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NANOPARTICLE ASSEMBLED HOLLOW
SPHERES

RELATED APPLICATIONS

The present application claims the benefit of U.S. provi-
sional application No. 60/326,870 filed Oct. 2,2001 as well as
U.S. provisional application No. 60/360,939, filed Mar. 1,
2002, both of which are incorporated herein by reference in
their entirety.

STATEMENT REGARDING FEDERALLY
SPONSORED RESEARCH OR DEVELOPMENT

This invention was made with Government support under
Grant Nos. 0090034 and 9634396, awarded by the National
Science Foundation. The Government has certain rights in
this invention.

BACKGROUND

In a eukaryotic cell, genes are transcribed into messenger
RNAs (mRNAs), and mRNAs are translated into proteins.
When this process goes awry, cells may die or become can-
cerous. Upon disease onset, these catastrophic events are
extremely hard to detect because of the clinician’s inability to
detect a single abhorrent cell or group of cells. Instead, dis-
ease is generally detected on the macroscale, resulting in
large numbers of cancer cells that have to be surgically
removed or killed by radiation or chemotherapeutic drugs.
Moving from this macroscale therapeutic approach requires
novel technologies, many of which are still being developed.

Although molecular therapy has made significant progress
in the development of gene delivery systems that can change
the genetic makeup of cells, and chemotherapeutic drugs
have been engineered to be more specific in their effect on cell
death, advances still need to be accomplished in all therapeu-
tic systems that require the delivery of active biomolecules.
Medical researchers continue to search for a reliable way to
pinpoint drug delivery to specific cells, and many laboratories
are relying on biochemical properties to help fabricate these
therapeutic delivery systems. By targeting a specific cell sur-
face characteristic, it may be possible to identify an individual
cell population on the microscale instead of groups of cells or
tissues on the macroscale. This targeting should provide an
avenue for highly specific drug delivery. Encapsulation pro-
cesses should increase half-lives of therapeutic agents and
protect them from the immune-based degradation machinery
that detects non-self contaminants. Delivery and encapsula-
tion are intimately coupled because once the therapeutic
agent has been encapsulated, delivery must occur for the
action mechanism selected. Giving the therapeutic agent a
way to be both encapsulated and possess its own address for
delivery requires biological, chemical and physical design
principles. Organic recognition elements (typically antibod-
ies generated against a protein present on the target cell’s
surface or short peptides that also recognize cell surface pro-
teins) have to be generated and attached to the surface to
produce a biosignature, and genetic and drug therapeutic
agents have to be physically incorporated into the delivery
system.

The introduction of nanoparticles to this process provides
at least three desired characteristics to a proposed delivery
system, namely: 1) the correct length scale for biomolecular
interactions, 2) physical support and 3) means of chemical
attachment. Nanoparticles can be produced with very small
diameters (<100 nm) and out of a variety of compositions,
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such as metals, metal oxides, metal non-oxides, and poly-
mers, and they can be functionalized to behave as molecular
linkers. Nanoparticles have physical, chemical and electronic
properties uniquely different from those of single molecules
and bulk materials. Because of their unique properties, there
is a great research effort in trying to harness these properties
to prepare medical devices utilizing nanoparticles. The syn-
thesis of diverse nanoparticle species with different func-
tional groups that allow needs-based designer modifications
may be the next critical ingredient in gene therapy and imag-
ing systems.

Significant progress has been made in the ability to deliver
genetic therapeutics and chemotherapeutics to cells or groups
of cells, but encapsulating the dual functions of payload and
delivery have not been achieved. One of these techniques,
liposome-mediated delivery, provides a therapeutic molecule
with an encapsulating lipid bilayer. This method provides
wide applicability to deliver different therapeutic molecules
like proteins, peptides, and nucleic acids, making this deliv-
ery choice very attractive. Liposomal spheres are generated
by mixing a drug-containing aqueous mixture with lipids, and
creating spheres by nebulization or high speed vortexing
resulting in both nanospheres and microspheres. The size of
the sphere dictates the amount of therapeutic agent delivered.
Researchers have created a size range of 5-500 micron uni-
form spherical droplets, and one research group has shown
that the release rate depends on the size of the therapeutic-
containing sphere'. This observation led to creating a nebu-
lizer device that generates a range of sphere sizes simulta-
neously, providing time-released delivery of therapeutic
agents, first from small spheres and then from large spheres.
However, severe obstacles faced are their lack of robustness®,
and the inherent difficulty ofkeeping lipid bilayers in micellar
(spherical) form®*. Other practical technical problems also
plague this delivery system, namely:

1. The liposomal spheres have an extremely high polydis-
persity index, thus specificity is compromised at the first
synthesis step.

2. Itishard to functionalize both the interior and exterior of
liposomes.

3. There is a low therapeutic payload with respect to lipo-
some size.

4. It has been difficult to target delivery to a specific cell
type.

Liposomes circulate in the blood for long periods of time
often evading detection by the body’s immune system,
enhancing the likelihood that the encapsulated drug will be
delivered to its target, therefore mitigating harsh cytotoxicity
coincident with many therapeutic treatments. In spite of these
advantages, only three liposome-mediated drug delivery sys-
tems have overcome the barriers presented by the available
methodologies and entered the drug market: doxorubicin,
daunorubicin, and amphotericin B.

An alternative method for therapeutic delivery has been
what some people refer to as nanomedicine’. An example of
nanomedicine is nanoshells, hollow spheres made of silica
nanoparticles and coated with gold nanoparticles®. Because
of'their extraordinarily small size (~10 nm), these spheres are
embedded IN a matrix polymer and injected into the body”. It
is thought that after heating with an infrared laser, the energy
released from the nanoshells will make the polymer melt and
release their drug payload at a specific site®. However,
because they are on the nanoscale, it is hard to incorporate
dual functionality into these nanoparticles themselves or pro-
duce them to be a self-delivery system; the polymer is
required for encapsulation and thus obviates some of the
benefits of producing nanosized molecules.



US 7,563,457 B2

3

In contrast to silica nanospheres decorated with gold,
bucky balls, carbon fullerenes, are also being tested as pos-
sible candidates for chemotherapeutic delivery®. Antibodies
have been successfully attached to bucky balls®, and bucky
balls have also been decorated with antiviral agents'®. How-
ever, several shortcomings compromise this drug delivery
system:

1. Fullerenes are organic, thus not readily soluble in the
aqueous phase where many biological interactions
occur.

2. It is hard to disperse fullerenes in the blood because of
poor mixing due to solubility.

3. The organic molecular environment in unfavorable to an
antibody/antigen interaction, whereas the delivery sys-
tem is dependent on this interaction occurring.

4. Functionalization of buckyballs occurs solely on the
exterior, thus it is difficult to synthesize dual-function
buckyballs, thereby restricting biochemical recognition.

The typical route chosen by chemists and materials scien-
tists to assemble nanoparticles is to utilize and exploit specific
biomolecular recognition, such as the complementarity of
DNA nucleotides or enzyme substrate pairs*’, but dual-func-
tionality is not accomplished. Gold nanoparticles have been
bound to DNA TO form reversible aggregates'?, and gold
particles have been successfully aggregated even in the shape
of spheres approaching the microscale™. Dimers of cadmium
selenide (CdSe) nanoparticles have been synthesized using
bis(acyl hydrazide). Antigen-antibody interactions have also
been utilized to assemble gold nanoparticles.'* However, the
use of DNA hybridization, protein substrate, or antibody/
antigen interactions have not facilitated a single step, ‘one-
pot’ synthesis of macroscopically phase-separated materials
from nanoparticles, such as the hollow spheres presented in
the present application.

Hollow spheres are an extremely attractive structural motif
for many applications due to their encapsulation properties,
and their preparation in the sub-micron diameter range has
been an active area of materials chemistry'®. In a typical
procedure, large particles (submicron/micron diameters
~100’s of nm) are coated with a ceramic (or polymer) pre-
cursor, and then the particle is removed to leave behind a
ceramic (or polymer) shell. The size of the hollow sphere is
controlled by the templating particle, the thickness of the
shell is controlled by the deposition process, and the compo-
sition of the shell is determined by choice of precursor. Inter-
esting variations include using gold nanoparticles to template
polymer shells'®, and using polymer microspheres to tem-
plate polyelectrolyte shells layer-by-layer and titania
shells'”. In a different approach, a polymer cast of an opaline
structure of silica microspheres was created, the silica was
removed and a ceramic precursor was deposited onto the
interior polymer walls to construct titania hollow spheres'®.
While such preparation routes to hollow spheres appear quite
flexible, they are a labor-intensive process, requiring multiple
steps to be done in a sequential manner. Encapsulation of a
desired compound within the hollow spheres is even more
difficult to accomplish because the spheres can not be formed,
dissociated (to allow agent incorporation) and reformed in
physiological relevant synthesis conditions to protect from
degradation of the desired compound which is usually a thera-
peutic agent.

