjugated 
Poly(L-lysine) (68 kDa), Trisodium Citrate and Si02 

Nanoparticles 

55 Acid/base) having pH in the 6-8 range. Beyond this range 
only aggregates of irregular shapes were observed. 

In order to get more insight into the mechanism, poly-L
lysine attached with dye molecules was used. Poly-L-lysine 60 

conjugated with FITC (MW=68 kDa, HBr salt form) was 
dissolved in water to make a solution of2 mg/mL concentra
tion. To a 1.5 ml microcentrifuge tube containing 21 fll of the 
above solution, 125 fll of2.14 mM trisodium citrate solution 
was added. The resulting solution A was vortex mixed for 10 65 

sec and then 125 fll of Si02 sol was added to it and vortex 
mixed for 20 sec. Fluorescence optical microscope images 

EXAMPLE VI 

Effect of Aggregate-aging on the Size of 
Microcapsule Derived from Poly(L-lysine) (222 

kDa), Trisodium Citrate System and Si02 

Nanoparticles 

After addition of trisodium citrate as in Example I, the 
solution A was aged for 1 min, 30 min, and 2 hr and then the 
silica sol was added. The microscopy analyses showed that 
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hollow spheres formed from these solutions had larger diam
eters when the sample was aged longer. 

EXAMPLE VII 

Microcapsule Formation Using Poly( allylamine) (70 
kDa), Trisodium Citrate and Si02 Nanoparticles 

Poly( allylamine) (70 kDa) was used along with a trisodium 
citrate solution and silica nanoparticles to prepare hollow 
spheres. The concentrations of various constituents were kept 
same as that in example I. Optical and SEM images clearly 
indicate the formation of hollow spheres, open spheres, and 
dimpled spheres. 

EXAMPLE VIII 

Microcapsule Formation Using Poly-L-Lysine (222 
kDa) and Tri- and Tetra-sodium Salt of 

Ethylenediamine Tertacetate and Si02 Nanoparticles 

16 
overall charge ratio R of total negative charge of the added salt 
to total positive charge of the polymer (R=[anion]xlz-1/ 
[polymer]xlz+, where z- is negative charge per anion and z+ 
is positive charge per chain) is 10. This slightly cloudy poly-

5 mer/salt solution is aged for 30 min and then vortex mixed 
with 125 fll of a silica sol (particlediameterof13±3 urn, 20wt 
% Si02 , pH-3.4) for 20 sec. The immediate increase in tur
bidity is due to microcapsule formation. The as synthesized 
colloidal assemblies are spherical and have a core/shell mor-

10 phology with diameters primarily in the 1-4 f.tm size range, 
according to optical microscopy images and Coulter counter 
size measurements. The microcapsule yield is estimated from 
fluorospectroscopy measurements to be 85-90%, on a poly
mer weight basis. According to TGA results, the microcap-

15 sules have a volatiles content (which includes the salt and 
polymer) in the 12-15 wt % range, indicating that these 
organic/inorganic NAC materials are composed mostly of 
silica. 

This Example is similar to Examples 1 and 8, except that 
20 the polymer is shorter and connected to FITC. It is also 

similar to Example 5, except that it was carried out without 
changing pH. Tri- and tetra-sodium salt of EDTA (ethylenediamine tet

raacetate) were used as counterions for assembling poly-L
lysine (222 kDa). The salt concentration was 5.36 mM and 
4.02 mM for tri and tetra sodium salt of EDTA, respectively. 25 

All other concentrations and reaction conditions were kept 
same as in Example I. The optical images illustrate that tri
and tetra-sodium EDTA salts are effective in forming silica 
hollow spheres. 

EXAMPLE XII 

Synthesis ofSi02 Hollow "Sprouted" Spheres 

125 fll of 1.61 mM tetra-sodium salt ofEDTA solution was 
added to 21 fll of 2 mg/ml poly-L-lysine conjugated with 

EXAMPLE IX 

Microcapsule Formation Using Poly-L-lysine (222 
kDa), Tricarballylic Acid and Si02 Nanoparticles 

Sodium salt oftricarballylic acid (TCA) was prepared by 
adding 80 fll of0.161 mM NaOH solution to 100 fll ofTCA 
(0.0536 mM) solution. 125 fll of the resulted solution was 
then added to 21 fll ofPLL (222 kDa) and vortex mixed for 10 
sec. To this, 125 fll silica sol was added and vortex mixed for 
20 sec. Microspheres were formed. 

EXAMPLE X 

Microcapsule Formation Using Poly-L-lysine (222 
kDa), Tetra-aspartate and Si02 Nanoparticles 

Sodium salt of tetra-aspartic acid (Asp-Asp-Asp-Asp) was 
prepared by adding 5 fll ofNaOH (0.1607 mM) to 130 fll of 
0.01839 mMAsp-Asp-Asp-Asp solution. 125 fll of this solu
tion was then added to 21 fll of PLL (222 kDa) and vortex 
mixed for 10 sec. To this, 125 fll of silica sol was added and 
vortex mixed for 20 sec to obtain the hollow microspheres. 

