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Description

TECHNICAL FIELD

[0001] This patent document relates to nanotechnologies.

BACKGROUND

[0002] Nanotechnology provides techniques or processes for fabricating structures, devices, and systems with features
at a molecular or atomic scale, e.g., structures in a range of one to hundreds of nanometers in some applications. For
example, nano-scale devices can be configured to sizes within one hundred to ten thousand times smaller than human
cells, e.g., similar in size to some large biological molecules (biomolecules) such as enzymes and receptors. Nano-sized
materials used to create a nanostructure, nanodevice, or a nanosystem that can exhibit various unique properties that
are not present in the same materials scaled at larger dimensions and such unique properties can be exploited for a
wide range of applications.
US 2010/0055170 A1 discloses nanocapsules comprising a silica shell including pore channels and a metal core within
a cavity of the silica shell.
US4671909A1 discloses hollow microspheres comprising shells including macropores. The pore structure allows im-
pregnation with enzymes.
US 2005/0244322 A1 discloses mesoporous core-silica shell particles.
Li, J., et al., Soft Matter, 2010, 6, 542-550, discloses a method of fabricating microcapsules via a layer-by-layer approach.
Yu, A., et al., Adv. Mater, 2005, 17, 1737-1741, discloses a method of preparing enzyme loaded biocompatible micro-
capsules.
Li, G., et al., Chem. Mater, 2010, 22, 1309-1317, discloses a nanoparticle delivery device with either 2 silica shells and
a silica core or hollow double-layered PMAA shelled-microcapsules loaded with DOX.

SUMMARY

[0003] Techniques and devices are described for fabricating and implementing nanostructures or nanoparticles that
include a hollow core and sealable holes.
[0004] In one aspect of the disclosed invention, a method is defined to fabricate a nanoparticle device comprising
combining a core particle with one or more masking particles to form a template, wherein the one or more masking
particles bind to the core particle and cover one or more regions of the surface of the core particle, each of the one or
more regions corresponding to a surface area formed between each of the one or more masking particles and the core
particle;forming a layer over the template, wherein the layer forms over the surface of the core particle excluding the
covered one or more regions;removing the template to produce a shell structure having one or more holes extending
between an interior region that is hollow and an external surface, the one or more holes having a size on the external
surface substantially that of the surface area and distributed on the shell structure at the one or more regions;loading a
substance into the interior region of the shell structure through the one or more holes, wherein the substance includes
a macromolecule; and forming an outer layer over the shell structure, wherein the outer layer seals the one or more
holes of the shell structure and encloses the substance within the interior region, wherein the one or more holes are
mesopores with a size ranging from 2 nm to 50 nm, and the mesopores are sealed with a nanoporous shell material;
and wherein the outer layer includes pores with a size less than 2 nm to allow molecules smaller than 2 nm to diffuse
in and out but prevent macromolecules from entering and leaving.
[0005] In another aspect of the invention, defined is a nanoparticle device carrying a substance comprising:a shell
structure including at least two layers including an internal layer and an external layer,wherein the substance includes
a macromolecule;wherein the internal layer encloses a hollow interior region comprising the substance in the hollow
region;wherein the internal layer includes one or more holes penetrating said internal layer, the one or more holes having
a diameter larger than the diameter of the macromolecule,wherein the one or more holes are mesopores with a size
ranging from 2 nm to 50 nm, and the mesopores are sealed with a nanoporous shell material,wherein the external layer
is formed around the internal layer and includes pores with a size less than 2 nm to allow substances smaller than 2 nm
to diffuse in and out but prevent macromolecules from entering or leaving;wherein the substance and the internal layer
are such that the substance is capable of passing through the one or more holes of the internal layer; and wherein the
substance and the external layer are such that the substance is incapable of passing through the external layer.
[0006] The subject matter described in this patent document can be implemented in specific ways that provide one
or more of the following features. For example, the disclosed nano- and micro-structures can include nanoparticles
having sealable holes to a hollowed interior that can encapsulate other substances contained inside the hollow region.
The exemplary hollow nanoparticles with sealable holes further include pores that permit transport of selected particles
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or substances, while not permitting transport of the encapsulated substances. Exemplary methods to fabricate the
disclosed nanoparticles (e.g., the exemplary hollow porous nanoparticles (HPNPs)) are described offering precise control
and flexibility over the size and permeability of the nanoparticles, e.g., using a variety of materials. The described
nanostructures include exemplary features including, for example, a high characteristic surface area and hollow interior
capable for loading substances, which can enable implementations in a broad range of applications, e.g., including
nanomedicine, catalysis, optics, waste removal, among many other applications. The disclosed nanostructures can be
applied to medical diagnostics, monitoring and therapy, e.g., such as prodrug-enzyme therapy, enzyme or gene delivery
and sensor applications. Exemplary nanomedicine applications can include controlled release of drugs, biological mol-
ecules and chemicals, immuno-isolation and protection of biomolecules and biologically active species, building blocks
for photonic crystals, and removal of waste substances. For example, one or more macromolecules or macromolecular
system(s) is encapsulated in an exemplary HPNP and be sealed afterwards, e.g., forming a sealed hollow porous
nanoparticle (SHPNP), after which the exemplary macromolecule(s) can still be in communication with the environment,
e.g., via small molecules that can traffic in and out through the pores of the SHPNP.
[0007] In an example of an application using the disclosed technology, the exemplary macromolecule encapsulated
in the exemplary SHPNP can be a molecule capable of signaling the occurrence of a particular event such as pH change.
When pH changes in the environment, the pH change can be detected by the exemplary encapsulated macromolecule,
e.g., because ions can move through the pores of the exemplary SHPNP. For example, in this configuration, the exemplary
macromolecule used to detect the pH change is not introduced to the environment and therefore does not activate any
immune response. Similarly, the exemplary SHPNPs can be used for different applications, e.g., in which the encapsulated
structure is an enzyme. For example, an enzyme can be encapsulated in an SHPNP and be used to activate a drug
molecule, e.g., which it binds to that would be otherwise deactivated. The exemplary enzyme is protected inside the
exemplary SHPNP from the immune system, and the outside of the exemplary SHPNP can be conjugated to targeting
agents to enable specific binding to a targeted site within the environment. Once the exemplary SHPNP having the
encapsulated enzyme is delivered to the target site (e.g., tumor), a deactivated drug can be introduced into the blood
flow of the organism (e.g., since the drug is deactivated, there is no limitation of drug dose). Also, for example, since
the drug is a small particle, it can diffuse to many regions associated with the target site. However, the drug can be
activated only at the region having the exemplary enzyme-encapsulated SHPNP, e.g., which can be targeted to that
particular site or region. Therefore, in this example, the drug is only activated at the target site, e.g., by moving through
the SHPNP pores and interacting with the encapsulated enzyme (e.g., activating the drug), and then moving out through
the SHPNP pores to treat the tumor. For example, drug delivery via the disclosed nanoparticles can be used to provide
stabilization, extended circulation, and targeting. In other examples, the encapsulated load can include proteins respon-
sible for activating a certain mechanism, other nanoparticles, and/or toxic substances, e.g., protected from the biological
environment that the exemplary SHPNPs are deployed.

BRIEF DESCRIPTION OF THE DRAWINGS

[0008]

FIGS. 1A-1C show schematic diagrams illustrating an exemplary nanoparticle synthesis protocol.
FIGS. 2A-2B show process diagrams of an exemplary nanoparticle synthesis protocol.
FIG. 3 shows exemplary transmission electron microscopy (TEM) images showing the structural properties of ex-
emplary hollow porous nanoparticles.
FIG. 4 shows scanning electron micrograph (SEM) images exhibiting degrees of freedom of the synthesis on ex-
emplary hollow nanoparticle features.
FIGS. 5A and 5B show an SEM image of exemplary aggregates and resultant hollow porous nanoparticles.
FIG. 5C shows SEM images of exemplary unsealed and sealed hollow porous nanoparticles.
FIG. 6 shows an illustration of an exemplary implementation using the disclosed sealed hollow porous nanoparticles.
FIGS. 7A and 7B show SEM images of exemplary hollow porous nanoparticles.
FIGS. 8A-8I show electron micrographs of exemplary hollow porous silica nanoparticles.
FIGS. 9A-9D show schematic illustrations of an exemplary fabrication process to create sealed hollow porous
nanoparticles.
FIGS. 10A and 10B show data plots showing activity of sealed hollow porous nanoparticles of the disclosed tech-
nology.
FIGS. 10C-10E show electron micrographs showing exemplary nanoparticles.
FIG. 11 shows an image demonstrating in vivo activity in the disclosed technology.
FIG. 12 shows a data plot showing activity of free Bacillus cereus penicillinase with and without incubation with
proteinase-K.
FIG. 13 shows a data plot showing activity of free Renilla reniformis luciferase with and without incubation with
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proteinase-K.
FIG. 14 shows a data plot showing a standard curve of Bacillus cereus penicillinase activity.
FIG. 15 shows a data plot showing activity of different concentrations of free Bacillus cereus penicillinase compared
to that encapsulated within sealed hollow porous nanoparticles.
FIG. 16 shows a data plot showing a standard curve of Renilla reniformis luciferase activity.
FIG. 17 shows a data plot showing activity of different concentrations of Renilla reniformis luciferase compared to
that encapsulated within sealed hollow porous nanoparticles.
FIGS. 18A and 18B show schematic diagrams illustrating an exemplary metallic nanoparticle synthesis protocol.
FIG. 18C shows an image of exemplary hollow porous gold nanoparticles.
FIG. 19 shows schematic diagrams illustrating an exemplary nanoparticle synthesis protocol.
FIG. 20 shows schematic diagrams illustrating an exemplary nanoparticle synthesis protocol.

[0009] Like reference symbols and designations in the various drawings indicate like elements.