SUMMARY

Nanoparticle three-dimensional composite structures such
as inorganic vesicles or hollow spheres have until now been
produced using either a layer-by-layer (LBL) assembly on
sacrificial templates such as polystyrene or through surfactant
stabilized oil-in-water emulsion droplets.’>'®* We present
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here an alternative, simple approach for the cooperative,
single-step synthesis of nanoparticle vesicles and hollow
spheres merely using the combination of nanoparticles and a
structure-directing agent, such as block copolypeptide or
homopolymer polyelectrolytes. Accordingly, compositions
for use in the present inventions include a structure directing
agent, wherein the structure-directing agent is a block
copolypeptide or polyelectrolyte, and one or more types of
nanoparticles having a binding affinity for at least a portion of
the stucture-directing agent

One embodiment ofthe present invention is a nanoparticle-
containing microsphere comprising a structure directing
agent, an inner layer comprising a first nanoparticle bound to
a portion of the structure directing agent, and an outer layer
coating the inner layer comprising a second nanoparticle
bound to another portion of the structure-directing agent.
Block copolypeptides for use in the present invention are
designed so that one type of nanoparticle binds to one block of
the block copolypeptide, whereas a second type of nanopar-
ticle binds to a second block of the copolypeptide. Moreover,
the C-terminus and/or N-terminus of the block co-polypep-
tide can be further modified with a functional group. Poly-
electrolytes, such as poly-L-lysine or poly(allyaminehyr-
dochloride), can also direct self assembly of vesicular
structures whenever a nanoparticle is bound to the polyelec-
trolyte by directional charge-stabilized hydrogen bonding.
The nanoparticles are typically composed of metals, metal
non-oxides, metal oxides and organics. Morever, interior
nanoparticles may be functionalized to introduce therapeutic
or imaging agents, whereas the nanoparticles on the exterior
may be functionalized to introduce a recognition element for
in vivo targeting.

The nanoparticle-containing microsphere may further
comprise a payload encapsulated within the inner layer, such
as drug molecules, therapeutic compounds, radioactive com-
pounds, chemotherapy agents, nucleic acids, proteins, MRI
contrast agents, preservatives, flavor compounds, smell com-
pounds, colored dye molecules, fluorescent dye molecules,
organometallic compounds, enzyme molecules, pesticides.
fungicides and fertilizers.

Another embodiment of the present invention is a method
of making a nanoparticle-containing microsphere. The first
step of the method is combining a structure-directing agent
and a first nanoparticle for a time and under conditions suffi-
cient for the first nanoparticle to bind to a portion of the
structure directing agent and self assemble into an inner shell.
The next step is adding a second nanoparticle, of a different
type than the first nanoparticle, under conditions sufficient for
the second nanoparticle to bind to another portion of the
structure-directing agent and for the second nanoparticle to
form an outer shell coating the inner shell containing the first
nanoparticle. The method can also include a calcination step
to remove the structure-directing agent.

The invention described here makes use of nanoparticle
design, nanobiotechnology and cooperative molecular self-
assembly, all residing in the same process in order to provide
encapsulation, with the dual functionality of both cell target-
ing and therapeutic delivery. Because a large number of pri-
mary functionalized nanoparticles are delivered to a targeted
site by a single vesicle structure, there is a built-in site-spe-
cific amplification of the therapeutic agent; or in the case of
magnetic imaging, an enhanced concentration of medical
imaging agents at the desired cellular location.

Nanoparticles can be functionalized with chemical links
that incorporate a variety of therapeutic agents, such as lipids,
proteins, and nucleic acids, while still allowing their release.
Additionally, they can be synthesized to possess a covalent
link between the materials used for self-assembly and a rec-
ognition element.
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Magnetic nanoparticles can also be used, thus providing a
new route to real time imaging of cell recognition events.
Packaging these different nanoparticles in microdelivery sys-
tems allows incorporation of biologically distinct biomol-
ecules and magnetic particles. In addition, exterior silica
nanoparticles can be functionalized with proteins that allow
cellular recognition. Self-assembly occurs by virtue of ionic
interactions to produce hollow microspheres with two types
of functionalized nanoparticles, therapeutic agent bound par-
ticles on the interior, and protein-linked nanoparticles that
recognize cell surface properties on the exterior (FIG. 1). This
self-assembly allows targeted cellular delivery and release of
payload, thus medical therapy and imaging occurs on the
cellular level instead of the macroscale.

These and other features, aspects, and advantages of the
present invention will become better understood with regard
to the following detailed description and accompanying
drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1isa TEM image of n-Aw/n-SiO,/Lys, Cys,, the inset
image is a magnification of indicated region seen within the
square.

FIG. 2 shows Dual-Function Microspheres. where gold
nanoparticles with a primary functionality are directed to
interior of the hollow microsphere, and silica nanoparticles
with a second functionality are directed to the exterior of the
silica nanoparticle shell.

FIG. 3 is a schematic of the proposed mechanism of for-
mation.

FIG. 4a-i are HRSEM images of n-Au/n-SiO,/
Lys,00Cysso prepared with various amounts of n-Au and
n-Si0,., magnification at 500 x.

FIG. 5(A) shows bright field and fluorescence optical
microscopy images of polymer solutions before and after the
addition of citrate stabilized CdS/CdSe core-shell quantum
dots and. (B) shows Autocorrelation functions of the nano-
particle vesicles in water at different scattering angles: 40°
(filled squares), 70° (open circles) and 100° (filled triangles).

FIG. 6 is a schematic diagram of the nanoparticle vesicles
and the directional charge stabilized hydrogen bonds that
form between the amines of the poly-L-lysine and the car-
boxylic acid group (pK,) of the citrate stabilized quantum
dots.

FIG. 7 shows a.transmission electron micrograph of a self-
assembled hollow sphere where the cavity wall is composed
of a close-packed inner layer of core-shell CdS/CdSe citrate
stabilized quantum dots surrounded by a distinct outer layer
of silica nanoparticles.

FIG. 8a-bis an HRSEM image (FIG. 4a) and a TEM image
(FIG. 4b) of n-Au/n-SiO,/Lys,,,Cys;, (as synthesized)
showed on the same scale.

FIG.9a-b are TEM images of n-Au/n-SiO,/Lys,,,Cys;, as
a network (FIG. 6a) and a film (FIG. 65).

FIG. 10a-b are TEM images of n-Ag/n-SiO,/Lys,,,Cyss,
as an aggregate of spheres (FIG. 7a) and an isolated apple
(FIG. 7b).

FIG. 11 is a TEM image of n-Ag/n-CdSe/Lys,,,Cys;,

DETAILED DESCRIPTION

1. Overview

A design strategy for the supramolecular assembly of
multi-compositional dual-functionality hollow microspheres
starting from water-soluble nanoparticles and diblock
copolypeptides or commercially available homopolymer
polyelectrolytes has been developed. This highly processed
synthesis is accomplished in a completely aqueous system
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and under ambient conditions of low pressure, room tempera-
ture and neutral pH. The molecular forces that drive the
assembly and macroscopic phase separation are found to be a
combination of electrostatic attractive forces, proton shuf-
fling and directional charge-stabilized hydrogen bond forma-
tion'®. Self-assembly in the presence of structure-directing
polymers results in hollow spheres composed of an inner,
thick, close packed array of gold, semiconductor or magnetic
nanoparticles followed by an outer, thinner layer of silica
nanoparticles (i.e. gold and silica assemblage, FIG. 1). In this
micrograph, these chemically distinct nanoscaled regions are
easy to visualize because of the differences in refractive indi-
ces, with electron dense gold nanoparticles in the interior, and
optically clear silica nanoparticles on the exterior.

Bicompartmentalization of the hollow microspheres by
this phase separation provide a means for encapsulation and
multifunctionality not previously possible. These micro-
spheres have mechanical strength and porosity because of the
silica nanoparticle arrangement and packing on the exterior.
The porosity of the microspheres is a necessary feature to
allow solute exchange, thus providing a stable environment
for, and increasing the half-lives of, the therapeutic contents.
Additionally, the use of diblock copolypeptides or homopoly-
mer polyelectrolytes as the organic templates structurally
direct the synthesis so that they are pH and salt responsive.
This responsiveness can be used to enable the rapid disassem-
bly of the hollow spheres in vivo with the release of the
primary functionalized particles that are on the interior of the
sphere for therapeutic agent delivery at sites specifically
determined by the secondeary functionalization of the silica
particles on the exterior of the hollow sphere (FIG. 1).

