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1
POLYMER NANOCAPSULES ENTRAPPING
METAL NANOPARTICLES

CROSS-REFERENCE TO RELATED
APPLICATION

This application is the U.S. national phase application pur-
suant to 35 U.S.C. §3710f PCT International Patent Applica-
tion No. PCT/US2011/050109, filed Aug. 31, 2011, which
claims the benefit of priority to U.S. Provisional Patent Appli-
cation No. 61/378,934, filed Aug. 31, 2010. The entire con-
tents of the aforementioned patent applications are incorpo-
rated herein by reference.

STATEMENT OF RIGHTS TO INVENTIONS
MADE UNDER FEDERALLY SPONSORED
RESEARCH

This work was supported by grants from the National Sci-
ence Foundation (Grant Nos. CHE-1012951, DMR-
0521226, and CHE-0349315) and National Institutes of
Health (Grant No. IRO1HL079 147-01). The government has
certain rights in the invention.

BACKGROUND OF THE INVENTION

Designing economical synthesis of complex nanostruc-
tures is increasingly important for practical applications of
nanoscale objects. Nanoparticles have demonstrated tremen-
dous promise in many applications, such as catalysis,' medi-
cal imaging,” and development of new analytical methods.>
Nanoparticle-phospholipid hybrids have been used for in
vivo imaging and drug delivery.*

SUMMARY OF THE INVENTION

The invention provides a metal nanoparticle entrapped or
encapsulated in a polymer nanocapsule, and method for mak-
ing and using the metal nanoparticle entrapped in a polymer
nanocapsule.

In one aspect, the invention provides a metal nanoparticle
entrapped or encapsulated in a polymer nanocapsule. In cer-
tain embodiments, the metal nanoparticle is a metal selected
from the group consisting of silver, platinum, palladium, and
gold. In certain embodiments, the metal nanoparticle is silver.
In certain embodiments, the polymer nanocapsule is a
copolymer of a styrene with divinylbenzene. In certain
embodiments, the polymer nanocapsule is a copolymer of
tert-butylstyrene with divinylbenzene.

In another aspect, the invention provides a method of pre-
paring a metal nanoparticle entrapped or encapsulated in a
polymer nanocapsule, the method comprising polymerizing
monomers to form the polymer nanocapsule and simulta-
neously forming the metal nanoparticle. In certain embodi-
ments, the monomers are polymerized using a free-radical
initiator. In certain embodiments, the monomers are polymer-
ized in a lipid bilayer. In certain embodiments, the lipid
bilayer is a lipid bilayer of a liposome. In certain embodi-
ments, the method further comprises the step of removing the
lipid bilayer after synthesis of the metal nanoparticle
entrapped in a polymer nanocapsule.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 shows a simultaneous synthesis of polymer nano-
capsules and entrapped silver nanoparticles. Both reactions
are facilitated by a free-radical photoinitiator.
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FIGS. 2A-2C are TEM images show polymer nanocap-
sules containing metal nanoparticles. FIG. 2D shows X-ray
diffraction patterns of nanocapsules containing silver nano-
particles (top) and blank nanocapsules (bottom).

FIG. 3 shows UV and plasmon resonance analysis of lipo-
somes containing AgNO;. (A) UV spectra of liposomes con-
taining AgNO; in the aqueous core and DMPA in the bilayer
after varying exposure to UV light (0, 2, 5, 8, 12, 16, and 20
minutes). 150 ml aliquots were diluted in 2 ml of methanol to
lyze liposomes and minimize light scattering. Gradually
decreasing absorbance at 253 nm corresponds to the disap-
pearance of DMPA; increased absorbance at 405 nm is from
surface plasmon resonance in nanoparticles. (B) Liposome
with a silver nanoparticle produced after 20 minutes of UV
exposure in the presence of DMPA. (C) Increase of plasmon
resonance (filled circles, right y-axis) and decrease of DMPA
(empty circles, left y-axis, concentration in diluted methanol
solutions) over time. (D) UV spectra of aqueous solutions of
monomer-loaded liposomes containing AgNO3 and DMPA
before (1) and after (2) exposure to UV irradiation. Inset:
freeze-dried nanocapsules: empty (1) and containing
entrapped silver nanoparticles (2).