DETAILED DESCRIPTION

[0010] Nanostructures such as nanoparticles can be used to carry chemical or biological substances (e.g., drugs) as
loads and be deployed for delivery of the loaded substances in a variety of environments, including biological environments
such as within an organism. For example, nanostructure carriers deployed in an in vivo environment can themselves
trigger an immune response and/or cause toxicity issues, e.g. which can be due to the nanoparticle carrier material
and/or the loaded substance material. In some cases, drug delivery systems via nanoparticles can require modification
of the loaded substance, which can reduce the desired function of the loaded substance.
[0011] Techniques and devices are described for fabricating and implementing nanoparticles that include a hollow
core and sealable holes.
[0012] The disclosed nanoparticles and nanoparticle systems include a hollow nanoparticle-based carrier platform
that is capable of encapsulating and protecting substances within an interior region of the nanoparticle, through sealable
holes. For example, the disclosed nanoparticle-based carrier platform can include hollow porous nanoparticles that can
enclose a molecular load such that it is hidden from the immune system within its hollow core, while allowing controlled
interaction of the enclosed load within the desired environment, e.g., via pores on the surface that lead to the interior
region of the nanoparticle. For example, the exemplary hollow porous nanoparticles can themselves be biocompatible,
but encase a non-biocompatible load. For example, implementation using the disclosed nanoparticles and nanoparticle
systems in some applications can eliminate the need for modifying a payload substance, prevent triggering of an undesired
immune response when deployed in an organism, allow flexible surface functionalization of the nanoparticle (e.g., for
targeting), or extend circulation lifetime of the nanoparticles independent of the loaded substance(s). Also for example,
the disclosed nanoparticles and nanoparticle systems can include a hollow non-porous nanoparticle-based carrier plat-
form that is capable of encapsulating and protecting substances within the interior region of the nanoparticle through
sealable holes and release the encapsulated substances into an environment that the nanoparticle is deployed, e.g., in
which the sealable holes can dissolve and release the load in the deployed environment. In other examples, the disclosed
nanoparticles and nanoparticle systems can include a hollow nanoparticle-based carrier platform that is capable of
encapsulating and protecting substances within the interior region of the nanoparticle through sealable holes and release
the encapsulated substances into an environment that the nanoparticle is deployed, e.g., in the nanoparticle can dissolve
and release the load in the deployed environment.
[0013] In one aspect, the disclosed technology includes fabrication techniques that can be used to create nano-scale
structures (e.g., such as nano-cage or nano-shell particles) having sealable holes and small pores, each of controllable
sizes, e.g., in which the structure can encapsulate other substances contained within an interior region. Described are
fabrication methods that can produce hollow porous nanoparticle (HPNPs) having holes configured to a controllable
size, e.g., which can allow entry of other substances or particles (e.g., macromolecules) within its hollow interior. The
described fabrication methods include techniques to seal the holes of the HPNPs, e.g., forming sealed hollow porous
nanoparticles (SHPNPs), which can enclose the loaded substances or particles within the SHPNPs. For example, to
fabricate HPNPs, a core particle is used as a starting template material, e.g., which can be in the form of any shape,
including a sphere, conc, rod, rectangular solid, tube, among others. Masking particles can bind to the external surface
of the template material, e.g., by intermolecular interactions. A porous shell can be formed by applying a coating material
around the template material forming a core shell nanoparticle. Afterwards, the core and bound masking particles can
be removed, e.g., by dissolution or calcination or other similar methods, in which the porous shell remains. Implementation
of this process can form hollow porous nanoparticles, and other molecules can be encapsulated inside the interior of
the produced nanoparticle. For example, the described fabrication methods can include techniques to load and seal the
holes completely, e.g., once the exemplary macromolecules are encapsulated inside, enabling the porous shell particle
as a loaded carrier. For example, the hole size can be adjusted independent of the size of the nanoparticle size. For
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example, the described fabrication methods can include techniques to independently adjust the pore size.
[0014] Exemplary template-based techniques are described that can use a variety of materials (e.g., including polymers,
ceramics, and metals) to prepare HPNPs with monodisperse sizes, e.g., ranging from several tens of nanometers to
micrometers in core particle diameter. The exemplary template-based techniques can be used to produce surface holes
of controllable sizes along the hollow particle shell, e.g., ranging from a few nanometers to tens or hundreds of nanometers
in hole diameter. The described fabrication techniques can provide independent control of the permeability of HPNPs.
For example, permeability of the HPNPs can be configured by controlling the porosity of the shell material, e.g., producing
pores of sizes that can range from a few to several nanometers. For example, nanometer pore sizes can result in relatively
low permeability of large macromolecules diffusion into / out of the HPNPs, e.g., preventing enzymes, proteins or larger
biologically active materials to diffuse through the HPNP while still permitting smaller substances to diffuse through the
pores. For example, exemplary implementations using silica and gold HPNPs are described demonstrating precise
control of particle size and surface porosity. The described fabrication techniques can be modified to produce HPNPs
of different materials, e.g., including, but not limited to, calcium-based nanoparticles such as calcium phosphate or
calcium coated particles, iron oxide nanoparticles, among other materials. For example, fabricating HPNPs of different
materials can provide engineering of the properties of the HPNPs that can be suitable for particular desired applications.
[0015] The exemplary techniques can include colloidal templating reactions on surfaces with different chemical and
physical properties. For example, a layer of shell material is grown over a colloidal particle template with parts of the
surface blocked by smaller masking colloidal particles. Subsequently, the template and masking particles are removed
by methods such as, for example, calcination and/or dissolution, to leave the hollow particle with open holes on the
surface. For example, the overall size of the particle is determined by the template particle. For example, the diameter
of the holes can be adjusted by varying the size of the masking particles, and the number of holes on the particle surface
can be controlled by the relative molar concentration of template and masking particles.
[0016] The disclosed technology includes several protocols for fabricating the nanoparticles with hollow core, porous
surface and sealable holes. FIGS. 1A-1C show schematic diagrams illustrating one exemplary nanoparticle synthesis
according to the invention.
[0017] FIG. 1A shows an example of a process 110 in which masking particles 115 are mixed together with one or
more core or template particles 111. For example, the masking particles 115 can be nanoparticles configured to have
a surface charge, e.g., a negative surface charge. Also, for example, the masking particles 115 can include particles
with a functionalized external surface 116, e.g., having a surface charge. For example, the exemplary masking particles
115 can be polystyrene nanoparticles, and the exemplary functionalized surface 116 can be a carboxylated-functional
layer. For example, the template particle 111 can be a nanoparticle configured to have a surface charge, e.g., a positive
surface charge, of opposite polarity to the surface charge of the masking particles 115. Also, for example, the template
particle 111 can include a particle with a functionalized external surface 112. For example, the exemplary template
particle 111 can be a polystyrene nanoparticle, and the exemplary functionalized surface 112 can be an amine-functional
layer. For example, once the exemplary carboxylated masking particles 115 and aminated template particle 111 are
mixed, the carboxylated particles 115 can bind to the aminated template particle 111.
[0018] FIG. 1A also shows an example of a process 120 of binding of the masking particles 115 with the carboxylated
functionalized surface 116 to the aminated functionalized surface 112 of the template particle 111, e.g., by electrostatic
interactions. For example, when the exemplary carboxylated particles 115 have a negatively charged surface, they repel
negative ions and prevent sol-gel reaction on their surfaces, e.g., blocking some positively charged regions of the outer
surface of the exemplary aminated template particle 111. In other examples, the process 120 can include binding the
masking particles 115 to the surface 112 of the template particle 111 by other particle attraction means, e.g., including,
but not limited to, hydrogen bonding, covalent bonding, magnetic attraction, hydrophobic interactions, etc.
[0019] FIG. 1A further shows an example of a process 130 of adding a layer 131 to the masking particles 115 - template
particle 111 complex. For example, sol-gel reagents can be added to the solutions containing the masking particles 115
bound to the template particles 111. Exemplary sol-gel reactions can occur only in the positively charged regions along
the surface 112 of the template particle 111, e.g., the regions that are not covered or blocked by the masking particles
115. The process 130 covers the exposed surface of the template particle 111 with the coating 131 while not covering
locations where the masking particles 115 are present. For example, the coating 131 can be a porous material. For
example, the layer 131 can be of a material (e.g., silica) such that the process 130 can result in a porous layer forming
on the surface of the template particle 111. For example, addition of sol-gel reactants in the process 130 can initiate
silica growth, e.g., rooted from the amino groups of the exemplary aminated functionalized surface 112. Also exemplified,
but not claimed is where the coating 131 can be a non-porous material. In some examples, the process 130 can include
adding the layer 131 to the masking particles 115 - template particle 111 complex by other means, e.g., including, but
not limited to, material based exclusivity, or redox chemistry that forms the layer 131 only on the surface of one particle
(e.g., the template particle 111) and not the surface of the other particle(s) (e.g., the masking particles 115), among
other techniques. Exemplary materials used for the coating can include porous or or degradable materials (e.g., that
can dissolve or degrade in certain environments or under particular conditions or by an exemplary trigger, e.g., conditions
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and/or trigger including pH, temperature, pressure, molecular interaction, or other conditions and/or triggers).
[0020] In addition, FIG. 1A shows an example of a process 140 of forming a hollow nanoparticle, e.g., by removing
the template particle 111 and the masking particles 115. For example, once the layer 131 is formed with the desired
thickness, the template particle 111 and masking particles 115 are removed, e.g., by various methods including dissolving
them by solvents, calcination, melting, or burning, or a combination of these or other similar methods. For example, the
process 140 can include introducing dimethylformamide (DMF), acetone, or other solvent and/or heat to the layer-covered
masking particles 115 - template particle 111 complex. Implementation of the process 140 yields an HPNP that includes
empty or hollowed porous shell 141 with holes 145 and an empty or hollowed interior 142. In some non-claimed examples,
the process 140 can be implemented to form a hollow non-porous nanoparticle, e.g., by removing the template particle
111 and the masking particles 115. For example, a hollow non-porous nanoparticle can be formed by implementing the
process 130 using an exemplary non-porous material as the coating 131. In such examples, the exemplary shell 141 is
a hollowed non-porous shell.
[0021] Once the exemplary HPNPs are created, they are loaded with macromolecules and sealed to encapsulate the
loaded substances.
[0022] FIG. 1B shows an example of a process 150 for loading load particles 151 into the hollow interior region 142
of the shell structure 141. For example, a solution of shell structures (e.g., HPNPs) can be loaded with the load substances
by adding a high concentration solution of the load substances to the solution of the shell structures. The process 150
can be implemented by one of several methods. For example, the load particles 151 can diffuse into the shell structures
141 through the holes 145. In other examples, the load particles 151 can enter the interior region 142 of the shell
structures 141 through their holes 145 by non-diffusion means, e.g., including electrophoretic forces. The process 150
can be implemented using various types of materials as the load, e.g., including, but not limited to, drugs, biodegradable
macromolecules, pH sensitive molecules, enzymes, hormones, and/or other proteins, glycoproteins, glycolipids, carbo-
hydrates, lipids, nucleic acid, aptamer, metals, polymers, and ceramic particles, for various applications.
[0023] After loading the shell structures 141 with the load particles 151, the holes 145 are sealed. FIG. 1C shows
processes 160 and 170 showing forming a sealed hollow porous nanoparticle 175, e.g., by sealing the holes 145 of the
exemplary HPNP 141 that encloses the load particles 151 within the hollow interior region 142. In this example, the
holes 145 are sealed with a further layer of a porous material (e.g., silica) shown as layer 171. In other non-claimed
examples, the holes 145 can be sealed with a further layer of a non-porous material (e.g., a metal layer or other non-
porous material), which can also be represented by the layer 171.
[0024] The process 160 can include partially covering the holes 145 with a layer 161 (e.g., a large positively charged
polymer such as poly-L-lysine (PLL)). For example, the PLL polymer can create a mesh like structure over the surface
of the exemplary HPNP 141 and the holes 145. The process 170 includes sealing the load particles 151 within the
exemplary HPNP 141 to form a sealed hollow porous nanoparticle 175. For example, the process 170 can include
forming a layer 171 over the exemplary PLL-covered HPNP 141. For example, further addition of sol-gel reactants can
create another layer (e.g., the layer 171) on top of the initial layer (e.g., the layer 161) covering the holes 145, e.g., by
nucleation sites that are on the exemplary PLL polymer, thereby forming the exemplary SHPNP 175. For example, the
exemplary load particles 151 can be permanently sealed and enclosed inside the exemplary SHPNP 175. In some
examples, the process 170 can be implemented to form the exemplary sealed hollow porous nanoparticle 175 without
implementing the process 160, e.g., by forming a layer 171 directly over the exemplary shell structure 141. In some non-
claimed examples, a sealed hollow non-porous nanoparticle can be formed by implementing the processes 160 and
170 using an exemplary non-porous material as the coating 131. In such examples, the exemplary shell 141 is a hollowed
non-porous shell (e.g., with the load particles 151 inside the hollow interior region 142) that can be covered with the
layer 161 (e.g., a large positively charged material, forming a mesh-like structure over the surface of the exemplary shell
structure 141 and the holes 145), and the holes 145 can be sealed (e.g., enclosing the load particles 151 within the
exemplary shell structure 141) by forming the layer 171 over the exemplary layer 161-covered shell structure 141, thereby
forming the exemplary sealed hollow nanoparticle 175. In this example, the exemplary sealed hollow nanoparticle 175
can include a non-porous layer 141 and a porous layer 171, e.g., in which small particles or substances can traffic in
and out of the exemplary nanoparticle 175. Also in such examples, the process 170 can be implemented to form the
exemplary sealed hollow nanoparticle 175 without implementing the process 160, e.g., by forming a layer 171 directly
over the exemplary shell structure 141 (e.g., loaded with the load particles 151 inside the hollow interior region 142).
[0025] For example, the process 170 can include determining a material for the layer 171 can be based on a desired
application. In some non-claimed examples, the exemplary sealed hollow nanoparticle 175 can include a porous layer
141 and a porous layer 171. In other non-claimed examples, the exemplary sealed hollow nanoparticle 175 can include
a non-porous layer 141 and a porous layer 171. In other examples, the exemplary sealed hollow nanoparticle 175 can
include a porous layer 141 and a non-porous layer 171. And in other non-claimed examples, the exemplary sealed
hollow nanoparticle 175 can include a non-porous layer 141 and a non-porous layer 171.
[0026] The load particles 151 are macromolecules.
[0027] The exemplary fabrication process depicted in FIG. 1A can be implemented using polystyrene nanoparticles
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with amino functional groups as the exemplary template particles and polystyrene nanoparticles with carboxyl functional
groups as the exemplary masking particles. For example, amino functional groups are positively charged and can
facilitate the chemistry used in the exemplary fabrication process. In some examples, exemplary sol-gel reagents require
a positively charged nucleation site, which can be provided by the aminated functionalized surface. Fabrication of
exemplary HPNPs can be implemented using materials such as vesicular solution, colloids, emulsion droplets and
polymers as templates for forming a layer of target material or its precursor. For example, the exemplary fabrication
process can be implemented using silicic acid is used as a precursor. For example, silicic acid gives negatively charged
silicon-containing ions to the solution. These exemplary negatively charged ions are attracted by the positively charged
template nanoparticle surface. For example, silica can be selected as a coating material over the masked template
surface; e.g., properties of silica can include adjustable porosity, thermal and mechanical stability, low density, high
specific surface area, and biocompatibility and biodegradability, which can be important properties in medical- and
biological-based applications.
[0028] Exemplary silica HPNPs were fabricated for use in exemplary implementations of the disclosed technology.
For example, amine-functionalized polystyrene nanoparticles (APNPs) can be used as the template for nucleating growth
of the nanoporous silica sol-gel network. For example, tetramethoxysilane (TMOS) is hydrolyzed in aqueous solution to
give silicic acid, which acts as a precursor for the polycondensation reaction on the particle surface. Exemplary chemical
reactions below describe the initial stages of the polycondensation reaction of silicic acid resulting in the growth of silica
layer.