II. Composition

Compositions for use in making nanoparticle-containing
microstructures, such as vesicles, hollow microspheres,
“apples,” “cups,” and films generally include a structure
directing agent and one or more types of nanoparticles

A. Nanoparticles

Nanoparticles for use in the present invention can be com-
posed of metals, metal non-oxides, metal oxides, or organics.
Metal nanoparticles can include gold, silver, platinum, palla-
dium, copper, rhodium, rhenium, nickel, and iridium; alloys
of metal nanoparticles, such as platinum and iridium. Metal
non-oxide nanoparticles include II- VI, I1I-V, and IV quantum
dots; and metal oxide nanoparticles can include titanium
oxide, zirconium oxide, aluminum oxide, iron oxide, tung-
sten oxide, cerium oxide, antimony oxide and silicon oxide.
Examples of hydrophobic nanoparticles include polystyrene
and polypyrrole. Moreover the nanoparticles can be function-
alized with molecules to provide a positive or negative
charge. Alternatively, the nanoparticles can be functionalized
with molecules to provide a hydrophobic or hydrophilic sur-
face. Typically, the nanoparticles will have diameters of
1-100 nm, and may include shapes other than spheres, such as
rods, triangles, and hexagons.

It is noted that the nanoparticles can be prepared in-house
or acquired from commercial sources. Examples of nega-
tively charged nanoparticles suitable for use in the present
invention include silica, citrate coated gold, citrate stabilized
CdSe quantum dots, and tungsten oxide. An example of a
positiveley charged nanaoparticle is titanium oxide.

B. Stucture-Directing Agents

Sturcture directing agents suitable for use in the present
invention generally comprise a polymer in which at least one
portion of the polymer has a binding affinity for one or more
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nanoparticles. Preferably the structure-directing agent is a
synthetic biopolymer having a binding affinity for two or
more different nanoparticles.

The cooperative three-dimensional assembly of nanopar-
ticles into hollow microspheres can be accomplished using
block copolypeptides, polypeptide-random coil block
co-polymers (such as polyethylene oxide, polyethylenegly-
col, polyamines or other water soluble polymers), or com-
mercially available homopolymer polyelectrolytes (e.g.
polyamines) in a completely aqueous, room temperature pro-
cess under mild pH conditions. This ‘one-pot” self-assembly
process occurs rapidly (less than one minute).

Block copolypeptides or homopolymers with specific
binding affinities to metals, metal chalcogenides, metal
oxides, or organics can be prepared via stepwise living poly-
merization of the appropriate amino acid N-carboxyanhy-
dride monomer precursors using 2,2'-bipyridylnickel(1,5-cy-
clooctadiene) metal initiator invented by Deming [Deming,
1997]. The blocks of the copolypeptides or homopolymers
are derived from the 20 natural amino acids (lysine, arginine,
histidine, aspartic acid, glutamic acid, glycine, alanine,
valine, leucine, isoleucine, methionine, proline, phenylala-
nine, tryptophan, serine, threonine, asparagine, glutamine,
tyrosine, and cysteine).

In one version of the present invention, nanoparticles
arrange to form hollow spheres and other complex
microstiructures using carefully designed block copolypep-
tides as the structure-directing agent. Previously, these block
copolypeptides were found to produce silica micron-size
spheres and columns from tetraethylorthosilicate (TEOS) at
pH 7 and at room temperature [Cha et al., 2000]. The method
of the present invention eliminates the complex reactions of
hydrolysis and condensation when using TEOS, and focuses
onthe directed assembly properties of these block copolypep-
tides.

In general, a diblock copolypeptide is designed with the
ability to bind to two different types of nanoparticles. For
example, copolypeptides with positively-charged peptide
blocks of lysine, arginine, or histidine, will have binding
affinities for silica and other negative-charged nanoparticles
Conversely, copolypeptides with negatively-charged peptide
blocks of as aspartic acid and glutamic acid will have binding
affinities for nanoparticles that are positively-charged.
Copolypeptides can also include nonpolar peptide blocks
comprised of amino acids that can associate with nanopar-
ticles through hydrophobic interactions, such as, glycine, ala-
nine, valine, leucine, isoleucine, methionine, proline, pheny-
lalanine, and tryptophan. Moreover, copolypeptides can also
include uncharged, polar peptide blocks of amino acids that
can associate with nanoparticles through hydrophobic and
hydrogen-bonding interactions, such as serine, threonine,
asparagine, glutamine, tyrosine, and cysteine. In addition,
copolypeptides can include peptide blocks that can covalently
bond to nanoparticles or to nanoparticles functionalized with
receptor-like molecules. Alternative versions can include
copolypeptides functionalized at the C terminus and/or N-ter-
minus with a functional group e.g., organic molecules,
organic fluorophores, or biomolecules, before formation of
the encapsulating nanoparticle shell.

The peptide blocks of the copolymers can be homopoly-
mers or a random peptide block sequences having a defined
composition of two or more amino acid monomers. Typically,
blocks of the copolypeptides will have lengths of 10-400
residues. Moreover, the structure-directing agents can
include copolypeptides having more than 2 blocks or a com-
binations of copolypeptides.
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In a preferred version of the present invention the block
copolypeptide is a poly (L-lysine,,,-b-L-cysteine,,) polymer
produced by a stepwise living polymerization using N-car-
boxyanhydride monomeric amino acids and 2.2-bipy-
ridylnickel (1,5-cyclooctadiene) metal initiator in THF.?°
After polymerization, the copolypeptides are deprotected and
dissolved in water. The resulting three dimensional structure
of the copolypeptides has not been solved, but disulphide
bridges form between the cysteine residues causing these
residues to make a hydrophobic core, allowing the hydro-
philic lysine residues (pKa=9) to interact with negatively
charged species in the aqueous phase. An added feature of
these diblock copolypeptides is that the sulfur atoms in the
cysteine residues will bind tightly to metals like gold.

In another version of the present invention the structure
directing agent/polymer is a polyelectrolyte, such as the
polyamines poly-L-lysine 100-300 or poly(allylamine hydro-
chloride). These homopolymers unexpectedly exhibit the
ability to bind two different types of nanoparticles and drive
the self assembly of hollow spheres through a combination of
electrostatic attractive forces, proton shuffling and directional
charge-stabilized hydrogen bond formation. In particular, the
transition in the interfacial molecular forces from pure elec-
trostatic charge-charge interactions to one of directional
charge-stbilized hydrogen bonding driving self assembly is
primarily dependent on the differences in pKa values between
proton donors and acceptors. Accordingly, preferred versions
of polyelectrolytes serving as structure-directing agents will
contain functional groups having a pKa less than about 6 pKa
units, and preferably less than about 4 pKa units, than the pKa
value of a corresponding functional group of the nanoparticle.

C. Microstuctures

The compositions of the present invention form unusual
microstructures, such that nanoparticles of one composition
are spatially oriented completely interior or exterior to nano-
partricles of a second composition. They form sub-micron/
micron sized aggregates, typically about 500 nm to about 5
um in diameter, having unusual morphologies, such as
spheres, “apples” and “cups.” These shapes can also be fab-
ricated into films.

One version of the present invention is a nanoparticle-
containing vesicle, comprising a structure directing agent;
and a first nanoparticle bound to the structure-directing agent.
The composition self assembles into a vesicle, which may
serve as a precursor forming the interior shell of hybrid
microspheres.

Another version of the present invention is a nanoparticle-
containing microsphere comprising a structure directing
agent, an inner layer comprising a first nanoparticle bound to
a portion of the structure directing agent, and an outer layer
coating the inner layer comprising second nanoparticle bound
to another portion of the structure-directing agent. These
microstructures  are  hollow  sub-micron/micron-sized
organic-inorganic spheres, in which an outer shell comprising
the second type of nanoparticle encapsulates an inner shell
comprising the first type of nanoparticles.

When the nanoparticle-containing microspheres are cal-
cined, they remain hollow and intact, as determined from
TEM and SEM. Accordingly, yet another version of the
present invention is a hollow microsphere comprising an
inner shell comprising a first type of nanoparticle; and outer
shell comprising a second type of nanoparticle coating the
inner shell, devoid of the organic components removed by
calcination.