DETAILED DESCRIPTION OF THE INVENTION

As used herein, the term “nanoparticle” refers to a nanos-
cale metallic particle. Nanoparticles can be, e.g., about 0.5
nm to about 20 nm in size. Nanoparticles can be of varying
shapes, such as spherical or spheroidal.

As used herein, the term “nanocapsule” refers to a hollow
polymeric shell or enclosure having an outer shell wall defin-
ing an interior space. Nanocapsules can be, e.g., about 40 nm
to about 50 microns in size. Nanocapsules can be of varying
shapes, such as spherical or spheroidal.

In one aspect, the invention provides a metal nanoparticle
entrapped or encapsulated in a polymer nanocapsule. In cer-
tain embodiments, the metal nanoparticle is a metal selected
from the group consisting of silver, platinum, palladium, and
gold. In certain embodiments, the metal nanoparticle is silver.
In certain embodiments, the polymer nanocapsule is a
copolymer of a styrene with divinylbenzene. In certain
embodiments, the polymer nanocapsule is a copolymer of
tert-butylstyrene with divinylbenzene. In certain embodi-
ments, the nanocapsule has a size in the range of 40-120 nm.
In certain embodiments, the metal nanoparticle has a size of
about 1-10 nm, more preferably about 5-6 nm, most prefer-
ably about 5.5 nm. In certain embodiments, the polymer
nanocapsule further includes or entraps a drug or therapeutic
agent (e.g., a chemotherapeutic agent).

In another aspect, the invention provides a method of pre-
paring a metal nanoparticle entrapped or encapsulated in a
polymer nanocapsule, the method comprising polymerizing
monomers to form the polymer nanocapsule and simulta-
neously forming the metal nanoparticle. In certain embodi-
ments, the monomers are polymerized using a free-radical
initiator. In certain embodiments, the monomers are polymer-
ized in a lipid bilayer. In certain embodiments, the lipid
bilayer is a lipid bilayer of a liposome. In certain embodi-
ments, the metal nanoparticle is formed by free-radical reduc-
tion of a metal ion dissolved in an aqueous solvent phase. In
certain embodiments, the method further comprises the step
of removing the lipid bilayer after synthesis of the metal
nanoparticle entrapped in a polymer nanocapsule.

In another aspect, the invention provides a method of pre-
paring a metal nanoparticle entrapped in a polymer nanocap-
sule, the method comprising providing an aqueous phase
containing vesicles, wherein the aqueous phase includes a
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metal ion or salt and the vesicles comprise at least one mono-
mer; and polymerizing the at least one monomer to form the
polymer nanocapsule and simultaneously forming the metal
nanoparticle entrapped in the polymer nanocapsule. In cer-
tain embodiments, the at least one monomer is polymerized
using a free-radical initiator. In certain embodiments, the at
least one monomer is polymerized in a lipid bilayer of the
vesicles. In certain embodiments, the lipid bilayer is a lipid
bilayer of a liposome. In certain embodiments, the metal
nanoparticle is formed by free-radical reduction of a metal
ion dissolved in an aqueous solvent phase. In certain embodi-
ments, the method further comprises the step of removing the
lipid bilayer after synthesis of the metal nanoparticle
entrapped in a polymer nanocapsule.

In another aspect, the invention provides methods of using
a metal nanoparticle entrapped or encapsulated in a polymer
nanocapsule. Entrapment of metal nanoparticles in hollow
nano-capsules may offer several advantages. Nanoparticles
may be stabilized without the need for surfactants. Adequate
space separation of nanoparticles will ensure maximum effi-
ciency of nanoparticles in catalysis and sensor applications.
Therapeutic agents may be co-encapsulated with nanopar-
ticles that would act as radiographic contrasts. This approach
may offer high loading capacity for carrying drugs, which is
important for either delivering high doses of medication or
enabling extended release. Several examples of “nanorattles”
have been reported.® Decreasing the shell thickness in these
hybrid nanostructures is important for their practical applica-
tions.

In another aspect, the invention provides a metal nanopar-
ticle entrapped or encapsulated in a polymer nanocapsule
produced by any method described herein.