Si(OCH3)4 + 4 H2O → Si(OH)4 + 4 HOCH3 + 4 OH-

Si(OH)4 + OH- → Si(OH)3O- + H2O

Si(OH)4 + Si(OH)3O- → (HO)3 Si-O-Si (OH)3 + OH-

[0029] For example, the exemplary fabrication process can include mixing APNPs with carboxyl-functionalized poly-
styrene latex nanoparticles (CPNPs) in an aqueous solution (e.g., illustrated in the process 110 of FIG. 1A). The exemplary
APNPs and CPNPs can aggregate together, e.g., due to electrostatic interaction of functional groups (e.g., illustrated
in the process 120 of FIG. 1A). For example, the exemplary particles with oppositely charged surface functional groups
attract each other in solution. For example, the amine functionalized surface creates a more efficient nucleation site for
base-catalyzed silica gel growth compared to the acidic carboxyl-functionalized surface. At the point of contact, CPNPs
serve as a negatively charged nanomask for the sol-gel reaction on the particle surface. The exemplary fabrication
process can include adding silane to the solution to be hydrolyzed and give silicic acid, e.g., which acts as a precursor
to the silica layer. For example, basic amine groups on the APNPs can template silica gel growth efficiently, whereas
acidic carboxyl groups on the CPNPs can mask the reaction at point of contact with the APNPs (e.g., illustrated in the
process 130 of FIG. 1A). The exemplary fabrication process can include removing the APNPs and CPNPs through, for
example, calcination or dissolution. Once the silica layer is formed with the desired thickness, the polystyrene particles
are removed by dissolution or calcination leaving the silica HPNP structure (e.g., illustrated in the process 140 of FIG.
1A). In some examples, the exemplary fabrication process can include resuspending and dispersing the HPNPs in water
using vortex mixing and gentle sonication. For example, the final particle diameter after calcination can be approximately
85% of the diameter of the initial 500 nm template APNPs, which may be related to partial dehydration of the silica gel
hydroxyl groups during heating or extraction with anhydrous solvents.
[0030] For example, the fabrication process can be implemented to produce silica shell particles (e.g., HPNP 141 in
FIG. 1A, and SHPNP 175 in FIG. 1C) having pores that allow small molecules to get through. However, the large molecule
load (e.g., load particles 151 shown in FIG. 1C) cannot get through the holes, and is therefore sealed within the particle.
There can be other variations of this exemplary fabrication technique (described in FIGS. 1A-1C) that can be based on
the desired application. For example, the HPNP can be formed of metal (e.g., such as gold), or there can be multiple or
multiple varying layers of different materials that form the HPNP, e.g., such as a first internal layer of metal and a second
external layer of polymer (e.g., silica). The size of the particle can be determined by the size of the template particle,
and the sizes of the holes can be determined by the sizes of the blocking or masking particles. The size of the disclosed
hollow porous nanoparticle and the size of its holes can be configured independent of each other. In addition, the porosity
of the HPNP can be configured independent of the size of the HPNP and the size of its holes.
[0031] FIGS. 2A-2B show process diagrams of the synthesis protocol to produce hollow porous nanoparticles and
sealed hollow porous nanoparticles. FIG. 2A shows a process diagram 200 that includes a process 201 to bind nanomask
particles to a core particle, a process 202 to form a layer over the nanomask-bound core particle, and a process 203 to
form a hollow porous shell particle including holes, e.g., by removing the nanomask particles and the core particle. FIG.
2B shows a process diagram 210 that includes a process 211 to load macromolecules into the hollow porous shell
particle through the holes and a process 212 to seal the holes of the hollow porous shell particle to enclose the loaded
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molecules or other substances within.
[0032] The exemplary fabrication methods of the disclosed technology provide precise control of nanoporosity and
particle diameter independently. For example, the exemplary fabrication methods can be applied to the broad range of
materials accessible through sol-gel synthesis routes. In addition, the exemplary fabrication methods can be applied for
different chemistries including gold and redox based chemistries, e.g., expanding the suitability of HPNPs to a broad
range of applications.
[0033] Exemplary fabrication methods were employed using, e.g., tetramethoxysilane (TMOS) solution, which was
obtained from Aldrich-Sigma Ltd. Exemplary chemicals were used as received. For example, amine functionalized
polystyrene beads were obtained from Polysciences, Inc. and carboxyl-functionalized polystyrene latex particles were
obtained from Life Technologies, Inc.
[0034] Exemplary implementations of the disclosed technology included the preparation of hollow porous silica nano-
spheres. For example, a 50 mL template particle solution was mixed with the corresponding amount of masking particle
solution to prepare the desired ratio of particle concentrations. The resultant mixture was shaken overnight and 1000
mL of anhydrous ethanol was added to the solution. In order to generate the silica precursor and initiate the silica growth,
1 mL of tetramethoxysilane was added to the solution. The mixture was shaken overnight, and the suspended particles
were collected by centrifugation (e.g., 5 min at 14000 rpm), washed with deionized water a few times and dried in vacuum
overnight on a coverslide. To remove the organic compounds, a coverslide carrying the nanoparticle powder was placed
over a hot plate and calcined overnight at 450 °C. The calcined powder was transferred to a tube and suspended in
water (e.g., 50 mL) and dispersed by gentle sonication.
[0035] Exemplary implementations of the disclosed technology included the preparation of sealed hollow porous silica
nanospheres. For example, 4 mL of 10 mg/mL enzyme solution was added to 50 mL of the exemplary hollow porous
silica nanospheres solution and incubated overnight. The exemplary solution was diluted with 1000 mL phosphate
buffered saline and 50 mL 0.1% poly-L-lysine with a molecular weight of 150-300 kDa. For example, the exemplary
solution can be diluted to prevent aggregation. TMOS was added to 1 mM HCl in 74:500 volume ratio and mixed for a
few minutes to make silicic acid solution. 25 mL of the exemplary silicic acid solution was added to the above porous
silica nanospheres solution immediately after the dilution and shaken for 1 hr, e.g., in order to generate sealed hollow
porous silica nanospheres. Later, suspended sealed hollow porous silica nanospheres were collected with centrifugation
(e.g., 5 min at 14000 rpm) and washed several times with water. Samples were exposed to proteinase-K enzyme
overnight at a concentration of 0.1 mg/mL in IX phosphate buffered saline (PBS) solution at 37 °C, followed by removal
of proteinase-K by successive washing again by IX PBS by centrifugation (e.g., 5 min at 14000 rpm). The described
protocol can be used for encapsulation of payload substances. For example, the payload substances utilized in the
exemplary implementations included penicillinase and Renilla reniformis luciferase, e.g., encapsulated within exemplary
hollow porous silica nanospheres.
[0036] For example, penicillinase from Bacillus cereus was obtained from Sigma-Aldrich Co., LLC. CCF2-AM was
obtained from Life Technologies, Inc., San Diego, California, USA. Rabbit polyclonal biotinylated antibody was obtained
from GeneTex, Inc., San Antonio, Texas, USA. All fluorescence intensities were measured on an Infinite 200 Pro, TECAN,
Switzerland.
[0037] Exemplary implementations of the disclosed technology included the preparation of hollow silica nanospheres,
in which a similar fabrication protocol to that of the described hollow porous silica nanospheres was implemented, except
omitting nanomasks.
[0038] Exemplary implementations of the disclosed technology included the labeling of penicillinase with Cy5. For
example, Cy5 maleimide was used as labeling agent for exemplary implementations demonstrating the described pro-
tocol. For example, 1 mg penicillinase was dissolved in 100 mL degassed PBS buffer at 10 mg/mL concentration. For
example, thiol modifications were carried out under nitrogen in degassed solvents/buffers. The exemplary solution was
left at room temperature for around 30 min. About 100 molar excess of TCEP was added to the exemplary solution. The
vial was flushed with nitrogen gas, capped and mixed thoroughly. This reaction was incubated at room temperature for
10 min. 100 mg Cy5 maleimide was dissolved in 2 mL dimethylformamide (DMF) and added to the enzyme solution. The
vial was again flushed with nitrogen, capped and mixed thoroughly. This solution was incubated at room temperature
for 2 hr while being mixed every 30 min. Finally, the reaction was left overnight at 2-8 °C. Later, unbound dye was
removed by a desalting column with a molecular weight cut-off at 7 kDa.
[0039] The activity is measured in 100% normal mouse serum as the initial rate of increase of the ratio of blue fluo-
rescence (447 nm) to green fluorescence (520 nm) with excitation at 409 nm.
[0040] The amount of enzyme loading (e.g., the exemplary Cy5 labeled penicillinase) was detected by measuring
fluorescence intensity at 620 nm excitation and 665 nm emission.
[0041] Antibody binding was measured in the following exemplary manner. For example, anti-penicillinase was func-
tionalized with biotin groups. Alexa 488 dye with streptavidin was added to all samples followed by successive washing.
Fluorescence intensity measurements were performed at 480 nm excitation and 530 nm emission.
[0042] Exemplary implementations of the disclosed technology included in vivo activity measurements, which were
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prepared and performed in the following exemplary manner. For example, BALB/c mice were used in the exemplary
implementations. For example, one mouse was injected with 100 mL of Renilla reniformis luciferase (RenLuc) enzyme
encapsulated sealed hollow porous silica nanospheres solution intramuscularly. The exemplary sealed hollow porous
silica nanospheres were suspended in IX phosphate buffered saline (PBS) with a concentration of 5.6831012 parti-
cles/mL. For example, the other mouse was injected with 100 mL 8 mg/mL concentration of free RenLuc intramuscularly.
Free RenLuc was suspended in IX PBS. 5 minutes later, 10 mg benzyl-coelenterazine was administered intravenously
in the lateral tail vein of each mouse. 10 mg benzyl-coelenterazine was dissolved in 95% ethanol and diluted with IX
PBS to 10% final concentration of alcohol. Mice were by isoflurane and luminescence intensities were measured from
each mouse following intravenous injections with an exposure of 2 sec.