Ifthe organic components are not removed from the hybrid
spheres, other organics may be introduced by functionaliza-
tion of either (or both) termini of the copolypeptide with
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organic molecules, organic fluorophores, or biomolecules
before the formation of the encapsulating nanoparticle shell.
Alternatively, the nanoparticles themselves may be function-
alized.

Preferred versions of the microspheres include an inner
layer containing semiconductor nanocrystals, gold, silver, or
magnetic nanoparticles, and nanoparticles functionalized to
introduce therapeutic agents for release, e.g., lipids, proteins,
nucleic acids, or imaging agents. Moreover, preferred ver-
sions of the outer layer contain silica nanoparticles, CdSe
quantum dots (QD) functionalized with mercaptosulfonic
acid, or nanoparticles functionalized to introduce a recogni-
tion element for in vivo targeting.

One objective of this invention is to produce nanoparticle-
containing microdevices for therapeutic agent delivery, sens-
ing and real-time medical imaging. In this new approach
multi-compositional hollow multilayer organic/inorganic
vesicles are used as functionalized nanoparticle vehicles. One
set of nanoparticles, which makes up the exterior part of the
vesicle, is functionalized (called secondary functionaliza-
tion) for the in vivo targeting by the vesicle of a specific
cellular address. The interior of these multi-layer, vesicles is
made up of a second set of nanoparticles, which are function-
alized (called primary functionalization) with therapeutic
agents that are to be released at a specific cellular address. The
second set of nanoparticles may also have a composition that
meets the requirements needed for site selective medical
imaging.

Another version of the present invention is a nanoparticle-
containing microsphere, further comprising a payload encap-
sulated within the inner layer. For medical applications the
payload to be delivered can include drugs, therapeutic com-
pounds, radioactive compounds, chemotherapy agents, DNA
or RNA, proteins, and MRI contrast agents. For consumer
food products or cosmetic applications the payload could
include preservatives, flavor or smell compounds and colored
dye molecules. Encapsulation of the payload within the inte-
rior of the hollow spheres can be performed using a solute
dissolved in liquid media, such as the aqueous synthesis
medium or other solute-containing solvent or encapsulation
of a sol, such as a ferrofluid, within the interior of the hollow
spheres.

III. Method of Making

The present invention includes methods for making nano-
particle-containing microstuctures having morphologies,
such as vesicles, spheres, “apples”, and “cups,” which are
typically conducted under ambient conditions, i.e., low (at-
mospheric) pressure, room temperature and neutral pH

One embodiment of the present invention is a method of
making a nanoparticle-containing vesicle by combining a
structure-directing agent and a first nanoparticle for a time
and under conditions sufficient for the nanoparticle to bind to
a portion of the structure directing agent and self assemble
into a vesicle.

Another embodiment is a method of making a nanopar-
ticle-containing microsphere, which includes the additional
step of adding a second nanoparticle, of a different type than
the first nanoparticle, under conditions sufficient for the sec-
ond nanoparticle to bind to another portion of the structure-
directing agent and for the second nanoparticle to form an
outer layer coating an inner layer of the vesicle containing the
first nanoparticle. Yet another embodiment includes a calci-
nation step to remove the stucture-directing agent.

In a preferred embodiment using a block copolypeptide as
the structure-directing agent, the synthesis reaction can be
performed at room temperature. As shown schematically in

20

25

30

35

40

45

50

55

60

65

10

FIG. 3, a solution of a particular nanoparticle is added to the
block copolypeptide solution, at which point the nanopar-
ticles bind to one of the blocks of the copolypeptide. A second
solution of another type of nanoparticle is then added to the
same solution, at which point these nanoparticles bind to the
other block of the copolypeptide. The resulting product is
micron-sized organic-inorganic spheres, in which a thick
shell comprising the second type of nanoparticle encapsulates
a thin shell comprising the first type of nanoparticle with an
organic filler (i.e. the diblock copolypeptide) (see FIG. 1).

As an example, a Lys,,,Cys;o (2/mol=28,890) solution
was prepared with a working concentration of 2.5 mg/ml
(86.5 uM), and added to a 1.5 ml microcentrifuge tube with
125 pl of a citrate solution containing gold (Au) nanoparticles
(9.4 pmol-particle/L). The Au solution color changed from
ruby red to violet purple after addition, indicating that the Au
particles aggregated, thus causing a red shift in the plasmon
resonance frequency. Using a JEOL2010HR microscope
equipped with a LaB, gun and operated at an accelerating
voltage of 200 kV, a transmission electron microscope (TEM)
image was obtained of the Au nanoparticle/polymer showed
large (~1 um), discrete regions of Au nanoparticles (FIG. 1).
After ~5 minutes of aging with occasional agitation, 125 ul of
a solution containing SiO, nanoparticles (~10-12 nm, Nissan
Chemicals, Tokyo, Japan) (360.1 pmol-particle/L) was added
to the Au nanoparticle/polymer mixture, SiO, nanoparticle
clustering occurred causing the clear, purplish solution to
become turbid. After agitating for a few seconds and sitting
for 15 minutes, the purplish color began to settle to the vial
bottom. After 24 hours, purple flocculent was found at the vial
bottom. This precipitate was composed of hollow micro-
spheres (see FIG. 1). In order to determine if conditions had
been optimized for microsphere synthesis, reactions were
done where titrations of the separate nanoparticles were
added to the reaction (FIG. 4). The samples were examined
via SEM 12 days after their preparation, and SEM images
clearly show that equal starting concentrations of nanopar-
ticles produced microspheres whereas varying the concentra-
tion of either type of nanoparticle caused loss of microsphere
formation.

In an example of another preferred embodiment, nanopar-
ticle vesicles were spontaneously and hierarchically
assembled from simple polyamine polyelectrolytes and
water-soluble, negatively charged inorganic nanoparticles.
Addition of silica nanoparticles to the vesicles generated
stable micron-sized hollow spheres, the walls of which were
formed of a thick, inner layer of close-packed semiconductor
nanocrystals surrounded by an outer layer of silica. The
assembly of the nanoparticle vesicles as well as of the hollow
spheres is in direct contrast to the typical methods employed
that use either tailored block copolymers or sacrificial and
oil-in-water emulsion templating to produce such structures.

The chemical interaction driving the macroscopic phase
separation in this completely aqueous system is proposed to
be one of charge-stabilized hydrogen bonding between the
positively charged amines of the homopolymer polyelectro-
lyte poly-L-lysine and the negatively charged, oriented citrate
molecules stabilizing inorganic nanoparticles. The ease and
processibility of the synthesis gives promise to a diverse array
of materials ranging in applications from drug delivery to
catalysis to micron-scale optical devices.

Based on the visible and microscopic observations, pH
titration and salt gradient experiments, a model can be pro-
posed for the interfacial molecular forces that drive the mac-
roscopic phase separation and formation of the poly-L-lysine
nanoparticle vesicles. When the negatively charged citrate
stabilized quantum dots are first introduced into the poly-L-



US 7,563,457 B2

11

lysine solutions, the transparent polymer solutions become
turbid, indicating aggregation due to long-range Coulombic
attractive forces and charge matching. The initial cloudy solu-
tions then visually undergo a phase change to an “oil in water”
like emulsion (FIG. 5) and it is proposed that this is due to a
transition in the interfacial molecular forces from pure elec-
trostatic charge-charge interactions to one of directional
charge-stabilized hydrogen bonding (FIG. 6). Charged
hydrogen bonds and proton shuffling have been shown to play
key roles in biological activities such as enzyme catalysis and
are primarily dependent on the differences of pKa values
between the donor and acceptor molecules.>*>> Hydrogen
bonds are expected to be strongest when the difference in pKa
between the donor and acceptor is small and it has even been
determined that in pKa matched systems, the hydrogen bonds
have covalent characteristics.*® The substantial difference of
six pKa units between the primary amine of poly-L-arginine
and the carboxylic acid group of citric acid may explain why
polyallylamine (pKa ~10.5) and poly-L-lysine, which have a
difference of only approximately four pKa units, could suc-
cessfully assemble the citrate-stabilized nanoparticles into
vesicles, but poly-L-arginine could not. The large difference
between the pKa of poly-L-arginine and the pK; of citric acid
would thus most likely cause the interactions between the
molecular ligands to remain essentially direct ion-pair elec-
trostatic with only very weak hydrogen bonding.