In another aspect, the invention provides a metal nanopar-
ticle entrapped or encapsulated in a polymer nanocapsule,
optionally further comprising a therapeutic agent (e.g., a che-
motherapeutic agent), for use in therapy.

In another aspect, the invention provides a metal nanopar-
ticle entrapped or encapsulated in a polymer nanocapsule,
optionally further comprising a therapeutic agent (e.g., a che-
motherapeutic agent), for preparation of a medicament for the
treatment of a disease or condition such as cancer.

Thus, for example, nanocapsules can be used as nanoreac-
tors. Many metal nanoparticles showed significant catalytic
activity. It is hard to create catalytic devices from nanopar-
ticles because nanoparticles tend to aggregate due to their
high surface area and corresponding high surface energy.
They need to be stabilized by either surrounding them with a
surfactant matrix of by embedding them in polymers. As a
result, they either lose much of their catalytic activity and/or
show slow interactions with substrates. Entrapping nanopar-
ticles in hollow nanocapsule keeps the naked nanoparticles
apart and provides enough empty space around them for the
flow of substrates and products.

As another example, the nanocapsules can be used in
nanosensors. Silver nanoparticles have been used in recently-
emerged surface-enhanced raman scattering (SERS) method.
Adsorption of molecules on the surface of silver nanopar-
ticles result in dramatic signal enhancement, allowing detec-
tion of very small amounts of analytes. Analysis of a complex
mixture is complicated though, because all molecules would
have increased signals. If silver nanoparticles are entrapped in
nanocapsules with selective pores, only certain molecules
would adsorb on the nanoparticles. This would permit more
accurate measurements of small molecules in physiological
fluids (blood), where large molecules such as proteins or
DNA would be filtered out by the nanocapsules.
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Nanocapsules entrapping metal nanoparticles can be pre-
pared, e.g., as described herein. Here we show a one-step
synthesis of hollow polymer nanocapsules that entrap simul-
taneously formed silver nano-particles. We used liposomes as
the scaffold for the synthesis (FIG. 1). FIG. 1 is a schematic
depiction of a synthesis of a polymer nanocapsule entrapping
silver nanoparticles.

In certain embodiments, a polymer nanocapsule as
described herein is about 40 nm to about 50 microns in size;
in certain embodiments, from about 40 nm to about 1000 nm
in size; in certain embodiments, from about 40 nm to about
250 nm in size; or, in certain embodiments, from about 40 nm
to about 120 nm in size. The size of the nanoparticles can be
varied by changing the liposome diameter.

The polymer nanocapsule as described herein defines a
shell or wall enclosing a hollow interior space (which can
accommodate a metal nanoparticle and may be filed with
solvent and the like). The shell or wall can be porous or
permeable; the size of any pores should be small enough to
retain the metal nanoparticle (i.e., to prevent the metal nano-
particle from passing out of the interior of the nanocapsule),
but can be large enough to allow efficient exchange of solutes,
reagents, substrates, analytes, or other small molecular spe-
cies to pass across the wall between the bulk solution phase
and the interior of the nanocapsule. Bilayer-templated nano-
capsules can be imprinted with nanopores having controlled
size, density, and chemical environment.® Formation of nan-
opores is done using pore-forming templates that are co-
dissolved with monomers within the bilayer interior and that
are removed after the polymerization.®

In certain embodiments, the polymer nanocapsule is cross-
linked. The degree of cross-linking can be varied by control-
ling the concentration of the monomer or monomers in the
lipid bilayer, the concentration of the free-radical initiator, the
length of time the cross-linking polymerization reaction is
perfumed, and the like.

In certain embodiments, a metallic nanoparticle (entrapped
in a polymer nanocapsule) as described herein is generally
from about 0.5 nm to about 50 nm in size (on average); in
certain embodiments, from about 1 nm to about 20 nm in size;
in certain embodiments, from about 2 nm to about 10 nm in
size; or, in certain embodiments, about 5.5 nm in size (on
average). The size of the metallic nanoparticle formed will
depend at least in part on factors such as the amount and
concentration of the metal salt in the aqueous phase in the
interior of the vesicle prior to reduction of the metal ion; the
size of'the vesicle; the reaction time for the redox chemistry of
the metal to occur, and the like. In general, larger vesicles can
accommodate larger metal nanoparticles; for example, a
metallic nanoparticle 50 nm in size could be formed in a
vesicle 10 microns in size.