[0043] Exemplary implementations of the disclosed technology included the characterization of nanostructures. For
example, SEM measurements were conducted on a FEI/Philips XL30 FEG ESEM, and ultra high resolution (UHR) SEM
measurements were performed on FEI SFEG UHR SEM with acceleration voltages of 10 kV (e.g., at the UC San Diego,
Calit2 Nano3 Facility). TEM images were obtained with the use of a FEI Technai Sphera 200 kV (e.g., UC San Diego,
Cryo-Electron Microscopy). A Hitachi HD-2000 instrument was used for scanning transmission electron microscope
(STEM) images operating at 200 kV. IVIS Imaging System 200 Series from Xenogen Corporation, Alameda, California
(e.g., at UC San Diego, Moores Cancer Center) was used for in vivo luminescence measurements.
[0044] Exemplary implementations performed are described that demonstrate precise control of the particle diameter,
hole diameter, and hole concentration of exemplary silica hollow porous nanoparticles using the fabrication techniques
of the disclosed technology. For example, the robustness and flexibility of the disclosed fabrication techniques offer the
ability to implement the fabricated nanoparticles in a variety of common and unique applications in many fields.
[0045] High resolution electron micrographs are presented in FIG. 3 that reveal the structure of the generated holes.
FIG. 3 shows exemplary transmission electron microscopy (TEM) images 301, 302, 303, and 304 exhibiting the structural
properties of exemplary HPNPs. For example, the exemplary HPNPs can be generated by using 500 nm APNPs as
template particles and 100 nm CPNPs as the masking or blocking particles. The image 301 shows a close-up view of
the surface features of an exemplary HPNP, e.g., taken by secondary electron mode of scanning transmission electron
microscope (STEM), which revealed the formation of 30 6 10 nm holes formed at the point of contact of the template
and masking nanoparticles. The image 302 shows a TEM image of exemplary HPNPs displaying the hole structure and
the thickness of the silica shell. The image 303 shows an SEM micrograph, e.g., taken with ultra high resolution mode,
which shows the open-hole structure throughout the shell and the thickness of the shell from an interior perspective.
The image 304 shows a wide field electron micrograph, e.g., taken by the transmission mode of STEM, which shows
the monodispersity and evenness of exemplary uniform HPNPs. For example, the images of FIG. 3 show that silica
formation is completely prevented around the point of contact between two particles and that the curvature of the masking
CPNP surface is reflected by the surface topography of the resultant particle. For example, the exemplary synthesis
using 500 nm APNP templates and TMOS to APNP weight ratio of 3:1 can result in silica shells with a thickness of 25
nm. This thickness can be related to yielding stable particles.
[0046] FIG. 4 shows scanning electron micrograph (SEM) images 401, 402, 403, and 404 exhibiting degrees of freedom
of the synthesis on exemplary HPNP features. The image 401 shows an exemplary HPNP surface exhibiting -25-30
number of holes, e.g., by preparation using 500 nm APNP templating particles and 100 nm CPNP masking particles
with a APNP-to-CPNP number ratio of 1:30. The image 402 shows an exemplary HPNP surface exhibiting ∼10-15
number of holes, e.g., by preparation using the same templating and masking particles with a APNP-to-CPNP number
ratio of 1:15 The image 403 shows a micrograph of HPNPs obtained using 500 nm APNPs and 40 nm CPNP taken by
SEM. The image 404 shows an SEM image of HPNPs generated using 200 nm APNPs and 40 nm CPNP. The inset
image 405 shows a higher resolution close-up TEM micrograph of these exemplary particles, e.g., where the exemplary
arrows indicate the holes on the particle surface. The exemplary scale bar shown in the images 401, 402, 403, and 404
represents 100 nm, and the exemplary scale bar shown in the inset image 405 represents 50 nm.
[0047] The disclosed fabrication procedures can include multiple degrees of freedom in producing the HPNPs. For
example, the exemplary fabrication process can include control of the number of holes on the surface (e.g., exemplified
in the image 402), diameter of the holes (e.g., exemplified in the image 403) and overall particle size (e.g., exemplified
in the image 404). For example, the average number of holes on the surface can be controlled by the relative molar
concentration of the APNPs and CPNPs. SEM micrographs in the images 401 and 402 show the hole distribution on
the surface when the APNP to CPNP molar ratios in solution are 1:30 and 1:15, respectively. The exemplary molar ratios
of APNPs to CPNPs can result in ∼25-30 holes per particle for the 1:30 ratio and ∼10-15 holes per particle for the 1:15 ratio.
[0048] For example, the size of the holes created on the surface (e.g., hole diameter) can be adjusted by selecting
masking CPNPs with different diameters independently of the overall diameter of the HPNPs. The exemplary hole size
of the HPNPs shown in the image 401 include 30 6 6 nm diameter holes, e.g., created using CPNPs with a 100 nm
diameter on 500 nm APNP. The exemplary hole size of the HPNPs shown in the image 402 include 20 6 3 nm diameter
holes, e.g., created using CPNPs with a 60 nm diameter on 500 nm APNP. Exemplary CPNPs can be configured with
diameters of ∼20 nm to produce HPNPs with holes having a diameter of a few nanometers.
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[0049] For example, the overall size of the HPNP depends on the template particle size. Exemplary APNPs can be
configured in a wide range of sizes to prepare HPNPs, e.g., in ranges of ∼30 nm to several micrometers. For example,
HPNPs created by 500 nm APNP templates can shrink by about 15% upon template removal, e.g., resulting in HPNPs
with diameters of 430 nm (as shown in the exemplary HPNP in the image 401). However, for example, the percent of
shrinkage is not constant with changing APNP template size; in exemplary implementations, HPNPs fabricated by using
200 nm APNPs and 40 nm CPNPs resulted in an overall particle size of 150 nm corresponding to a shrinking by about
25% after calcination (as shown in the exemplary HPNP in the image 404). For example, increased shrinking may be
explained by the higher relative volume ratio of the dehydrated hydroxyl groups to the total silica volume when using a
smaller particle. Exemplary template and masking particle combinations resulted in holes about 25-35% of the diameter
of the initial masking particles, e.g., decreasing slightly with smaller dimensions. For example, the slight decrease for
smaller nanomasks may be related to increasing surface curvature resulting in a smaller point of contact. For example,
a closer and higher resolution TEM micrograph shown in the inset image 405 of the 150 nm HPNPs includes arrows
indicating the holes on the particle surface. For example, the diameter of the holes formed on the HPNPs fabricated
using the 200 nm APNP / 40 nm CPNP pair resulted in 12 6 2 nm.
[0050] FIG. 5A shows an SEM image 510 of exemplary aggregates formed by 500 nm APNPs as template particles
and 100 nm CPNPs as the masking or blocking particles. FIG. 5B shows an SEM image 520 of exemplary resultant
HPNPs using the particle framework in the image 510. The exemplary scale bar shown in images 510 and 520 represents
200 nm.
[0051] FIG. 5C shows SEM images of exemplary unsealed HPNPs (shown in image 531) and sealed hollow porous
nanoparticles (SHPNPs) (shown in image 532). The exemplary scale bar shown in FIG. 5C represents 100 nm.
[0052] The disclosed porous nanoparticles can be implemented in variety of applications, including very unique ap-
plications that may not be possible with any other method. For example, enzymes with non-human origin can be useful
in a variety of therapeutic applications. However, immune responses, as well as proteolysis within endocytic organelles
and organs of metabolic clearance, are generated against these foreign proteins and can hinder their therapeutic func-
tionality.
[0053] In another aspect, the disclosed technology includes a porous shell based nano carrier platform that encapsu-
lates and protect a foreign macromolecular cargo from antibodies, proteases, and other biomolecules that may compro-
mise the cargo’s desired functionality. The described porous shell based nano carrier platform can also be referred to
as HPNPs. The porous shell based nano carrier platform can include hollow spherical nanoshells including mesopores,
2 to 50 nm, that enable high-capacity loading of unmodified macromolecules, in which the loaded particles can be
subsequently sealed with nanoporous material that still allows small molecules to easily diffuse in and out but prevents
macromolecules from entering or leaving. The described sealed porous shell based nano carrier platform can also be
referred to as SHPNPs.
[0054] The exemplary SHPNPs can be applied to in vivo medical diagnostics, monitoring and therapy, e.g., such as
enzyme-prodrug therapy, enzyme replacement therapy, therapies based on enzymatic depletion of tumor nutrients, and
in vivo biosensing. For example, since SHPNPs can be configured as thin hollow nanoshells, minimal inorganic mass
is introduced while maximizing in vivo loading capacity. For example, the disclosed SHPNPs can be implemented to
prevent immune response against their foreign enzymatic cargos and protect them from proteolysis. The SHPNPs include
nanopores, < 2nm diameter, on their surfaces for substrates to reach encapsulated macromolecules within the hollow
core interior, interact with and be modified by the macromolecules, and diffuse out (as exemplified in FIG. 6).
[0055] FIG. 6 shows a schematic diagram 600 illustrating the exemplary implementation of the disclosed sealed hollow
porous nanoparticles having loaded enzymatic cargo for use in an enzyme-prodrug therapeutic application. The diagram
600 shows a sealed hollow porous nanoparticle 611 that encloses enzymes 615 within its hollow interior for interaction
with prodrug molecules 616, the interaction occurring inside the SHPNP 611. For example, the enclosed enzymes 615
are protected inside the SHPNP 611, e.g., from the immune system or other substances in the environment in which
the SHPNP 611 is deployed. For example, since the particle surface is porous, prodrug molecules 616 can diffuse into
the SHPNP 611 and subsequently interact with the enzymes 615, e.g., depicted as prodrug-enzyme complex 617. For
example, the enzyme 615 can be used to activate the prodrug molecule 616, e.g., which is otherwise deactivated. The
interaction between the enzyme 615 and the prodrug 616 at the prodrug-enzyme complex 617 can result in the formation
of an activated drug 626. The activated drug 626 can diffuse out of the SHPNP 611 and subsequently interact with a
target that the drug is designed to treat.
[0056] Exemplary implementations of the SHPNP 611 can include deployment into a living organism for therapeutic