We propose that the combination of electrostatic affinities
and charged hydrogen bonding between the poly-L-lysine
and the citric acid functionalized quantum dots creates a zone
around each nanoparticle that is more neutral and less hydro-
philic as compared to the immediate region associated with
the excess polyamine. As stated earlier, an excess of the
number of positive charges associated with the polymer rela-
tive to the number of carboxylic acid groups (pK,) is required
for these vesicles to form and it is therefore safe to assume that
the initial negatively charged pK; carboxylic acid group of
the citrate-coated nanoparticles become completely neutral-
ized after reaction with the polypeptide. These uncharged
nanoparticle amine units in essence then become what is
typically the lipid layer of a conventional organic vesicle and
the excess poly-L-lysine chains that are not interacting with
any nanoparticle become what are usually the polar head
groups (FIG. 6)

As noted above, one of the predominant molecular forces
in biological systems is intermolecular, charge-stabilized
hydrogen bonding, where the strength of these interactions is
dependent on the relative pKa values of the donor and accep-
tor groups. The most widely studied example that uses such
Lewis acid base chemistry is the proteolytic enzyme, where
proton shuffling in the active sites provides the necessary
driving forces for biocatalysis. The model that we propose
here is an adaptation of this non-covalent chemistry for the
supramolecular assembly of semiconductor nanocrystallites
into vesicles starting from completely charged species. While
one of the more common bio-inspired techniques for produc-
ing nanoparticle superstructures has been to use highly spe-
cific molecular recognition events, such as receptor ligand
associations, we have demonstrated an alternative, more gen-
eral, and possibly versatile approach for the multicomposi-
tional, 3-d cooperative assembly of organic and inorganic
species into spatially defined domains: to simply use the very
same Lewis acid base chemistry and proton shuffling that is
seen throughout all of enzyme catalysis.

IV. Method of Using

This invention relates to a facile preparative system for the
highly selective delivery of organic and inorganic molecules
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providing drug delivery, gene delivery, sensing and medical
imaging. The preparative system provides a synthesis route
using multi-compositional, multi-functional organized nano-
particles in a multi-compositional hollow sphere creating
microdevices for therapeutic agent delivery, sensing, and
real-time medical imaging. Use of these microdevices is not
limited to, but includes nanomedical science, sensing, imag-
ing, and real-time imaging both in vivo and as a process
stream (i.e. factory production). The high range of function-
alities that have been introduced into this network provides a
diverse platform for the targeted reagents, thus lowering the
costs of therapeutics thereby lowering cost and increasing the
efficacy of treatment.

These robust materials are anticipated to have great prom-
ise in applications that require surface catalysis, magnetic/
electronic/optic properties, transport capabilities, and combi-
nations thereof, such as drug delivery, packaging, catalysis,
and sensors.

For example, the nanoparticle-containing microstructures
of'the present invention may be used for medical applications,
wherein the cargo to be delivered can be drug molecule(s),
therapeutic compound(s), radioactive compound(s), chemo-
therapy agent(s), DNA/RNA, proteins, or MRI contrast
agents. The mode of delivery can include aerosol delivery to
lungs via inhalation, subcutaneous injection, ingestion, trans-
dermal delivery (as ointment), and targeted delivery (via
attachment of organ-specific molecules to the shell exterior).

For applications in catalysis, catalytically active sites can
be located inside the hollow spheres. Examples include
metallic nanoparticles on the inner walls, organometallic
compounds bound on the inner wall, organometallic com-
pounds dissolved in a fluid inside the hollow sphere or
enzyme molecules dissolved in a fluid inside the hollow
sphere. Catalysis applications can include partial oxidation
reactions, oxidation reactions (to destroy organic pollutants
in the air or water), biocatalysis (using enzymes-containing
hollow spheres as bioreactors), enantioselective catalysis (to
produce precursors to drug molecules), on-demand catalysis,
and organic reactions catalyzed by metals

The nanoparticle-containing microstructures of the present
invention may also find applications as ceramics, e.g., coat-
ings as a thin film of hollow spheres or dielectric material for
electronics. In addition they may be used as a component in
dispersions, such as paints, sun tan lotion, and perfumes.
Agricultural applications would include the encapsulation
and slow release of pesticide, fungicide, or fertilizer. For
consumer food products the cargo to be encapsulated (and
slowly released, if needed) can include preservatives, “flavor”
compounds, “smell” compounds, and colored dye molecules.
Further applications may include sensor devices containing
encapsulated fluorescent dye molecules or as a chemical sen-
sor/detector, wherein a dye molecule would change colors if
it comes in contact with a chemical compound to be detected

In order to demonstrate the multi-functionality of this
microsphere assembly process and to validate the quality of
the three-dimensional multiple length scale, multi-compo-
nent assembly process; semiconductor nanoparticles were
used instead of gold as a means of optically tagging the
microspheres. If the nanoparticle assembly described above
is valid, one should be able to observe the simultaneous
effects:

1. Quantized electron confinement on the nanoscale within
the semiconductor array on the interior of the micro-
sphere

2. Confinement of the emitted photons on the micron
length scale within the microsphere cavity (e.g. micro-
cavity lasing).
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Semiconductor nanocrystals have been demonstrated to
have significant potential as inorganic chromophores ranging
from biological tagging to photovoltaics and lasing.'**'**
Bawendi, Klimov and co-workers previously demonstrated
that for stimulated CdSe QD emission to occur, a high QD
volume fraction and fast optical pumping are prerequisites for
overcoming the non-radiative decay processes dominated by
Auger recombination.?® In addition, a major requirement for
lasing is that the spontaneously emitted photons are coupled
to an optical feedback medium in order to undergo stimula-
tion. Spherical microcavities represent the ideal feedback
geometry for confining the propagation of light in three
dimensions and thus are ideal for optical nanoscale devices.>*
To date, glass and polymer spheres have successfully been
used as substrate microcavities to modify the spontaneous
emission of cadmium selenide (CdSe) quantum dots (QDs)
2%25Recently, lasing from CdSe QDs and quantum rods have
also been reported where substrate cavities such as glass and
polymer microspheres, distributed feedback gratings and
microcylinders were used as optical feedback media.**>*-°

In this miscrosphere self-assembly method, the light emit-
ted by the CdSe QDs is not coupled to that of a separate
substrate resonator but rather is trapped in its own self-as-
sembled three-dimensional CdSe spherical microcavity.
Using the method above with CdSe nanoparticles, hollow
semiconductor microspheres were cooperatively assembled
with walls composed of a thick (~200 nm), close-packed
inner layer of core-shell CdS/CdSe quantum dots surrounded
by an outer thinner layer (~70 nm) of silica nanoparticles. The
quantum dot dimensions as determined by TEM and optical
absorption, were found to be 28 A and 40 A (HOMO LUMO
gap energy of 2.4 and 2.2 eV, respectively) and showed a
narrow size distribution. These quantum dots were overcoat-
ing with CdS because when non-overcoated CdSe nanopar-
ticles were used instead for microsphere synthesis, the nanoc-
rystal luminescence was substantially quenched, indicating
further that strong surface interactions are occurring between
the individual CdSe nanoparticles in the synthesized micro-
cavities.

The macroscopic and spectroscopic properties of the indi-
vidual microcavities were characterized using a laser-excita-
tion photoluminescence (PL) microscope set-up. All mea-
sured samples were prepared on thin quartz slides by air-
drying, and prior to all spectroscopic analyses the geometrical
and optical properties of the individual spheres were investi-
gated; the P images were obtained by excitation with the 365
nm line of a continuous wave argon ion laser.

A representative TEM image of one such hollow double-
layer silica/CdSe microsphere with a diameter of 3.7 um is
shown in FIG. 7. In general, all of the microspheres investi-
gated for their optical properties were uniformly round in
shape and demonstrated smooth surfaces. FIG. 5 shows two
images comparing a phase contrast image and the resulting
green luminescence image of the of the same spheres after
laser excitation of the CdSe QDs (28 A in diameter). This
demonstration of self-assembled CdSe/CdS microcavities
provides a clear example of optical confinement of a quan-
tum-confined material, by coupling the electronic states of the
three-dimensional confined semiconductor nanoparticles to
the photonic states of the spherical microcavity.

In summary, the validity of the revolutionary new approach
for nanoparticle packaging has been demonstrated. The spe-
cific cooperation between the inorganic nanoparticles and the
polymer chains induces a phase transition from a uniform
aqueous system to a water emulsion created by the formation
of citrate-lysine ion pair interactions, which provides the
basis for the hollow sphere assembly. The predominantly
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electrostatic interactions at the organic/inorganic interface
also fulfill the requirement of high QD fill factors. Further-
more, the ability to synthesize a close-packed QD resonator
enables both stimulated emission and QD lasing to occur.
These self-assembled hollow microspheres provide a new
concept for microcavity lasing, where the symbiotic interac-
tion of the mode properties of the cavity with its emitting
building blocks results in single mode lasing without using
any additional artificial means, such as mirrors, gratings or
spheres. Additionally, because of the high quality and narrow
polydispersity of these miccrospheres, we have detected
whispering gallery modes confirming photonic confine-
ment.>” This demonstration of confining electronic environ-
ments coupled with signal detection may have a profound
impact on targeted delivery to a distinct cell population
coupled to electronic detection, and also confirms the high
degree of control that we can use to assemble multicomposi-
tional nanoparticle arrays for therapeutic applications.