Liposomes have two distinct regions: the aqueous core and
the hydrophobic bilayer interior. The hydrophobic bilayer
interior of a liposome can be used for templating of nano-
capsules and related structures.®’ Ultra-fast mass transfer
across nanometer-thin walls has been used for controlling the
size and chemical environment of nanopores imprinted in the
bilayer-templated capsules.® An aqueous core has been used
for templating of a broad range of nanoparticles.?

The present invention relates, at least in part, to the discov-
ery that the synthesis of silver nanoparticles in the aqueous
core of liposomes can be combined with the synthesis of
polymer nanocapsules within the bilayer. Previously, photo-
chemical reduction of silver, as well as other metals, was
reported.” We have now found that a free-radical photo-
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chemical initiator, which is used to promote the polymeriza-
tion the bilayer, also facilitates the growth of nano-particles in
the aqueous core.

The polymer nanocapsules of the invention can be pre-
pared using a variety of material and methods, some of which
are known in the art. In general, polymer nanocapsules are
formed by polymerization of one or more monomers, wherein
the one or more monomers are distributed in a lipid bilayer of
a scaffold, such as a vesicle (e.g., a lipid vesicle, a liposome,
etc.). An aqueous phase containing vesicles such as lipo-
somes is prepared, e.g., by hydrating lipids or other vesicle-
forming reagents; monomers for polymerization can be
added to the lipids or a separate solution of monomers can be
added to a pre-formed liposome preparation. Metal ions are
dissolved in the aqueous phase (e.g., by combining a metal
salt or salts with the lipids prior to formation of vesicles in the
aqueous phase, or by adding the metal salt, or a solution of
metal salt, to the pre-formed liposome preparation. The pho-
toinitiator can be added separately or together with another
component (e.g., lipid, metal salt, and the like). Once the
vesicle-containing preparation is formed, including the
monomer(s), the metal salt, and the photoinitiator, metal
nanoparticles entrapped in polymer nanocapsules can be
formed by irradiation with light at a wavelength suitable to
activate the photoinitiator (e.g., ultraviolet (UV) light, such as
light at about 254 nm). The metal nanoparticles entrapped in
polymer nanocapsules can then be isolated and purified if
desired, as described herein.

Suitable monomers can be, for example, any monomers
used for free-radical polymerization, such as compounds
containing one or more carbon-carbon double bonds; such
alkenyl compounds can be polymerized, e.g., by free radical
polymerization to prepare polymeric (including co-poly-
meric) nanocapsules. Exemplary monomeric compounds
include a styrene or styrene derivative (including t-butylsty-
rene and divinylbenzene) and acrylates (such as acrylic esters
and methacrylic esters including butylmethacylate, tert-bu-
tylmethacrylate, ethylene glycol dimethacrylate, and the
like). Examples of suitable binary copolymer systems include
tert-butylstyrene and divinylbenzene, tert-butylmethacrylate
and ethylene glycol dimethacrylate, butylmethacrylate and
ethylene glycol dimethacrylate, and the like. Ternary and
higher copolymers can also be prepared.

Polymerization of monomers can be initiated using initia-
tors such as free radical initiators or photoinitiators (such as
2,2-dimethoxy-2-phenylacetophenone). Other free radical
initiators or photoinitiators known in the art can be used.
Water-soluble initiators or hydrophobic initiators can be used
in order to independently vary concentration and nature of
ions in the aqueous core and hydrophobic monomers in the
bilayer. The amount of photoinitiator to use can be deter-
mined by one of ordinary skill in the art; in certain embodi-
ments, the starting monomer:initiator ratio can be, e.g., 50:1
to 500:1, more preferably about 200:1.

Preparation of polymer nanocapsules of the invention can
be performed at any suitable temperature, e.g., at a tempera-
ture from about 0° C. to about 100° C., more preferably from
about 20° C. to about 50° C. The temperature selected will
depend on factors such as the monomer(s) to be polymerized,
the solvent system selected (e.g., the temperature will gener-
ally be between the freezing and boiling points of the sol-
vent), the liposome components, and the like.