drug delivery. For example, the external surface of the SHPNP 611 can be conjugated to targeting agents, e.g., to enable
specific binding to a targeted site within the environment. For example, once the SHPNP 611 having the encapsulated
enzyme 615 is delivered to a target site (e.g., tumor), a deactivated drug (e.g., the prodrug 616) can be introduced into
the blood flow of the organism. Although the prodrug 616 can be exposed to a multitude of regions within the organism,
the prodrug 616 can be activated only at the region having the exemplary enzyme-encapsulated SHPNP 611, e.g., which
can be targeted to that particular site or region. Therefore, in this example, the prodrug 616 is only activated at the target
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site, e.g., by moving through the pores into the SHPNP 611 and interacting with the encapsulated enzyme 615 (e.g.,
activating the prodrug 616), and after which the activated drug 626 moving out through the pores into the SHPNP 611
to treat the exemplary tumor.
[0057] The fabrication of the exemplary SHPNPs (e.g., illustrated in the diagram 600) are fabricated using the tech-
niques previously described and shown in FIGS. 1A-1C, e.g., which include a high yield and scalable synthesis method
that utilizes nanomasks preventing templating reaction on parts of the shell surface. For example, the described fabrication
techniques lead to the formation of mesopores, 2 to 50 nm, in HPNPs and SHPNPs for efficient loading of macromolecules
e.g., such as enzymes. For example, the non-claimed HPNPs can be made from a shell of nanoporous material with
mesopores on the surface allowing large biomolecules to diffuse into the hollow interior volume of the particles. For
example, once large molecules of interest are loaded, the mesopores can be sealed with a nanoporous shell material
(e.g., the same material used to form the HPNPs), thereby forming loaded SHPNPs.
[0058] For example, the surface of exemplary SHPNPs can be further functionalized for targeting and improved cir-
culation half-life. The exemplary further functionalization of the SHPNPs can eliminate the need for any modification of
the loaded substances. For example, under these conditions, stealth SHPNPs can be delivered to a targeted region and
allow continuous and controlled access of a substrate to interact with the enzyme cargo within the protected environment
of the SHPNPs, e.g., making them an ideal therapeutic platform for in vivo enzyme delivery for pro-drug therapies for
diseases including cancer.
[0059] Exemplary SEM images of hollow porous nanoparticles are presented in FIGS. 7A and 7B, e.g., which dem-
onstrate the implementation of the described HPNP synthesis techniques, e.g., previously described in FIG. 1A-1C. FIG.
7A shows an SEM image 710 of aggregated APNPs and CPNPs. For example, CPNPs are mixed with larger APNPs,
and the CPNPs and APNPs having oppositely charged surface functional groups attract each other in solution causing
aggregation. The image 710 demonstrates the framework for exemplary HPNP synthesis techniques showing 500 nm
APNPs and 100 nm CPNPs. For example, the basic nature of the amine-functionalized surface can create a more
efficient nucleation site for base-catalyzed silica gel growth compared to the acidic carboxyl-functionalized surface. For
example, at the point of contact, CPNPs serve as negatively charged nanomasks for the sol-gel reaction on the particle
surface. For example, once the silica layer is formed with the desired thickness, the polystyrene particles are removed
leaving the silica hollow porous nanoparticle structure. FIG. 7B shows an SEM image 720 of silica hollow porous nan-
oparticles. For example, the final HPNP diameter after calcination is shown in the image 720 at about 85% of the diameter
of the initial 500 nm template APNPs (as shown in the image 710), e.g., which may be related to partial dehydration of
the silica gel hydroxyl groups during heating or extraction with anhydrous solvents. The exemplary scale bar represents
200 nm in the images 710 and 720.
[0060] Structural properties of the described hollow porous nanoparticles are shown in FIGS. 8A-8I. FIGS. 8A-8I
include electron micrographs of silica HPNPs made from 500 nm templates and 100 nm nanomasks. FIG. 8A shows an
electron micrograph 801 revealing the surface topography of an exemplary hollow porous nanoparticles taken with
secondary electron mode of STEM. For example, the image 801 shows that silica formation is completely prevented
around the point of contact between two particles and the curvature of the masking CPNP surface, which is reflected
by the surface topography of the resultant particle. FIG. 8B shows a transmission electron micrograph 802 of an exemplary
HPNP. For example, the exemplary synthesis technique using 500 nm APNP templates and TMOS to APNP weight
ratio of 3:1 produced silica shells with a thickness of 25 nm. This exemplary thickness can yield stable particles in this
size range. FIG. 8C shows a scanning electron microscope image 803 of an exemplary cracked HPNP showing the
open-hole structure from an interior perspective. FIG. 8D shows an electron micrograph 804 taken with transmission
mode of STEM showing the monodispersity of exemplary HPNPs.
[0061] The disclosed fabrication procedures can be applied to particles with different features in a wide range of sizes.
For example, three degrees of freedom in the fabrication of HPNPs can include the number of holes on the surface, the
diameter of the holes, and the overall particle size. FIG. 8E shows an SEM image 805 showing an exemplary HPNP
formed by 500 nm templates and 100 nm nanomasks, e.g., with the particle number ratio of 1:30. FIG. 8F shows an
SEM image 806 showing an exemplary HPNP formed by 500 nm templates and 100 nm nanomasks with the particle
number ratio of 1:15. For example, the average number of holes on the surface is controlled by the relative molar
concentration of the APNPs and CPNPs. SEM micrographs in FIGS. 8E and 8F show the hole distribution on the surface
when the APNP to CPNP molar ratios in solution are 1:30 and 1:15, respectively. These ratios result in 25-30 holes per
particle for the 1:30 ratio (e.g., shown in FIG. 8E) and 10-15 holes per particle for the 1:15 ratio (e.g., shown in FIG. 8F).
FIG. 8G shows an SEM image 807 showing an exemplary HPNP formed by 500 nm templates and 60 nm nanomasks.
For example, the size of the holes created on the surface can be adjusted by selecting masking CPNPs with different
diameters independently of the overall diameter of the HPNP. The use of 100 nm masking CPNPs can produce holes
of 30 6 4 nm in diameter (e.g., shown in FIGS. 8E and 8F), and the use of 60 nm masking CPNPs can produce holes
of 20 6 3 nm in diameter at the point of contact (e.g., shown in FIG. 8G). Exemplary CPNPs can be used having a 20
nm in diameter, e.g., yielding holes down to several nanometers with high accuracy.
[0062] FIG. 8H shows an SEM image 808 showing an exemplary HPNP formed by 200 nm templates and 40 nm
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nanomasks. For example, the overall size of the HPNP can be configured based on the template particle size. The
exemplary HPNPs created by 500 nm APNP templates were shown to reduce in diameter by about 15% upon template
removal resulting in HPNPs with diameters of 430 nm (e.g., shown in FIGS. 8E-8G). However, the percent of shrinkage
is not constant with changing APNP template size; e.g., exemplary HPNPs generated by using 200 nm APNPs and 40
nm CPNPs resulted in an overall particle size of 150 nm corresponding a shrinking about 25% after calcination (e.g.,
shown in FIG. 8H). For example, increased shrinking may be due to the higher relative volume ratio of the surface
hydroxyl groups to the total silica volume when using a smaller particle. The exemplary scale bar represents 50 nm in
the image 808.
[0063] Exemplary implementations performed showed that template and nanomask particle combinations resulted in
holes (e.g., mesopores) about 25-35% of the diameter of the initial nanomasks, e.g., decreasing slightly with smaller
dimensions. For example, the slight decrease for smaller nanomasks may be related to increasing surface curvature
resulting in a smaller point of contact. FIG. 8I shows a TEM image 809 showing an exemplary HPNP of a 150 nm
diameter. The exemplary arrows shown in the image 809 indicate holes on the surface. For example, the diameter of
the holes was shown to be 12 6 2 nm, and the exemplary HPNP was formed by 200 nm APNPs and 40 nm CPNPs.
The exemplary scale bar represents 50 nm in the image 809.
[0064] FIGS. 9A-9D show schematic illustrations of an exemplary fabrication technique of SHPNPs. FIG. 9A shows
a process 910 of producing an HPNP 911 including a hollow interior core 912 and holes 913 (e.g., mesopores) extending
through the exterior shell of the HPNP 911 to the hollow interior core 912. For example, the HPNP 911 can include small
pores that permit traffic of small molecules in and out of the HPNP 911. For example, the process 910 can include the
implementation of the processes 110, 120, 130, and 140 to produce the HPNP 911. FIG. 9B shows a process 920 of
loading enzymes 925 into the HPNP 911. For example, the process 920 can include adding a high concentration of a
solution containing the enzymes 925 to a solution containing the HPNPs 911 (e.g., which can be in an HPNP suspension).
For example, the process 920 can include the enzymes 925 diffusing into the hollow interior 912 of the HPNP 911 through
the holes 913 by diffusion. For example, since the holes are relatively large compared to the enzymes, the enzymes
925 can freely diffuse into the structure quickly, equilibrating the concentration inside and outside of the HPNPs 911. In
other examples, the process 920 can load the enzymes 925 into the hollow interior 912 of the HPNP 911 through the
holes 913 by electrophoretic forces. FIG. 9C shows a process 930 of partially covering the holes 913 and the surface
of the HPNP 911 with a layer 931. For example, the process 930 can include a depositing a large positively charged
polymer such as PLL. For example, the layer 931 can be configured as a PLL polymer layer that can create a mesh like
structure over the surface of the HPNP 911 and the holes 913. FIG. 9D shows a process 940 of sealing the enzymes
925 within the HPNP 911 to form a sealed hollow porous nanoparticle 945. For example, the process 940 can include
forming a layer 941 over the layer-covered HPNP 911. For example, further addition of sol-gel reactants can create
another layer (e.g., the layer 941) on top of the initial layer (e.g., the layer 931) covering the holes 913, e.g., by nucleation
sites that are on the exemplary PLL polymer, thereby enclosing the enzymes 925 within the SHPNP 945.
[0065] For example, in the case of a silica HPNP, the surface of the HPNP 911 is negatively charged due to SiO-