V. Advantages

The advantages and improvements of the present invention
over existing techniques and features are: extreme simplicity
and ease of preparation of new approach; low-temperature,
single-step synthesis; extremely general method to produce
organic-inorganic hybrid materials; different structures of
hybrid materials are achievable; hybrid materials have desir-
able encapsulation properties; and organics from hybrid
spheres can be removed easily to produce hollow spheres.
Larger structured materials can be assembled with the hybrid
or hollow spheres of the present invention. Potential applica-
tions ofthese “nanocapsules” include drug delivery, chemical
storage, contaminated waste removal, gene therapy, catalysis,
cosmetics, magnetic contrast agents (for use in magnetic
resonance imaging), and magnetooptoelectronics. Porous
films produced with our method can find use as low-k dielec-
tric materials, insulation, catalysts and separation mem-
branes.

The ability to self-assemble biomolecules provides a syn-
thesis route for drug delivery systems that have not been
previously possible. The advantages of this self-assembly
system are:

1. The use of biofriendly materials for the self-assembly

process.

2. Delivery vehicle is stable in an aqueous environment,
thus more biocompatible.

3. The use and ability to selectively assembly 3-dimen-
sional arrays of different nanoparticle materials for
functionalization in spatially distinct regions.

4. Producing functionalized nanoparticles that attach to
nucleic acids for genetic therapy delivery systems.

5. Producing magnetic nanoparticles for real-time imag-
ing.

6. Producing functionalized nanoparticles with proteins
that recognize specific cell surface molecules.

7. The packaging of these nanoparticles so that two differ-
ent functions are represented on a single microsphere,
one on the interior and one on the exterior.

8. The ability to disrupt the sphere ionically by both pH and
salt gradients for payload delivery.

VI. Additional Embodiments

The compositions and methods of the present invention can
be extended to a global technique that includes nanoparticle
functionalization and attachment of molecules to produce a
novel delivery system based on biocompatibility, and both
nanoparticle and microsphere design by functionalization of
said components in the microdevice, including, but not
excluding, copolymers, diblock copolypeptides, polymers,
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metallic nanoparticles, metal oxide nanoparticles, polymer
nanoparticles and functionalization chemical processes. The
results of this design strategy results in a multi-functional,
multi-utility device whose function allows a delivery process
in such areas as therapeutic agent delivery, chemotherapeutic
agent delivery, sensing and imaging. Accordingly the present
invention includes the ability to functionalize nanoparticles to
allow localization, delivery, and payloading of agent. It
should be apparent to those skilled in this art that it does not
exclude the delivery of non-bioactive species but may include
inorganic species such as photoconductors and contrasting
agents (like cesium bromide) for imaging.
Our methodology should be extremely amenable to varia-
tions, as listed in the following;
1. Use of any diblock copolypeptide to modify character-
istics of microsphere on both micro and nano-scales.
2. Use of any charged homopolypeptide
3. Use of any non-amino acid based polyelectrolyte—
negatively charged, positively charged, amines, car-
boxylic acids
4. Use of water-soluble nanoparticles with different stabi-
lizing ligands
5. Use of nanoparticles of other compositions, including,
metals, other II-VI semiconductor, I1I-V semiconductor,
magnetic, polymeric, transition metal oxides.
6. Functionalization of nanoparticles for molecular attach-
ment
7. Biosignature-based delivery system
8. Increased payload capacity of therapeutic agent, sensing
molecule or imaging molecule.
9. A design strategy that allows increased functionality of
the microsphere by assembling chemical moieties for
needs-based properties.

EXAMPLES
Example 1

Av/Si0, Hybrid Spheres Using Lys,,,Cys;o
Copolypeptide

A diblock copolypeptide, poly(L-lysine,,,-b-L-cys-
teine,,) or “Lys,0,Cys;,” (FIG. 1) was synthesized and used
to direct the assembly of Au/SiO, hybrid spheres. A
Ly$500Cys50 (MW=28,890, HBr salt form) solution was pre-
pared for a final concentration of 2.5 mg/ml. 125 pul of a sol
containing Au nanoparticles (“n-Au,” 9.4 umol-particle/L)
was added to 50 ul of the polymer solution. The color of the
Au sol changed from ruby red to violet purple after addition,
indicating the n-Au particles underwent aggregation that red-
shifts the plasmon resonance frequency. After 5 minutes of
aging with occasional agitation, 125 pl of a sol containing
SiO, nanoparticles (“n-Si0,,” 360.1 pmol-particle/L) was
next added, causing the clear, purplish solution to become a
turbid, purplish solution. After about 15 minutes, a purple
precipitation was observed and after 24 hours, a purple floe
was found at the vial bottom. This precipitate was composed
of large spherical objects that appeared to have a hollow
center (FIG. 1). FIG. 3 depicts a schematic of a proposed
formation mechanism of these hybrid nanoparticle assembled
hollow spheres.

A scanning electron microscopy (SEM) image ofthe n-Au/
n-Si0,/Lys,,0Cys;, showed nearly exclusively spheres (FI1G.
8a). The sphere diameters ranged from 500 nm to 3 um. A
TEM of the same material is shown on the same scale (FIG.
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85b). Some other shapes were also observed, such as spheres
with a single dimple (“apples™) and spheres with an opening

(“Cup S”) .
Example 2

Using Different n-Au and n-SiO, Amounts

The effect of relative ratios of n-Au and n-Si0, particles to
a fixed amount of copolypeptide concentration was studied.
With Example 1 as the base sample (center image, FIG. 4e),
8 samples were prepared using 10 times more or less n-Au sol
and 10 times more or less n-SiO, sol. The samples were
examined via SEM 12 days after their preparation. According
to SEM results, 10xless n-Au did not lead to any defined
microparticles for all amounts of n-SiO,, suggesting that a
certain minimum amount of Au nanoparticles is required for
the hybrid spheres to form (FIGS. 4a-c). When 10x less
n-Si0, was used, using 10xmore n-Au appeared to give same-
size, more aggregated microparticles (FIG. 4g), as using
1xamount of n-Au (FIG. 44). When 1xamount ofn-SiO, was
used, however, the aggregates were much larger (FIG. 4e).
The aggregates for the 10xmore n-Au were roughly the same
size but they looked like cups rather than spheres (FIG. 44).
Using 10xmore n-SiO, led to Swiss cheese-like films (FIGS.
4f and 4i).

Example 3
n-Au/n-810,/Lys,,,Cys;, Films

n-Auw/n-Si0,/Lys,,,Cyss, spheres can be prepared in
highly aggregated form (FIG. 9). Hybrid spheres were in
contact with one another as a network (FIG. 9(a)) and as a
packed film (FIG. 6(5)). While about 20 nm Au nanoparticles
were used instead of the 10-12 nm particles of Example 1,
production of the film is likely due to a lower ratio of n-Au to
copolypeptide.

Example 4
Using Different Nanoparticles for the Interior

n-Ag/n-Si0,/Lys,,,Cys;, spheres were produced by using
a n-Ag sol instead of the n-Au sol (FIG. 10). A n-Ag sol
(diameter about 4 nm) was produced sonochemically.

Example 5
Using Different Nanoparticles for the Shell

n-Auw/n-CdSe/Lys,,,Cys;, spheres were produced by
using a n-CdSe sol instead of the n-SiO, sol (FIG. 11). CdSe
nanoparticles, or quantum dots (QD’s), were prepared
through pyrolytic decomposition of a cadmium and selenium
precursors to give particle size ~4 nm, in a process invented
by Wong and Stucky [Wong and Stucky, 2001]. The QD’s
were soluble in organic solvents and were made soluble in
citrate buffer aqueous solution by functionalizing the QD
surface with mercaptosulfonic acid (sodium salt, Aldrich).
The buffer solution contained the mercapto compound and
added to a volume of QD’s to create a two-phase mixture.
Shaking the mixture and letting sit overnight caused complete
phase transfer of the QD’s from the methylene chloride phase
to the water phase, as indicated by the red color of the water
phase. A small amount of this n-CdSe containing solution was
added in lieu of the n-SiO, sol.
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Example 6

Using Homopolymer Polyelectrolytes as
Structure-Directing Agents

Materials and Methods

Homopolymer polyelectrolytes. The only homopolymer
synthesized was poly-L-lysine HBr; all other polyelectrolytes
(including a control poly-L-lysine) were purchased from
either Sigma-Aldrich (molecular weight range from 25,000-
60,000) or PolySciences. Poly-L-lysine,,, poly-L-lysine,q,
and poly-L-lysine,,, were synthesized from N-carboxyben-
zyl-L-lysine N-carboxyanhydrides and the initiator 2,2'-bi-
pyridyl-Ni(1,5-cyclooctadiene)® with polydispersities rang-
ing from 1.05 to 1.2. The CBZ-L-lysine polymers were then
deprotected to give the free amine functional group using a
mixture of trifluoroacetic and hydrobromic acid, the excess of
which was later removed by dialysis.