In general, polymer nanocapsules of the invention are pre-
pared using a lipid bilayer as a “template” for polymerization
of'the nanocapsule “shell”. In certain embodiments, the lipid
bilayer is a lipid bilayer of a vesicle in an aqueous solution;
vesicles include liposome. The term “liposome™ as used
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herein includes conventional unilamellar liposomes (having a
lipid bilayer and an aqueous phase in the interior). Other
bilayer vesicle-like structures can be used as a template,
including polymersomes prepared from diblock copolymers.

In certain embodiments, vesicles such as liposomes are
prepared by methods known in the art. Exemplary classes of
lipid components that form liposomes, including unilamellar
liposomes, in aqueous environments are known in the art and
can be selected by one of ordinary skill in the art using no
more than routine experimentation. Examples of liposome-
forming materials include phosphatidylcholine and deriva-
tives, such as DMPC, and other amphiphiles that form
vesicles (including dioctadecyldimethylammonium chloride
and other dialkyldimethylammonium salts).

The preparation of the polymer nanocapsules of the inven-
tion can be performed in aqueous solutions, which can
optionally include water-miscible organic solvents, which are
generally selected to maintain complete miscibility with
water (single liquid phase or monophase) under the condi-
tions chosen, e.g., over the entire range from about 0.01 vol.
% up to about 60 vol. %. Examples of water-miscible organic
solvents include alcohols and aprotic solvents. Examples of
alcohol solvents include methanol, ethanol, 1-propanol,
2-propanol, 2-butanol, tert-butanol, ethylene glycol, diethyl-
ene glycol, propylene glycol, glycerol, methylcellosolve (eth-
ylene glycol monomethyl ether), methylcarbitol (diethylene
glycol monomethyl ether) and the like. Methanol, ethanol or
tert-butanol are preferred, particularly ethanol. Aprotic sol-
vents include an ether, an ester, a ketone, a nitrile, an amide,
or a sulfoxide. The aprotic solvent is preferably ethylene
glycol dimethyl ether, ethylene glycol diethyl ether, diethyl-
eneglycol dimethyl ether, dioxane, tetrahydrofuran, acetone,
methylethylketone, acetonitrile, dimethylformamide, or dim-
ethylsulfoxide. Other solvents include amines (e.g., buty-
lamine) and organic acids (e.g., acetic acid). In addition,
buffers and other additives may be used, e.g., as is known in
the art.

The metal nanoparticle can be selected from a variety of
metals, e.g., silver, platinum, palladium, and gold. In general,
a desired metal nanoparticle can be formed provided that the
elemental metal does not substantially react with the solvent
system, e.g., does not react with water or aqueous solvent
systems. One of ordinary skill in the art can select a suitable
metal according to the intended use of the nanocapsules, e.g.,
as catalysts, as therapeutic agents, as sensors, and the like. To
prepare metal nanoparticles entrapped in a polymeric nano-
capsule, the metal is generally provided as a metal salt (with
a metal cation) in the aqueous phase (the metal salt must have
atlest some water solubility). The metal ion is then reduced to
an elemental metal nanoparticle in situ through the use of
free-radical redox chemistry. The metal salt selected will vary
according to factors such as the desired metal nanoparticle
and the solubility of the salt in the aqueous phase. For
example, silver nitrate can be used for preparation of silver
nanoparticles; gold salts such as gold chloride (HAuCl,) can
be used to prepare gold nanoparticles. Mixed metallic par-
ticles can also be prepared by use of mixtures of metal salts.

Selection of an appropriate free-radical initiator for use in
the redox chemistry of the metal and for initiation of poly-
merization is also possible for the skilled artisan in view of the
disclosure herein. Separate initiators can be used for the for-
mation of metal nanoparticles and for the synthesis of nano-
capsules, if desired.
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EXAMPLES

Chemicals

All solvents used were HPLC grade. 1,2-dimyristoyl-sn-
glycero-3-phosphocholine (DMPC) was purchased from
Avanti Polar Lipids, Inc. as a dry powder. p-divinylbenzene
(DVB), tert-Butylstyrene (tBuSt), methanol and Sephadex
G-50 (medium) were purchased from Sigma-Aldrich. DVB
and tBuSt were passed through an alumina column to remove
the inhibitor. Sephadex G-50 (10 g) was swollen in 120 mL. of
water in a glass screw-capped bottle for at least 5 h at room
temperature and stored at 4° C. until required for use. All
other chemicals were not further purified before use.