groups. A positively charged polymer such as PLL can be added to adsorb to the particles’ surface and change the
surface charge to positive. Subsequently, TMOS can be added to grow a new layer of silica on the surface, e.g., closing
the holes (e.g., mesopores) of the HPNP 911. This exemplary reaction can occur in near neutral buffer condition and
does not damage the enzyme load. For example, once the mesopores are closed, the load is encapsulated within the
SHPNP 945 and cannot escape. However, the load can still interact with small molecules in the surrounding environment
via diffusion through nanopores.
[0066] This exemplary capability can be used to provide several benefits. For example, the exemplary enzyme load
is hidden from the immune system, e.g., because antibodies are too large to pass through the nanopores to reach the
enzyme. For example, the exemplary enzyme load is protected from the immune system and from digesting enzymes,
e.g., such as proteases, while still remaining completely active. For example, the exemplary SHPNPs can be coated
with passivating and targeting ligands without any chemical modification of the payload, e.g., the enzyme load, providing
an effective strategy for in vivo applications.
[0067] Exemplary implementations were performed to characterize the enzymatic activity and protection abilities of
the disclosed SHPNPs. For example, penicillinase from Bacillus cereus is a member of the family of beta-lactamases
which catalyze the hydrolysis of the betalactam ring. B. cereus penicillinase was utilized in exemplary characterization
implementations of SHPNPs, e.g., because it can be considered a preferred beta-lactamase for enzyme-prodrug based
therapies, and sensitive chromogenic and fluorogenic assays were available. For example, the latter used the substrate
CCF2, which contains a coumarin linked to fluorescein via a cephalosporin group. For example, before cleavage by
penicillinase, excitation of the coumarin at 409 nm causes efficient fluorescence resonance energy transfer (FRET) to
fluorescein, resulting in green emission peaking around 520 nm. For example, penicillinase cleaves the cephalosporin
group, separating fluorescein from coumarin and disrupting FRET, so that the same excitation produces blue 447 nm
emission from coumarin. CCF2 is generally available as an acetoxymethyl (AM) ester, which rapidly reverts to CCF2
upon exposure to esterases in rodent plasma and serum as well as inside cells.
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[0068] FIGS. 10A and 10B are exemplary data plots showing enzymatic activity of sealed hollow porous nanoparticles
of the disclosed technology. FIG. 10A shows a data plot 1010 of the activity comparison for SHPNPs with encapsulated
penicillinase and CCF2-AM as substrate in normal serum. For example, four exemplary samples were characterized,
which included sample 1 of hollow nanoshells, sample 2 of HPNPs, sample 3 of sealed hollow nanoshells, and sample
4 of SHPNPs. All four of the exemplary samples were incubated with enzyme followed by successive washing with IX
PBS and with proteinase-K again after successive washing with IX PBS. The exemplary sealing reaction was performed
after enzyme incubation before washing for the exemplary samples 3 and 4. The data shown in the data plot 1010
demonstrates activity of penicillinase enzyme (e.g., MW = 28 kDa) encapsulated within the exemplary SHPNPs. All of
the exemplary samples were exposed to proteinase-K, e.g., which can digests protein. Therefore, for example, sustained
activity of the encapsulated enzyme after exposure to proteinase-K demonstrates the protection of the encapsulated
enzyme against proteolysis by encapsulation in SHPNPs (as shown later in FIGS. 12 and 13).
[0069] For example, as shown in FIG. 10A, the data plot 1010 shows that the exemplary sample 1 and the exemplary
sample 2 demonstrated no or little activity, which was expected after exposure to proteinase-K. For example, the data
plot 1010 shows a 2-fold increase in activity of the exemplary sample 3 over the exemplary sample 1, e.g., which can
be due to the protection provided by the second layer of silica over the enzymes stuck on the surface supporting the
protective effect of the additional silica layer. However, a significant increase in activity was shown by the exemplary
sample 4 of the SHPNPs. For example, the data plot 1010 shows a 10-fold activity increase of the SHPNPs over the
exemplary sample 3, e.g., demonstrating that the increase is not due to the enzyme covering the surface but rather due
to the enzyme molecules filling the hollow interior. The substantial difference shown between the exemplary HPNPs (of
sample 2) and the exemplary SHPNPs (of sample 4) further supports this finding, e.g., since these two samples have
undergone the same fabrication techniques except for the additional sealing process by the exemplary sample 4.
[0070] FIG. 10B shows a data plot 1020 of the activity comparison for polyclonal antibody binding against encapsulated
penicillinase. The data plot 1020 includes exemplary red bars 1021 representing the fluorescence from Alexa 488 with
streptavidin that can attach antibody molecules with biotin. The data plot 1020 includes exemplary blue bars 1022
representing the fluorescence from Cy5 labeled penicillinase. For example, three exemplary samples were characterized,
which included sample 1 of empty SHPNPs, sample 2 of hollow silica shells in which penicillinase was adsorbed on the
surface, sample 3 of SHPNPs with encapsulated penicillinase. For example, the exemplary samples 1 and 3 were
incubated with proteinase-K to remove any enzyme that might have been stuck to the surface. All three exemplary
samples were washed several times to remove unbound enzymes.
[0071] The exemplary data plot 1020 shown in FIG. 10B can be used to evaluate the antibody access to the enzyme
encapsulated in exemplary SHPNPs. For example, the penicillinase was fluorescently labeled with Cy5, and its acces-
sibility was probed with a rabbit polyclonal biotinylated antibody against penicillinase, e.g., detected by Alexa488-labeled
streptavidin. The data plot 1020 shows that the measured intensity from exemplary samples 1 and 3 are comparable
(e.g., within the standard error interval), e.g., indicating that the slight fluorescence coming from the exemplary sample
3 is not associated with antibodies, but rather from nonspecific adsorption of Alexa488-streptavidin. For example, the
exemplary sample 2 showed around 5-fold higher intensity, e.g., demonstrating significant antibody binding to the enzyme
molecules on the surface of the silica. For example, the data plot 1020 shows no fluorescence from the exemplary
sample 1, e.g., which was expected due to lack of penicillinase. For example, the data plot 1020 shows no antibody
binding to the exemplary sample 3, e.g., although it has the highest amount of penicillinase content, which establishes
prevention of antibody access to the encapsulated enzyme within SHPNPs.
[0072] FIGS. 10C-10E are electron micrographs showing exemplary nanoparticles. FIG. 10C shows an image 1030
of exemplary 200 nm hollow non-mesoporous nanoshells. FIG. 10D shows an image 1040 of exemplary HPNPs formed
by 200 nm templates and 40 nm nanomasks. FIG. 10E shows an image 1050 of exemplary SHPNPs formed by sealing
HPNPs (produced by fabrication methods using 200 nm templates and 40 nm nanomasks). Exemplary scale bars
represent 100 nm in the images 1030, 1040, and 1050.
[0073] FIG. 11 shows an image 1100 demonstrating in vivo activity in BALB/c mice of Renilla reniformis luciferase
(RenLuc) enzyme. For example, the exemplary RenLuc enzyme was encapsulated in 200 nm SHPNPs in a similar
manner as penicillinase was in the previous implementation, e.g., including shaving with proteinase-K to remove any
surface-exposed RenLuc. The illuminated and luminescence pictures in the image 1100 were overlaid. For example,
an exemplary BALB/c mouse 1101 (shown on the left of the image 1100) was injected intramuscularly with 100 mL of
RenLuc enzyme encapsulated SHPNP solution at a concentration of 5.6831012 particles/mL, followed by lateral tail
vein injection of 10 mg benzyl-coelenterazine after 5 minutes. As a control, an exemplary mouse 1102 (shown on the
right of the image 1100) was injected intramuscularly with 100 mL of 8 mg/mK concentration of free RenLuc enzyme.
Both exemplary injections demonstrated similar in vitro activity (as shown later in FIGS. 16 and 17). For example, the
data obtained in the image 1100 included an exemplary procedure in which 5 min after intramuscular injection, 10 mg
benzyl-coelenterazine was administered intravenously in the lateral tail vein. Luminescence intensities were measured
from each mouse 5 minutes after intravenous injections. Luminescence intensity from the mouse injected with RenLuc
encapsulated SHPNPs was measured as 2.63105 p/sec/cm2/sr indicating localized activity of encapsulated enzymes
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within SHPNPs, whereas the intensity from the mouse injected with free RenLuc was below the detectable limit. For
example, lack of luminescence from the latter may be mainly due to diffusion of free enzyme out of the injection site.
[0074] FIG. 12 shows a data plot 1200 showing activity plots of free Bacillus cereus penicillinase with and without
incubation with proteinase-K for 12 hours at 37 °C in IX normal mouse serum. For example, 5 mM CCF2-AM was used
as substrate, and the activity was measured in 100% normal mouse serum as the initial rate of increase of the ratio of
blue fluorescence (447 nm) to green fluorescence (520 nm) with excitation at 409 nm. The data plot 1200 includes a
plotted data 1201 of free Bacillus cereus penicillinase without incubation with proteinase-K and a plotted data 1202 of
free Bacillus cereus penicillinase with incubation with proteinase-K.
[0075] FIG. 13 shows a data plot 1300 showing activity plots of free Renilla reniformis luciferase with and without
incubation with proteinase-K for 12 hours at 37 °C in IX normal mouse serum. For example, each reaction was 100 mL
in total containing 10 mg/mL benzyl-coelenterazine as substrate. The data plot 1300 includes a plotted data 1301 of free
Renilla reniformis luciferase with incubation with proteinase-K and a plotted data 1302 of free Renilla reniformis luciferase
without incubation with proteinase-K.
[0076] FIG. 14 shows a data plot 1400 showing a standard curve of Bacillus cereus penicillinase activity. For example,
initial rate of increase in absorbance in nitrocefin assay was represents the vertical axis of the data plot 1400.
[0077] FIG. 15 shows a data plot 1500 showing activity plots of different concentrations of free Bacillus cereus peni-
cillinase compared to B. cereus penicillinase encapsulated within sealed hollow porous nanoparticles with a concentration
of 1.4231012 particles/mL. For example, each reaction was 100 mL in total containing 250 mg/mL nitrocefin as substrate,
and absorbance was measured at 486 nm. For example, the data plot 1500 shows penicillinase activity for concentrations
including 0 mg/mL (curve 1501), 0.1 mg/mL (curve 1502), 0.02 mg/mL (curve 1503), 0.004 mg/mL (curve 1504), and
0.0008 mg/mL (curve 1505), and shows 1.4231012 SHPNPs/mL (curve 1506).
[0078] For example, the standard curve of free B. cereus penicillinase (shown in the data plot 1400) compared to the
measured activity of the B. cereus penicillinase encapsulated within the SHPNPs corresponded to 4.58310-14 interna-
tional units (IU) from a single 200 nm SHPNP, e.g., -50 enzyme molecules per particle based on a yield of HPNP synthesis
is 100%. For example, during enzyme loading, HPNPs were initially incubated with 26.4 mM. For example, the assayed
concentration of enzyme within a single SHPNP can correspond to 19.5 mM, e.g., resulting in 74% apparent loading
efficiency. Exemplary factors that may affect this percentage include the following. For example, the yield of HPNP
synthesis may be less than 100% resulting in broken HPNPs that cannot be sealed but are still counted as SHPNPs.
For example, there may be some enzyme leakage out of the particle during the dilution for silica polycondensation
reaction. For example, the access of substrate to enzyme may be limited by diffusion of substrate through the porous
shell. For example, the enzyme concentration within particles can be adjustable by the concentration of the enzyme
solution during the sealing reaction.
[0079] FIG. 16 shows a data plot 1600 showing a standard curve of Renilla reniformis luciferase activity. Luminescence
intensity produced as a result of interaction with benzyl-coelenterazine represents the vertical axis of the data plot 1600.
[0080] FIG. 17 shows a data plot 1700 showing activity plots of different concentrations of Renilla reniformis luciferase
compared to R. reniformis luciferase encapsulated within sealed hollow porous nanoparticles with a concentration of
1.4231012 particles/mL. For example, each reaction was 100 mL in total containing 10 mg/mL benzyl-coelenterazine as
substrate. The data plot 1700 shows Renilla reniformis luciferase activity for concentrations including 0.0008 mg/mL
(curve 1701), 0.0004 mg/mL (curve 1702), 0.0002 mg/mL (curve 1703), 0.0001 mg/mL (curve 1704), and 0 mg/mL
(curve 1705), and shows 1.4231012 SHPNPs/mL (curve 1706).
[0081] The disclosed SHPNPs demonstrate a platform for encapsulating functional biomolecules, e.g., such as en-
zymes, acting on small molecule substrates that can freely diffuse in and out through the SHPNPs’ small size pores.
The disclosed SHPNPs can be manufactured in large quantities with sizes and characteristics that can be tightly controlled
and the enzyme can be kept in a controlled environment protected from any specific or nonspecific interference from
other biomolecules. Exemplary implementations of the disclosed SHPNPs demonstrated that encapsulated enzymes
maintain their activities and are effectively shielded from antibodies or proteases, e.g., since the pores of the shells are
smaller than the antibodies, proteases, or such molecules. Moreover, for example, surface modifications of SHPNPs
can enhance circulation and targeting in vivo, e.g., without the need of any modification on the encapsulated payload.
The disclosed technology provides flexible fabrication techniques of the described SHPNPs with control of particle
dimensions and permeability, and the disclosed SHPNPs can be tailored and optimized for specific loads and substrates.
[0082] In another aspect, the disclosed technology can include fabrication protocols for fabricating the metallic nano-
particles with hollow core, porous surface and sealable holes. FIGS. 18A and 18B show schematic diagrams illustrating
one exemplary metallic nanoparticle synthesis protocol.
[0083] FIG. 18A shows a process 1820 of binding masking particles 1815 having a functionalized surface 1816 (e.g.,
a carboxylated surface) to a functionalized surface 1812 (e.g., an aminated surface) of a template core particle 1811,
e.g., by electrostatic attraction. For example, since the exemplary carboxylated particles 1815 have a negatively charged
surface, they repel negative ions and prevent sol-gel reaction on their surface, e.g., blocking some positively charged
regions of the outer surface of the exemplary aminated template particle 1811.