Negatively charged nanoparticles. Silica and citrate coated
gold nanoparticles were used as described previously.?® The
water-soluble, citrate stabilized quantum dots were synthe-
sized as previously reported by Kotov and co-workers.*” Two
final sets of quantum dots corresponding to green and orange-
red emission were used for the vesicle assembly. The synthe-
sized quantum dots were characterized by transmission elec-
tron microscopy (TEM) as well as absorbance and
fluorescence measurements.

Nanoparticle Vesicle Assembly. The polyelectrolyte solu-
tions were, regardless of molecular weight, prepared at con-
centrations of 5 mg/ml. 100 pl of the as-synthesized quantum
dot solution was first diluted to 200 pl total volume with
deionized water. The 200-ul quantum dot aliquot was then
added to 50 pl of the polyelectrolyte solution. The reaction
was vigorously mixed by manually pipetting, during which
the solution altered in turbidity from a cloudy suspension to a
macroscopically clear solution. The vesicles were imaged
using both bright field and fluorescence optical microscopy;
the fluorescence images were done using a continuous wave
(CW) argon ion 365-nm laser line.

Dynamic light scattering measurements of the nanoparticle
vesicles. All nanoparticle vesicles were prepared immedi-
ately prior to measurements. Dynamic light scattering mea-
surements were made on a Brookhaven Instruments
BI-9000AT Digital Correlator as a function of scattering
angle (40-130°) at room temperature with sampling delay
times from 1 ps to 10 s. The raw data were analyzed by
least-squares fits to a cumulant expansion to which two addi-
tional long decays were added:

ag+a,exp(=2k Tk, T - (Va)ksT)+asexp(= 2k, (T)+azexp
(=2k37).

The two long-decay-rate mono-exponential functions were
included to model very large assemblies, probably arising
from conglomerates of spherical assemblies and/or the pres-
ence of dust. The hydrodynamic radius, R,,, of the spheres
was extracted by fitting the Stokes expression to the decay
rate constants:

T=k,=q?D=q>Tkp/6mnR .

This gives R=1.5 um.

Hollow Sphere Synthesis. The silica CdSe quantum dot
hollow spheres were generated by adding 200 ul of commer-
cially available colloidal silica, Snowtex 0, to the already
formed nanoparticle vesicle solutions. The hollow spheres
were allowed to settle to the bottom of the eppendorf tubes
before characterization by optical and electron (scanning
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electron microscopy (SEM) and TEM) microscopy. A similar
procedure can be used with citrate-coated gold nanoparticles
replacing the semiconductor quantum dots.

Results and Discussion

The repeating unit of the cationic, amino acid based poly-
electrolyte, poly-L-lysine (Table 1, P1), is a primary amine
with a corresponding pKa of~10.5. Poly-L-lysine of different
chain lengths showing a monodispersity of less than 1.1 were
synthesized from N-carboxybenzyl-L-lysine-N-carboxyan-
hydride monomers and the initiator 2,2'-bipyridyl-Ni(1,5-
cyclooctadiene). The hydrochoride and hydrobromide salts
of poly-L-lysine, poly-L-arginine and polyallylamine were
also commercially purchased for comparison experiments.
Water-soluble, citrate-stabilized cadmium selenide (CdSe)
quantum dots were first synthesized as reported by Kotov and
co-workers®” and used to titrate at pH 7.5 aqueous solutions
of' the cationic poly-L-lysine (0.5 to 1.0 mg/ml).

The addition of citrate-stabilized CdSe quantum dots to the
poly-L-lysine solutions caused the initial transparent poly-
mer mixtures to become visibly turbid and cloudy, indicating
aggregation of the positively charged polypeptide with the
negatively charged nanoparticles. However, upon continued
mixing, the solutions changed from cloudy to clear, and light
microscopy imaging revealed what looked like oil droplets in
an aqueous medium (FIG. 5A). Dynamic light scattering
measurements (FIG. 5B) were done on the assembled nano-
particle vesicles and the measured effective diameters of
approximately 3.0 pm corresponded to those seen by optical
microscopy. While the as-assembled nanoparticle vesicles
collapsed upon air drying, the addition of'silica nanoparticles
produced stable three-dimensional hollow spheres where the
shell walls were formed of a distinct inner layer of CdSe
quantum dots surrounded by a thinner outer layer of silica
nanoparticles (FIG. 6).

The formation of these vesicles was discovered to be strin-
gently dependent on the overall molar charge ratios of the
negative citrate molecules to the positive amines of poly-L-
lysine. The allowed window was narrow and determined to be
between 0.30 and 0.40 (negative citrate charges to positive
amine charges). At ratios below 0.3, the addition of citrate
stabilized quantum dots created no cloudiness or emulsions to
form, and at ratios above 0.4, the solutions turned initially
cloudy followed by a rapid precipitation that consisted of both
nanoparticles and polymer. At high ratios of nanoparticles to
polymer, substantial charge matching between the negative
citrate and positive amine groups causes insolubility to occur.

As a way to further elucidate the molecular chemistry
occurring at the interface between the nanoparticles and the
polyelectrolyte, quantum dots with other negatively charged
stabilizing ligands were synthesized and reacted with poly-
L-lysine. Water-soluble negatively charged tri-octylphos-
phine (TOPO) stabilized CdSe quantum dots were produced
using a reported surface exchange method with mercaptoace-
tic acid.®* These TOPO-mercaptoacetic acid functionalized
quantum dots were then mixed with solutions of poly-L-
lysine, but unlike the results obtained using the citrate func-
tionalized quantum dots, no vesicles or any other observable
supramolecular organization of the nanoparticles was
detected.

An additional set of experiments was next performed
where a different cationic, amino acid based polyamine, poly-
L-arginine (pKa ~12.5), was reacted with the citrate stabi-
lized quantum dots. Surprisingly, upon using similar polymer
chain length dimensions and working concentrations as those
used for poly-L-lysine, the addition of citrate-stabilized CdSe
nanoparticles only caused the poly-L-arginine solutions to
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become turbid with no ensuing phase transition into vesicles.
Electron microscopy of the final products showed no vesicu-
lar geometries and only coagulated materials. However, the
non-amino acid based polyamine, poly(allylamine hydro-
chloride) spontaneously produced nanoparticle vesicles
when mixed with the citrate-functionalized CdSe quantum
dots. Nevertheless, the striking differences in products
obtained between using the cationic polypeptides, poly-L-
lysine and poly-L-arginine (which is more highly ionized
than poly-L-lysine) determined that the molecular interac-
tions controlling the poly-L-lysine nanoparticle vesicles was
adirectionalized bonding coordination between the amines of
the polymer and the carboxylic acid group of the quantum
dots.

The initial part of the synthesis of the citrate stabilized
CdSe nanoparticles involves the complexation of free Cd**
ions with citrate molecules in water at pH 9.0. From the three
relative pKa values of citric acid, it can be deduced that the
Cd** ions are binding the carboxylic acid groups with the two
lowest pKa values, specifically 3.8 (pK,) (Table 1, C1) and
4.6 (pK,) (Table 1, C2). This binding scheme is in accordance
with the observed behavior of A1, Ga™ *° and Zn” 3! in
obtained crystal structures. The final CdS/CdSe core shell
quantum dots are then structured such that the only surface-
accessible carboxylic acid group is that corresponding to the
most basic pKa of 6.3 (pK,) (Table 1, C3) and that it is this
specific functionality that interacts with the primary amine of
poly-L-lysine.