EXAMPLE XI 

Microcapsule Formation Using FITC Conjugated 
Poly-L-lysine (68 kDa), Tetra-sodium Salt of 

Ethylenediamine Tertacetate and Si02 

A room-temperature synthesis of microcapsules is illus
trated by using poly(L-lysine) (PLL) conjugated to fluores
cein isothiocyanate (FITC) dye. In a typical preparation, 21 fll 
of a FITC-tagged PLL solution (2 mg/ml, 68 kDa, HBr salt) is 
gently mixed for 10 sec with 125 fll of a tetrasodium ethyl
enediamine tetraacetate solution (Na4 EDTA, 4.02 mM) or 
with a trisodium citrate solution (Na3Cit, 5.36 mM). The 

30 FITC (68.6 kDa) solution and vortex mixed for 10 sec. 125 fll 
of silica sol was then added and vortex mixed for 20 sec to 
obtain the micro shells. Optical imaging revealed that many of 
the micro shells were pear-shaped or included protuberances 
or other departures from the normal spherical shape. This 

35 indicates that non-spherical microshells of different shapes 
can also be synthesized. It is believed that it may also be 
possible to make wires using the present techniques by mix
ing the suspension under high shear conditions. 

The present technique is extremely amenable to further 
40 variations, including at least the following. 

Cationic polymer+ Negatively charged nanoparticles 
Polypeptides and polyamines having varying chain lengths 

and with straight or branched structures can be used in the 
present techniques. Anionic counterions with different func-

45 tiona! groups, such as carboxylates, phosphates and sulfates 
(e.g. phosphate and sulfate analogues of Citrate and EDTA) 
can be used with them, as can counterions such as peptides, 
polypeptides, copolypeptides and other polymers having 
negative charge (e.g. aspartic acid and glutamic acid). 

50 Anionic polymer+ Positively charged nanoparticles 
Alternatively, polypeptides and polyacids having different 

chain lengths with straight or branched structures can be used. 
Cationic counterions such as metal ions (Ca2

+, Mg2
+, transi

tionmetal ions etc.) can be used with them, as cancounterions 
55 such as peptides, polypeptides, copolypeptides and polymers 

having positive charge (e.g. lysine and histidine). 
The nanoparticles can also comprise biomolecules that 

assume a globular structure, such as enzymes, proteins, and 
virus particles. 

60 The present invention provides a technique that is 
extremely simple and reproducible and produces organic
inorganic hybrid materials. The synthesis may be performed 
at ambient reaction conditions and can be a fast, one-step 
synthesis, in which a salt/polymer solution is mixed with a 

65 nanoparticle suspension. Likewise, the synthesis can be car
ried out in a wide pH range and in one pot, and no need for 
latex particles or other sacrificial core material is required. 
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11. The method according to claim 1 wherein counterion is 
provided in the form of at least two salts selected from t~e 
group consisting of carboxylates, sulphates, carbon~tes,. Cit
rates, sodium salts of aminocarboxylates, and combmatJons 
thereof. 

12. The method according to claim 1 wherein the nanopar
ticles comprise metals, metal oxides, metal-nonoxides, 
organic particles, linear polymer, biomolecules, fullerenols 
or single/multi-walled carbon nanotubes. 

The hybrid materials produced according to the invention 
have desirable encapsulation properties, because target com
pounds can easily be encapsulated during the formation of the 
microcapsules. The structure of the microcapsule can be con
trolled (shell thickness, water-filled or polymer-filled, diam
eter), which, in tum, leads to control of how much is encap
sulated and how the contained compound is released from the 
microcapsule. The present microcapsules are more robust 
than microshells produced by sacrificial templates such as 
latex particles (because the latter has thinner shells). They are 
also more stable than organic hollow spheres like vesicles. 
Vesicles can also encapsulate target compounds during their 
formation but they do not remain intact once they are removed 
from water and they have even thinner shell walls. Lastly, the 
process is much more economical than other methods for 15 

preparing nanoparticle-based hollow spheres. 

13. The method according to claim 1 wherein the nanopar-
10 ticles comprise silica nanoparticles. 

In the claims that follow, any sequential recitation of steps 
is not intended as a requirement that the steps be performed 
sequentially, or that one step be completed before another 
step is begun, unless explicitly so stated. 20 

14. The method according to claim 1 wherein at least one of 
c) and d) is carried out at ambient temperature. 

15. The method according to claim 1 wherein the polyelec
trolyte has a negative charge in solution. 

16. The method according to claim 1 wherein the charged 
polyelectrolyte comprises a compound selected from the 
group consisting of linear polypeptides, linear polyamines, 
branched polyamines, branched polypeptides, and combina
tions thereof. 