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[0084] FIG. 18A shows a process 1830 of adding a colloidal metallic layer 1831 (e.g., colloidal gold) to the masking
particles 1815 - template core particle 1811 complex. For example, sol-gel reagents can be added to the solutions
containing the masking particles bound to the template particles. The exemplary sol-gel reactions can occur in the
positively charged regions along the surface 1812 of the template core particle 1811, e.g., the regions that are not
covered or blocked by the masking particles 1815, forming the exemplary colloidal gold layer 1831.
[0085] FIG. 18A shows a process 1840 of thickening the initial layer 1831 into a thick layer 1841. For example, the
initial layer 1831 can be formed from colloidal gold generated through sol-gel reactions in the process 1830. The exemplary
colloidal gold layer 1831 can act as a nucleation site for further growth of gold, e.g., forming the thick layer 1841. For
example, the process 1840 can include the addition of auric acid and formaldehyde as reducing agent for the formation
of the exemplary thick gold layer 1841.
[0086] FIG. 18A shows a process 1850 showing forming a hollow porous nanoparticle, e.g., by removing the template
particle 1811 and the masking particles 1815. For example, once the layer 1841 is formed with the desired thickness,
the template and masking particles are removed, e.g., by various methods including dissolving them by solvents, calci-
nation, melting, or burning, or a combination of these or other similar methods. For example, implementation of the
process 1850 yields a metallic HPNP (e.g., a gold HPNP) that includes empty or hollowed porous shell 1841 with holes
1855 and an empty or hollowed interior 1852.
[0087] Once the exemplary metallic HPNPs are created, they can be loaded with other substances and sealed to
encapsulate the other substances, e.g., by implementing methods previously described and illustrated in FIGS. 1B and
1C. For example, FIG. 18B shows a process 1860 of loading load particles 1861 into the hollow interior region 1852 of
the metallic HPNP 1841. For example, a solution of metallic HPNPs can be loaded with the load substances by adding
a high concentration solution of the load substances to the solution of the metallic HPNPs. The process 1860 can be
implemented by one of several methods. In one example, the load particles 1861 can diffuse into the metallic HPNPs
1841 through the holes 1855. In other examples, the load particles 1861 can enter the interior region 1852 of the metallic
HPNPs 1841 through their holes 1855 by non-diffusion means, e.g., including electrophoretic forces. The process 1860
can be implemented using various types of materials as the load, e.g., including, but not limited to, drugs, biodegradable
macromolecules, pH sensitive molecules, enzymes and/or other proteins, lipids, metals, polymers, and ceramic particles,
for various applications. For example, subsequent to implementation of the process 1860, the metallic HPNPs 1841 can
be sealed to form sealed metallic HPNPs (metallic SHPNPs), e.g., by implementing the process 170 previously described
and shown in the FIG. 1C. FIG. 18C shows an image 1890 showing after an exemplary gold HPNP before 500 nm
aliphatic-amine polystyrene core extraction.
[0088] In another aspect, the disclosed technology can include fabrication protocols for fabricating the nanoparticles
having one or more interior particles within a hollow core, porous surface and sealable holes. FIG. 19 shows schematic
diagrams illustrating one exemplary nanoparticle synthesis protocol.
[0089] FIG. 19 shows a process 1920 of binding masking particles 1915 having a functionalized surface 1916 (e.g.,
a carboxylated surface) to a functionalized surface 1912 (e.g., an aminated surface) of a template core particle 1911,
the template particle 1911 having at least one interior particle 1913. For example, the template particle 1911 can be an
outer coating of the at least one interior particle 1913 or the template particle 1911 can be a hollow particle that encloses
the least one interior particle 1913 within its hollow interior. For example, the process 1920 can include binding the
masking particles 1915 to the surface 1912 of the template particle 1911 by electrostatic interactions or means, e.g.,
including, but not limited to, hydrogen bonding, covalent bonding, magnetic attraction, hydrophobic interactions, etc. For
example, since the exemplary carboxylated particles 1915 have a negatively charged surface, they repel negative ions
and prevent sol-gel reaction on their surface, e.g., blocking some positively charged regions of the outer surface of the
exemplary aminated template particle 1911.
[0090] FIG. 19 shows a process 1930 of adding a layer 1931 (e.g., silica) to the masking particles 1915 - template
core particle 1911 complex. For example, sol-gel reagents can be added to the solutions containing the masking particles
bound to the template particles. The exemplary sol-gel reactions can occur in the positively charged regions along the
surface 1912 of the template core particle 1911, e.g., the regions that are not covered or blocked by the masking particles
1915, forming the exemplary layer 1931.
[0091] FIG. 19 shows a process 1940 of forming a hollow porous nanoparticle including the interior particle 1913 within
an interior region 1942, e.g., by removing the template particle 1911 and the masking particles 1915. For example, once
the layer 1931 is formed with the desired thickness, the template and masking particles are removed, e.g., by various
methods including dissolving them by solvents, calcination, melting, or burning, or a combination of these or other similar
methods. For example, implementation of the process 1940 yields an HPNP that includes a porous shell 1941 that
includes the interior particle 1913 within its hollowed interior region 1942 and holes 1945 distributed throughout the
porous shell 1941, e.g., based on the initial location of the bound masking particles 1915 to the template particle 1911.
[0092] Once the exemplary HPNPs including the at least one interior particle are created, they can be loaded with
other substances and sealed to encapsulate the other substances, e.g., by implementing methods previously described
and illustrated in FIGS. 1B and 1C. For example, FIG. 19 shows a process 1950 of loading load particles 1951 into the
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hollow interior region 1942 of the HPNP 1941. For example, a solution of the exemplary HPNPs including the enclosed
interior particle(s) can be loaded with the load substances by adding a high concentration solution of the load substances
to the solution of the exemplary HPNPs. The process 1950 can be implemented by one of several methods. In one
example, the load particles 1951 can diffuse into the HPNPs 1941 through the holes 1945. In other examples, the load
particles 1951 can enter the interior region 1942 of the HPNPs 1941 through their holes 1945 by non-diffusion means,
e.g., including electrophoretic forces. The process 1950 can be implemented using various types of materials as the
load, e.g., including, but not limited to, drugs, biodegradable macromolecules, pH sensitive molecules, enzymes and/or
other proteins, lipids, metals, polymers, and ceramic particles, for various applications. For example, within the interior
region 1942 of the HPNP 1941, the exemplary load particles 1951 can interact with the interior particle 1913, e.g., forming
a modified interior particle 1955. For example, the exemplary load particles 1951 can conjugate to the exterior surface
of the interior particle 1913, or in other examples, the exemplary load particles 1951 can chemically react with the interior
particle 1913. For example, the modified interior particle 1955 may exhibit new properties otherwise not available on the
interior particle 1913.
[0093] In another aspect, the disclosed technology can include fabrication protocols for fabricating the nanoparticles
having one hole with a hollow core, e.g., in which the hole can be sealable. FIG. 20 show schematic diagrams illustrating
one exemplary nanoparticle synthesis protocol.
[0094] FIG. 20 shows an example of a process 2010 in which a large masking particle 2015 is mixed together with a
core template particles 2011. For example, the large masking particle 2015 can be a nanoparticle configured to have a
surface charge, e.g., a negative surface charge. Also, for example, the large masking particle 2015 can include particles
with a functionalized external surface 2016, e.g., having a surface charge. For example, the exemplary masking particle
2015 can be a polystyrene nanoparticle, and the exemplary functionalized surface 2016 can be a carboxylated-functional
layer. For example, the template particle 2011 can be a nanoparticle configured to have a surface charge, e.g., a positive
surface charge, of opposite polarity to the surface charge of the masking particle 2015. Also, for example, the template
particle 2011 can include a particle with a functionalized external surface 2012. For example, the exemplary template
particle 2011 can be a polystyrene nanoparticle, and the exemplary functionalized surface 2012 can be an amine-
functional layer. For example, once the exemplary carboxylated masking particle 2015 and aminated template particle
2011 are mixed, the carboxylated particles 2015 can bind to the aminated template particle 2011.
[0095] FIG. 20 also shows an example of a process 2020 of binding of the large masking particle 2015 with the
carboxylated functionalized surface 2016 to the aminated functionalized surface 2012 of the template particle 2011, e.g.,
by electrostatic interactions. In other examples, the process 2020 can include binding the large masking particle 2015
to the surface 2012 of the template particle 2011 by other particle attraction means, e.g., including, but not limited to,
hydrogen bonding, covalent bonding, magnetic attraction, hydrophobic interactions, etc.
[0096] FIG. 20 further shows an example of a process 2030 of adding a layer 2031 to the template particle 2011. For
example, sol-gel reagents can be added to the solutions containing the masking particle 2015 bound to the template
particles 2011. Exemplary sol-gel reactions can occur only in the positively charged regions along the surface 2012 of
the template particle 2011, e.g., the region that is not covered or blocked by the masking particle 2015. For example,
the process 2030 can cover the exposed surface of the template particle 2011 with the coating 2031 while not covering
location where the masking particle 2015 is present. For example, the coating 2031 can be a porous material. For
example, the layer 2031 can be of a material (e.g., silica) such that the process 2030 can result in a porous layer forming
on the surface of the template particle 2011. For example, addition of sol-gel reactants in the process 2030 can initiate
silica growth, e.g., rooted from the amino groups of the exemplary aminated functionalized surface 2012. Also for
examples, the coating 2031 can be a non-porous material. In some examples, the process 2030 can include adding the
layer 2031 to the template particle 2011 by other means, e.g., including, but not limited to, material based exclusivity,
or redox chemistry that forms the layer 2031 only on the surface of one particle (e.g., the template particle 2011) and
not the surface of the other particle(s) (e.g., the masking particle 2015), among other techniques. Exemplary materials
used for the coating can include porous or non-porous materials, or degradable materials (e.g., that can dissolve or
degrade in certain environments or under particular conditions or by an exemplary trigger, e.g., conditions and/or trigger
including pH, temperature, pressure, molecular interaction, or other conditions and/or triggers).
[0097] In addition, FIG. 20 shows an example of a process 2040 of forming a hollow nanoparticle, e.g., by removing
the template particle 2011 and the masking particle 2015. For example, once the layer 2031 is formed with the desired
thickness, the template particle 2011 and masking particle 2015 are removed, e.g., by various methods including dis-
solving them by solvents, calcination, melting, or burning, or a combination of these or other similar methods. For example,
implementation of the process 2040 yields a hollow nanoparticle that include an empty or hollowed porous shell 2041
with a hole 2045 and a hollowed interior 2042. In some examples, the process 2040 can be implemented to form a
hollow non-porous nanoparticle, e.g., when the layer 2031 is of a porous material. In other examples, the process 2040
can be implemented to form a hollow non-porous nanoparticle, e.g., when the layer 2031 is of a non-porous material.
Once the exemplary hollow shell structure is formed, it can be loaded with other substances and sealed to encapsulate
the other substances, e.g., by implementing methods previously described and illustrated in FIGS. 1B and 1C.
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[0098] Applications of the described nanoparticle platform can include at least the following. Macromolecules larger
than the pores can be diffused inside the nanoparticle through holes on the surface and later can be released gradually.
Once the macromolecules diffuse inside the nanoparticle through holes, holes are sealed. Since the particle surface is
porous, small molecules can diffuse in and outside therefore providing communication of the macromolecule with the
outside environment while protecting either the environment from macromolecules or protecting the macromolecules
from environment. For example, macromolecule inside the particle can be used as a sensor reporting some event in the
environment without being exposed to the environment. For example, once the macromolecules diffused inside the
particle, the holes can be sealed with molecules having a particular property (e.g., such as a degradation property). For
example, the particular property can be exploited, and the macromolecules encapsulated in the particle can be released.
For example, the macromolecules sealed inside the HPNP can include a particular property such as reacting with a
molecule small enough to pass through the pores. For example, the macromolecule might be an enzyme molecule used
to activate a small drug molecule. Since the exemplary enzyme molecule is encapsulated inside the particle, it is hidden
from the immune system. For example, the surface of HPNPs can be functionalized with targeting agents, e.g., for
efficient deployment and delivery to the target region. For example, an inactivated drug can be introduced to the circulation
separately. Since the exemplary drug is not activated, the drug is not dose limited. For example, once the exemplary
inactivated drug and enzyme-loaded HPNP meet in the target region of the body, the drug can diffuse inside the HPNP
and become activated by the enzyme; and the activated drug can diffuse out of the HPNP to the target region, e.g.,
thereby affecting only the target region.
[0099] Only a few implementations and examples are described and other implementations, enhancements and var-
iations can be made based on what is described and illustrated as long as they fall within the scope of the claims.