X-Ray Diftraction Measurements

For XRD study nanocapsules were resuspended in ben-
zene, and freeze-dried.

XRD spectra were collected on a Bruker D8 Advance
X-ray diffractometer using Cu Ka radiation at 40 kV and 40
mA. The diffraction patterns were obtained in the 20 scan
range 30-75° with a step size of 0.05 and a time/step of 0.2 s.
Transmission Electron Microscopy (TEM)

TEM images were acquired on a JEOL JEM1200EXII
microscope. Samples were negatively stained with phospho-
tungstic acid (pH 5.9) on a carbon grid.

Dynamic Light Scattering (DLS)

Hydrodynamic diameter measurements were performed
on a Malvern Nano-ZS zetasizer (Malvern Instruments Ltd.,
Worcestershire, U.K.). The Helium-Neon laser, 4 mW, oper-
ates at 633 nm, with the scatter angle fixed at 173°, and the
temperature at 25° C. 80 ulL samples were taken from the
reaction vials with a pipet and were placed into disposable
cuvettes without dilution (70 pL, 8.5 mm center height Brand
UV-Cuvette micro). At least 10 scans were collected from
each sample.

UV/VIS Spectroscopy

UV spectra were recorded on Agilent Technologies 8453
UV spectrophotometer in quartz cuvette in the range 200-700
nm. Molar extinction coefficient (e) for 2,2-dimethoxy-2-
phenylacetophenone in MeOH was determined (at
Amax=253 nm) to be 12200100 L mol~* cm™".

Example 1

Synthesis of Nanocapsules with Entrapped Silver Nanopar-
ticles

Nanocapsules with entrapped silver nanoparticles were
prepared by the following procedure: tert-Butylstyrene (24
pL, 1.33x107% mol), p-divinylbenzene (19 pL, 1.33x107°
mol), and 2,2-dimethoxy-2-phenylacetophenone, DMPA,
(UV initiator; 0.33 mg, 1.3x107% mol) were added to a solu-
tion of DMPC (60 mg, 8.85x10~> mol) in CHCl,. The mono-
mers were purified on a column of neutral alumina prior to
addition. The CHCl; was evaporated using a stream of puri-
fied argon to form a lipid-monomer film on the wall of a
culture tube. The film was further dried under vacuum for 30
min to remove traces of CHCI,. The dried film was hydrated
with 1072 mol solution of AgNO, in deionized water to give a
dispersion of multilamellar vesicles, which was then extruded
at 35° C. through a polycarbonate Nucleopore track-etch
membrane (Whatman) with 0.1-m pore size using a Lipex
stainless steel extruder (Northern Lipids). Prior to polymer-
ization, unloaded silver ions were removed from the mixture
by size-exclusion chromatography on Sephadex G-50 col-
umn. Oxygen was removed by passing purified argon through
the solution. The sample was irradiated (A=254 nm) in a
photochemical reactor equipped with a stirrer (10 lamps 0f32
W each; 10-cm distance between the lamps and the sample)
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for 60 min. Methanol (10 mL) was added, and the precipitate
was washed 3-5 times with methanol. For DLS measurements
and UV-spectroscopy prepared nanocapsules were resus-
pended in Triton X-100 solution in water (0.5 mL, 2%) by
stirring for 1 h at ambient temperature.

As described above, liposomes containing monomers (1:1
mixture of tert-butylstyrene and divinylbenzene) and a pho-
toinitiator (2,2-dimethoxy-2-phenylacetophenone, DMPA)
in the bilayer and silver ions in the aqueous core are prepared
by hydrating a mixture of lipids and monomers with the
aqueous solution of silver nitrate followed by extrusion. The
sample is then irradiated with UV light to initiate both the
polymerization and formation of nanoparticles. The forma-
tion of nano-particles is evidenced by the yellow color due to
surface plasmon resonance. Polymerization was typically
complete within one hour. The rate of polymerization is con-
sistent with previous kinetic studies of styrene polymeriza-
tion in micro-emulsions and self-assembled monolayers.'®

In these Examples, the total amount of photoinitiator was
approximately 1.5 times greater than the amount of silver ions
entrapped within liposomes. The starting monomer:initiator
ratio was 200:1.