17. The method according to claim 1 wherein the counte-
rion is negatively charged and comprises a compound 
selected from the group consisting of carboxylates, phos
phates, sulfates, peptides, polypeptides, copolypeptides, and 
negatively charged polyelectrolytes. 

While preferred embodiments of this invention have been 
shown and described, modifications thereof can be made by 
one skilled in the art without departing from the scope of this 
invention. The embodiments described herein are exemplary 
only and are not limiting. Accordingly, the scope of protection 
is not limited to the embodiments described herein, but is only 
limited by the claims that follow, the scope of which shall 
include all equivalents of the subject matter of the claims. 

25 18. The method according to claim 1 wherein the counte-
rion is positively charged and comprises at least one cationic 
counterion selected from the group consisting of peptides, 
polypeptides, copolypeptides, amines, polyamines, and posi
tively charged polyelectrolytes. 

We claim: 
1. A method for making microcapsules, comprising: 
a) providing an amount of a polyelectrolyte having a 

charge; 

19. The method according to claim 1 wherein the counte-
30 rion is selected from the group consisting of charged poly

mers, dendrimers, molecular ions, and metal ions. 
20. The method according to claim 1 wherein the size of the 

microcapsules is in the range of 500-5000 nm. b) providing an amount of a counterion having a valence of 
at least 2; 

c) combining the polyelectrolyte and the counterion in a 
solution such that the polyelectrolyte self-assembles to 
form spherical aggregates wherein the spherical aggre
gates are counterion-polyelectrolyte aggregates; and 

21. The method according to claim 1 wherein the size of the 
35 microcapsules is in the range of 100-500 nm. 

22. The method according to claim 1 wherein the size of the 
microcapsules is in the range of 5000-50000 nm. 

d) subsequently adding nanoparticles to the solution such 
that nanoparticles arrange themselves around the coun
terion-polyelectrolyte aggregates to form the microcap
sules, wherein the nanoparticles comprise a single nano
particle population. 

23. The method according to claim 1, further including 
aging the counterion-polyelectrolyte aggregates formed in 

40 step c) for up to 10 hr prior to the addition of nanoparticles. 
24. The method according to claim 1 wherein the micro

capsules are water-filled, polymer-filled, or gas-filled. 

2. The method according to claim 1 wherein the counterion 
has a valence of at least 3. 

3. The method according to claim 1 wherein the charge 45 

ratio R of total charge of the counterions to the total charge of 
the polyelectrolyte is greater than 1.0. 

4. The method according to claim 1 wherein steps a)-c) are 
carried out such that the pH of the synthesis solution is ~pKa 
of the polyelectrolyte. 

5. The method according to claim 1, further comprising 
removing the polyelectrolyte so as to produce hollow micro
capsules. 

50 

6. The method of claim 1 wherein the formed microcap
sules are organic-inorganic spheres having a shell of nano- 55 

particles surrounding the counterion-polyelectrolyte aggre
gates. 

7. The method according to claim 1 wherein the polyelec
trolyte is functionalized with at least one moiety selected 
from the group consisting of: organic molecules, organic 

60 
fluorophores, and biomolecules. 

8. The method according to claim 1 wherein the nanopar
ticles are functionalized. 

9. The method according to claim 1 wherein the polyelec-
trolyte comprises a polyamine. 

65 10. The method according to claim 1 wherein the polyelec
trolyte has a positive charge in solution. 

25. A method for making hollow microcapsules, compris
ing: 

a) providing an amount of a polyelectrolyte having a 
charge; 

b) providing an amount of a counterion having a valence of 
at least 2, wherein the charge ratio R of total charge of the 
counterions to the total charge of the polyelectrolyte is 
greater than 1.0; 

c) combining the polyelectrolyte and the counterion in a 
solution such that the polyelectrolyte self-assembles to 
form spherical aggregates wherein the spherical aggre
gates are counterion-polyelectrolyte aggregates; and 

d) subsequently adding nanoparticles to the solution such 
that nanoparticles arrange themselves around the coun
terion-polyelectrolyte aggregates to form the hollow 
microcapsules, wherein the nanoparticles comprise a 
single nanoparticle population. 

26. The method of claim 11 wherein the counterion com
prises sodium sulphate, trisodium citrate, tri sodium salts of 
EDTA, tetra sodium salts ofEDTA, or combinations thereof. 

27. The method of claim 17 wherein the negatively charged 
polyelectrolytes comprises aspartic acid or glutamic acid. 

28. The method of claim 18 wherein the positively charged 
polyelectrolytes comprises lysine or histidine. 

* * * * * 