Example 7

Designed Microsphere Delivery Parameters

A critical feature of therapeutic agent delivery is the ability
to deliver the contents upon arrival at a cellular destination.
For example, if therapeutic agent delivery was required to the
vagina, the pH of the vaginal secretions (pH 3.5-4.5) (37)
would allow the opening of the microspheres. Delivery of
therapeutic reagents could also be accomplished in the lining
of the stomach because of the low pH in that organ (38).
Interestingly, this method may also work for absorption of
any therapeutic agent for delivery into the bloodstream. In
addition, the vascular supply to tumors is often poorly formed
resulting in a poor nutritional supply, hypoxia and acidic pH
(39), and this delivery method would allow targeted delivery
to cancer cells because of the proteins on microsphere’s exte-
rior would allow targeting, and then delivery would occur
because of the cancer cells’ acidic microenvironment’s abil-
ity to open the microsphere. Microspheres in accordance with
preferred embodiments of the present invention can be
opened upon entry into a changed ionic chemical environ-
ment because of the charge distribution dependence on
microsphere formation. In order to elucidate and characterize
this further, careful pH experiments were performed. As dem-
onstrated in Table 1, the spontaneous formation of nanopar-
ticle vesicles depends on both the pKa of citric acid (6.3) and
the pKa of the poly-L-lysine (10.5) that is present in both the
diblock copolypeptide and the polylysine polymer. At pH
values below 6.5 and above 11, the pre-assembled micro-
spheres opened to present their contents, thus allowing thera-
peutic delivery (see Table 1). This sensitivity to pH was non-
linear; when the pH values of the vesicle solutions were
changed to either below 6 or above 11, the vesicles opened.
This observation is of particular interest with respect to the
use of these microspheres for the pH controlled transport and
delivery of encapsulated contents. Furthermore, the pH win-
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dow can be adjusted and tuned by the use of modifications of
the polyelectrolyte and particle capping agent.

TABLE 1

Vesicle opening upon pH changes.

pH of Citrate capped

nanoparticle pH of poly-L-lysine Vesicle Opening

5.0 7.0 Yes
55 7.0 Yes
6.0 7.0 Yes
6.5 7.0 No
7.0 7.0 No
8.0 7.0 No
9.0 7.0 No
9.5 7.0 No
7.0 12.0 Yes

Microsphere opening was also subjected to a NaCl gradi-
ent, and the assembled microspheres remained intact up to 40
mM NaCl. Preliminary light scattering data reveal that the
vesicles remain intact up until 250 mM NaCl (Birkedal, H.,
Cha, J., and Stucky, G., unpublished observations) suggesting
direct bonding interactions between the ligands on the nano-
particles and the polymer. Using this self-assembly mecha-
nism allows an unusual stability to high salt concentrations.
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What is claimed is:

1. A nanoparticle-containing microsphere comprising:

a. A diblock copolymer, acting as structure directing agent,
that binds to a first and second type of nanoparticles;
wherein the copolymer comprises a peptide block hav-

ing a sequence of about 10-400 positively-charged
residues selected from a group consisting of lysine,
arginine, and histidine, and a peptide block of about
10-400 cysteine residues;

b. the structure of the agent being such to direct the forma-
tion of an inner and outer layer of said microsphere;

c. said inner layer of said microsphere comprising a first
type of nanoparticles bound to the cysteine residues of
the structure directing agent; and

d. said outer layer of said microsphere coating the inner
layer comprising a second type of nanoparticles bound
to the positively charged residues of the structure-direct-
ing agent;

e. wherein the first type of nanoparticles is selected from
the group consisting of semiconductor group II-VImetal
non-oxide nanocrystals, gold nanoparticles, silver nano-
particles, platinum nanoparticles, palladium nanopar-
ticles, copper nanoparticles, thodium nanoparticles, rhe-
nium nanoparticles, nickel nanoparticles, and iridium
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nanoparticles and primary functionalization thereof to
introduce therapeutic or imaging agents; and

f. wherein the second type of nanoparticles is selected from
the group consisting of silicon oxide, titanium oxide;
aluminum oxide, zirconium oxide, magnesium oxide
and-secondary functionalization thereof to introduce a
recognition element for in vivo targeting.

2. A nanoparticle-containing microsphere comprising:

a. poly-L-lysine 100-300 or poly(allylamine hydrochlo-
ride), acting as structure directing agent, that binds to a
first and second type of nanoparticles;

b. the structure of the agent being such to direct the forma-
tion of an inner and outer layer of said microsphere;

c. said inner layer of said microsphere comprising a first
type of nanoparticles bound to a portion of the structure
directing agent; and

d. said outer layer of said microsphere coating the inner
layer comprising a second type of nanoparticles bound
to another portion of the structure-directing agent;

e. wherein the first type of nanoparticles is selected from
the group consisting of group II-IV semiconductor
nanocrystals, gold nanoparticles, silver nanoparticles,
platinum nanoparticles, palladium nanoparticles, cop-
per nanoparticles, rhodium nanoparticles, rhenium
nanoparticles, nickel nanoparticles, and iridium nano-
particles and primary functionalization thereof to intro-
duce therapeutic or imaging agents; and

f. wherein the second type of nanoparticles is selected from
the group consisting of silicon oxide, titanium oxide;
aluminum oxide, zirconium oxide, magnesium oxide,
and secondary functionalization thereof to introduce a
recognition element for in vivo targeting.

3. A method of making a nanoparticle-containing micro-

sphere comprising:

a) combining a solution of a diblock copolypeptide,

wherein the diblock acts as structure-directing agent, that
binds to a first and second type of nanoparticles and
directs the formation of an inner and outer layer of said
microsphere,

wherein the copolypeptide comprises a peptide block hav-
ing a sequence of about 10-400 positively-charged resi-
dues selected from a group consisting of lysine, argin-
ine, and histidine, and a peptide block of about 10-400
cysteine residues;

b) with a solution of a first type of nanoparticles for a time
and under conditions sufficient for the first type of nano-
particles to bind to the cysteine residues portion of the
structure directing agent and self assemble into an inner
shell; and

¢) adding a solution of a second type of nanoparticles, to
the diblock and first type of nanoparticle mixture, of a
different type than the first type of nanoparticles, under
conditions sufficient for the second type of nanoparticles
to bind to the positively charged residue portion of the
structure-directing agent and for the second type of
nanoparticles to form an outer layer coating the inner
layer containing the first type of nanoparticles;

wherein the first type of nanoparticles is selected from the
group consisting of semiconductor group I1-VI metal
non-oxide nanocrystals, gold nanoparticles, silver nano-
particles, platinum nanoparticles, palladium nanopar-
ticles, copper nanoparticles, thodium nanoparticles, rhe-
nium nanoparticles, nickel nanoparticles, and iridium
nanoparticles and primary functionalization thereof to
introduce therapeutic or imaging agents; and

wherein the second type of nanoparticles is selected from
the group consisting of silicon oxide, titanium oxide;
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aluminum oxide, zirconium oxide, magnesium oxide
and secondary functionalization thereof to introduce a
recognition element for in vivo targeting.

4. The method of claim 3, further comprising performing a
calcination step to remove the structure-directing agent.

5. The method of claim 3, further comprising mixing either
one or both of the first and second type of nanoparticles with
a citrate solution.

6. A method of making a nanoparticle-containing micro-
sphere comprising:

a) combining a solution of poly-L-lysine 100-300 or poly
(allylamine hydrochloride),

wherein the poly-L-lysine 100-300 or poly(allylamine
hydrochloride) acts as structure-directing agent, that
binds to a first and second type of nanoparticles and
directs the formation of an inner and outer layer of said
microsphere,

with a solution of a first type of nanoparticles for atime and
under conditions sufficient for the first type of nanopar-
ticles to bind portion of the structure directing agent and
self assemble into an inner shell; and
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b) adding a solution of a second type of nanoparticles, to
the diblock and first type of nanoparticle mixture, of a
different type than the first type of nanoparticles, under
conditions sufficient for the second type of nanoparticles
to bind to another portion of the structure-directing
agent and for the second type of nanoparticles to form an
outer layer coating the inner layer containing the first
type of nanoparticles;

wherein the first type of nanoparticles is selected from the
group consisting of group 1I-IV semiconductor nanoc-
rystals, gold nanoparticles, silver nanoparticles, plati-
num nanoparticles, palladium nanoparticles, copper
nanoparticles, rhodium nanoparticles, rhenium nano-
particles, nickel nanoparticles, and iridium nanopar-
ticles and primary functionalization thereof to introduce
therapeutic or imaging agents; and

wherein the second type of nanoparticles is selected from
the group consisting of silicon oxide, titanium oxide;
aluminum oxide, zirconium oxide, magnesium oxide,
and secondary functionalization thereof to introduce a
recognition element for in vivo targeting.
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