After the synthesis, the lipid scaffold can be removed by
either precipitation and washing with methanol or by using
surfactants, such as Triton X-100 or sodium dodecyl sulfate
(SDS).

When surfactants are used, nanocapsules are solubilized in
water. Precipitation from methanol can be followed by
freeze-drying from benzene and subsequent resuspension in
organic solvents. Capsules can be freeze-dried and stored for
an extended period of time before resuspension in organic
solvents or water.’

TEM images show polymer nanocapsules containing
metal nanoparticles (FIGS. 2A-C). Most nanocapsules found
here are in the 40-120 nm range, consistent with previous
studies.®

Statistical analysis of TEM data yielded the average size of
silver nanoparticles to be 5.5+£2.0 nm. Silver nanoparticles
were further characterized by X-ray diffraction (FIG. 2D). A
peak at 37° is characteristic of silver and is not present in the
blank nanocapsules (FIG. 2D). The size of silver nanopar-
ticles has been estimated by using the Debye-Scherrer for-
mula.'! The average particle size was calculated to be
approximately 5 nm, in excellent agreement with TEM data.

The role of the free-radical photoinitiator in the formation
of nanoparticles was investigated by studying nanoparticle
templating in liposomes in the absence of monomers. Forma-
tion of nanoparticles was monitored using UV spectroscopy
by increasing absorbance at 405 nm due to surface plasmon
resonance (FIG. 3A). Nanoparticles begin to form within 1-2
minutes. After the first 10 minutes, there was little change in
the absorption at 405 nm. The formation of liposome-tem-
plated nanoparticles was confirmed by TEM (FIG. 3B). In
control experiments, performed under identical conditions in
the absence of a free-radical initiator, no nanoparticles were
found by TEM and UV analyses.

Disappearance of the initiator was monitored with UV
spectroscopy by following absorption at 253 nm (FIG. 3A).
The rate of nanoparticle growth correlates well with the rate
of initiator disappearance (FIG. 3C). In our setup, the major
portion of the initiator DMPA is located within the bilayer.
Aqueous solubility of the initiator was estimated to be
approximately 1.5x10~* M from the UV spectrum of the
saturated aqueous solution of DMPA. This concentration is
much lower than the concentration of silver ions used here
(0.01 M). DMPA dissolved in water may seed the formation
of nanoparticles. Most of the data in FIG. 3C come from
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DMPA associated with the bilayer. We have previously shown
that the release of hydrophobic molecules from the bilayer is
slow.¥ Without wishing to be bound by any theory, it is likely
that electron transfer at the water/bilayer interface contributes
to the growth of nanoparticles.

The scope of simultaneous templating can be further
expanded by using water-soluble initiators in addition to
hydrophobic ones in order to independently vary concentra-
tion and nature of ions in the aqueous core and hydrophobic
monomers in the bilayer. UV spectra reveal the presence of
nanoparticles in the nanocapsules after the polymerization
(FIG. 3D). Dried nanocapsules containing silver nanopar-
ticles exhibit characteristic yellow color in contrast to empty
nanocapsules (FIG. 3D, inset).

Based on sizes of nanocapsules and nanoparticles, it
appears that less than 5% of nanocapsule volume is occupied
by a nanoparticle and more than 95% of nanocapsule volume
is available for co-entrapment of other species (e.g., drugs) or
for allowing unhindered flow of analytes or substrates and
products. Sizes of both nanocapsules and nanoparticles can
be varied by changing the liposome diameter and concentra-
tion of metal salts. Bilayer-templated nanocapsules can be
imprinted with nanopores having controlled size, density, and
chemical environment.® Formation of nanopores is done
using pore-forming templates that are co-dissolved with
monomers within the bilayer interior and that are removed
after the polymerization.® Functionalization of nanopores
opens opportunities for regulating permeability of nano-cap-
sules, including response to external stimuli. Controlled
membrane transport can be useful for selective uptake of
analytes and substrates or for the release of nanoparticles.

A simple method for obtaining metal nanoparticles
entrapped in hollow polymer capsules with controlled perme-
ability promises technological advances in diverse
applications, such as creation of theranostic devices,'* nan-
oreactors,'® or sensors, e.g., surface-enhanced Raman scat-
tering (SERS).'*

In summary, we have demonstrated simultaneous synthesis
of hollow polymer nanocapsules and entrapped silver nano-
particles. This method may be adapted to a broad range of
metals and monomers. Newly prepared hybrid nanostructures
open exciting opportunities for practical applications.
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OTHER EMBODIMENTS

From the foregoing description, it will be apparent that
variations and modifications may be made to the invention
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described herein to adopt it to various usages and conditions.
Such embodiments are also within the scope of the following
claims.

The recitation of a listing of elements in any definition of a
variable herein includes definitions of that variable as any
single element or combination (or subcombination) of listed
elements. The recitation of an embodiment herein includes
that embodiment as any single embodiment or in combination
with any other embodiments or portions thereof.

All patents and publications mentioned in this specification
are herein incorporated by reference to the same extent as if
each independent patent and publication was specifically and
individually indicated to be incorporated by reference.

What is claimed is:

1. A method of preparing a metal nanoparticle entrapped in
apolymer nanocapsule, the method comprising polymerizing
monomers to form the polymer nanocapsule and simulta-
neously forming the metal nanoparticle.

2. The method of claim 1, wherein the monomers are
polymerized using a free-radical initiator.

3. The method of claim 1, wherein the monomers are
polymerized in a lipid bilayer.

4. The method of claim 3, wherein the lipid bilayer is a lipid
bilayer of a liposome.

5. The method of claim 1, wherein the metal nanoparticle is
ametal selected from the group consisting of silver, platinum,
palladium, and gold.

6. The method of claim 1, wherein the metal nanoparticle is
silver.

7. The method of claim 1, wherein the polymer nanocap-
sule is a copolymer of a styrene with divinylbenzene.

8. The method of claim 1, wherein the polymer nanocap-
sule is a copolymer of tert-butylstyrene with divinylbenzene.

9. A metal nanoparticle entrapped in a polymer nanocap-
sule, prepare according to the method of claim 1.
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10. The metal nanoparticle entrapped in a polymer nano-
capsule of claim 9, wherein the metal nanoparticle is a metal
selected from the group consisting of silver, platinum, palla-
dium, and gold.

11. The metal nanoparticle entrapped in a polymer nano-
capsule of claim 10, wherein the metal nanoparticle is silver.

12. The metal nanoparticle entrapped in a polymer nano-
capsule of claim 9, wherein the polymer nanocapsule is a
copolymer of a styrene with divinylbenzene.

13. The metal nanoparticle entrapped in a polymer nano-
capsule of claim 12, wherein the polymer nanocapsule is a
copolymer of tert-butylstyrene with divinylbenzene.

14. A catalyst comprising a metal nanoparticle entrapped in
a polymer nanocapsule according to claim 9.

15. A sensor comprising a metal nanoparticle entrapped in
a polymer nanocapsule according to claim 9.

16. A method of performing a metal-catalyzed reaction, the
method comprising contacting a reactant with a metal nano-
particle entrapped in a polymer nanocapsule according to
claim 9.

17. A method of preparing a metal nanoparticle entrapped
in a polymer nanocapsule, the method comprising:

providing an aqueous phase containing vesicles, wherein

the aqueous phase includes a metal salt and the vesicles
comprise at least one monomer; and

polymerizing the at least one monomer to form the poly-

mer nanocapsule and simultaneously forming the metal
nanoparticle entrapped in the polymer nanocapsule.

18. The method of claim 17, wherein the at least one
monomer is polymerized in a lipid bilayer of the vesicles.

19. The method of claim 18, wherein the lipid bilayer is a
lipid bilayer of a liposome.

20. The method of claim 16, wherein the metal nanopar-
ticle is formed by free-radical reduction of a metal ion dis-
solved in an aqueous solvent phase.
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