Claims

1. A nanoparticle device carrying a substance comprising:

a shell structure including at least two layers including an internal layer and an external layer,
wherein the substance is a macromolecule;
wherein the internal layer encloses a hollow interior region comprising the substance in the hollow region;
wherein the internal layer includes one or more holes penetrating said internal layer, the one or more holes
having a diameter larger than the diameter of the macromolecule,
wherein the one or more holes are mesopores with a size ranging from 2 nm to 50 nm, and the mesopores are
sealed with a nanoporous shell material,
wherein the external layer is formed around the internal layer and includes pores with a size less than 2 nm to
allow substances smaller than 2 nm to diffuse in and out but prevent macromolecules from entering or leaving;
wherein the substance and the internal layer are such that the substance is capable of passing through the one
or more holes of the internal layer; and
wherein the substance and the external layer are such that the substance is incapable of passing through the
external layer.

2. The nanoparticle device of claim 1, wherein the shell structure comprises a material that includes at least one of
silica, gold, calcium phosphate.

3. The nanoparticle device of claim 1, wherein the substance is of a size between 2 nm and 50 nm and selected from
the group consisting of a drug, a biodegradable molecule, a pH sensitive molecules, an enzyme, a protein, a hormone,
a glycoprotein, a glycolipid, a nucleic acid, an aptamer, a lipid.

4. The nanoparticle device according to claim 1, wherein the substance is an enzyme and the nanoparticle device
further comprises a prodrug arranged in said hollow region,
wherein said enzyme and said prodrug are configured to interact with each other to form an activated drug.

5. The nanoparticle device according to claim 1, wherein the substance is a macromolecule sensitive to changes in
pH, and the nanoparticle device further comprises an ion arranged in said hollow region.

6. A method of fabricating a nanoparticle device, comprising:

combining a core particle with one or more masking particles to form a template, wherein the one or more
masking particles bind to the core particle and cover one or more regions of the surface of the core particle,
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each of the one or more regions corresponding to a surface area formed between each of the one or more
masking particles and the core particle;
forming a layer over the template, wherein the layer forms over the surface of the core particle excluding the
covered one or more regions;
removing the template to produce a shell structure having one or more holes extending between an interior
region that is hollow and an external surface, the one or more holes having a size on the external surface
substantially that of the surface area and distributed on the shell structure at the one or more regions;
loading a substance into the interior region of the shell structure through the one or more holes, wherein the
substance is a macromolecule; and
forming an outer layer over the shell structure, wherein the outer layer seals the one or more holes of the shell
structure and encloses the substance within the interior region, wherein the one or more holes are mesopores
with a size ranging from 2 nm to 50 nm, and the mesopores are sealed with a nanoporous shell material; and
wherein the outer layer includes pores with a size less than 2 nm to allow molecules smaller than 2 nm to diffuse
in and out but prevent macromolecules from entering and leaving.

7. The method according to claim 6, comprising using a polystyrene nanoparticle with amino functional groups as the
core particle and polystyrene nanoparticles with carboxylic functional group as the masking particles.

Patentansprüche

1. Nanopartikelvorrichtung, die eine Substanz trägt, umfassend:

eine Hüllenstruktur, die mindestens zwei Schichten enthält,
einschließlich einer inneren Schicht und einer äußeren Schicht,
wobei die Substanz ein Makromolekül ist,
wobei die innere Schicht einen hohlen inneren Bereich enthält, wobei der hohle Bereich die Substanz umfasst,
wobei die innere Schicht ein oder mehrere Löcher enthält, die die innere Schicht durchdringen, wobei das eine
oder die mehreren Löcher einen Durchmesser haben, der grösser als der Durchmesser des Makromoleküls ist,
wobei das eine oder die mehreren Löcher Mesoporen mit einer Größe im Bereich von 2 nm bis 50 nm sind,
und die Mesoporen mit einem nanoporösen Hüllenmaterial versiegelt sind,
wobei die äußere Schicht um die innere Schicht herum gebildet ist, und Poren mit einer Größe von weniger als
2 nm enthält, um es Substanzen kleiner als 2 nm zu ermöglichen hinein und hinaus zu diffundieren, aber zu
verhindern, dass Makromoleküle eintreten oder austreten;
wobei die Substanz und die innere Schicht derart sind, dass die Substanz in der Lage ist, durch das eine oder
die mehreren Löcher der Inneren Schicht zu gelangen; und
wobei die Substanz und die äußere Schicht derart sind, dass die Substanz ist nicht in der Lage, durch die
äußere Schicht zu gelangen.

2. Nanopartikelvorrichtung, nach Anspruch 1, wobei die Hüllenstruktur ein Material umfasst, das mindestens eines
von Siliciumdioxid, Gold, Calciumphosphat enthält.

3. Nanopartikelvorrichtung nach Anspruch 1, wobei die Substanz eine Größe zwischen 2 nm und 50 nm aufweist und
ausgewählt ist aus der Gruppe bestehend aus einem Arzneimittel, einem biologisch abbaubaren Molekül, einem
pH-empfindlichen Molekül, einem Enzym, einem Protein, einem Hormon, einem Glykoprotein, einem Glykolipid,
einer Nukleinsäure, einem Aptamer, einem Lipid.

4. Nanopartikelvorrichtung nach Anspruch 1, wobei die Substanz ein Enzym ist und die Nanopartikelvorrichtung ferner
ein angeordnetes Prodrug umfasst, das in dem hohlen Bereich angeordnet ist,
wobei das Enzym und das Prodrug konfiguriert sind, um miteinander zu interagieren, um ein aktiviertes Medikament
zu bilden.

5. Nanopartikelvorrichtung nach Anspruch 1, wobei die Substanz ein Makromolekül ist, das gegenüber Änderungen
des pH-Werts empfindlich ist, und die Nanopartikelvorrichtung ferner ein Ion umfasst, das in dem hohlen Bereich
angeordnet ist.

6. Verfahren zur Herstellung einer Nanopartikelvorrichtung, umfassend:
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Kombinieren eines Kernteilchens mit einem oder mehreren Maskierungspartikeln, um eine Schablone zu bilden,
wobei das eine oder die mehreren Maskierungspartikel an das Kernteilchen binden und einen oder mehrere
Bereiche der Oberfläche des Kernteilchens bedecken, wobei jeder der einen oder mehreren Bereiche einer
Oberfläche entsprechen, die zwischen jedem der einen oder mehreren Maskierungspartikel und dem Kernteil-
chen gebildet ist;
Bilden einer Schicht über der Schablone, wobei sich die Schicht über der Oberfläche des Kernteilchens bildet,
wobei die bedeckten eine oder mehrere Bereiche ausgeschlossen sind;
Entfernen der Schablone, um eine Hüllenstruktur zu erzeugen, die ein oder mehrere Löcher aufweist, die sich
zwischen einem inneren Bereich, der hohl ist, und einer Außenfläche erstrecken, das eine oder die mehreren
Löcher haben eine Größe auf der Außenfläche die im Wesentlichen der Oberfläche entspricht und auf der
Hüllenstruktur in dem einem oder den mehreren Bereichen verteilt ist,
Laden einer Substanz in den inneren Bereich der Hüllenstruktur durch das eine oder die mehreren Löcher,
wobei die Substanz ein Makromolekül ist;
und
Bilden einer äußeren Schicht über der Hüllenstruktur, wobei die äußere Schicht das eine oder die mehreren
Löcher der Hüllenstruktur versiegelt und die Substanz innerhalb des inneren Bereichs umschließt, wobei das
eine oder die mehreren Löcher Mesoporen mit eine Größe im Bereich von 2 nm bis 50 nm sind, und die
Mesoporen mit nanoporösem Hüllenmaterial versiegelt sind; und
wobei die äußere Schicht Poren mit einer Größe von weniger als 2 nm enthält, um es Molekülen kleiner als 2
nm zu ermöglichen hinein und hinaus zu diffundieren, aber zu verhindern, dass Makromoleküle eintreten oder
austreten.

7. Verfahren nach Anspruch 6, umfassend die Verwendung eines Polystyrolnanopartikels mit aminofunktionellen Grup-
pen als Kernteilchen und Polystyrolnanopartikel mit carboxylfunktioneller Gruppe als Maskierungspartikel.

Revendications

1. Dispositif à nanoparticules transportant une substance comprenant :

une structure d’enveloppe comprenant au moins deux couches comprenant une couche interne et une couche
externe,
dans lequel la substance est une macromolécule ;
dans lequel la couche interne renferme une région intérieure creuse comprenant la substance dans la région
creuse ;
dans lequel la couche interne comprend un ou plusieurs trous pénétrant dans ladite couche interne, lesdits un
ou plusieurs trous ayant un diamètre plus grand que le diamètre de la macromolécule,
dans lequel lesdits un ou plusieurs trous sont des mésopores d’une taille allant de 2 nm à 50 nm, et les mésopores
sont scellés avec un matériau d’enveloppe nanoporeux,
dans lequel la couche externe est formée autour de la couche interne et comprend des pores d’une taille
inférieure à 2 nm pour permettre à des substances inférieures à 2 nm de diffuser vers l’intérieur et vers l’extérieur
mais empêcher les macromolécules d’entrer ou de sortir ;
dans lequel la substance et la couche interne sont telles que la substance est capable de passer à travers
lesdits un ou plusieurs trous de la couche interne ; et
dans lequel la substance et la couche externe sont telles que la substance est incapable de traverser la couche
externe.

2. Dispositif à nanoparticules selon la revendication 1, dans lequel la structure d’enveloppe comprend un matériau qui
comprend au moins l’un parmi la silice, l’or, le phosphate de calcium.

3. Dispositif à nanoparticules selon la revendication 1, dans lequel la substance est d’une taille comprise entre 2 nm
et 50 nm et choisie dans le groupe consistant en un médicament, une molécule biodégradable, une molécule
sensible au pH, une enzyme, une protéine, une hormone, une glycoprotéine, un glycolipide, un acide nucléique, un
aptamère, un lipide.

4. Dispositif à nanoparticules selon la revendication 1, dans lequel la substance est une enzyme et le dispositif à
nanoparticules comprend en outre un promédicament disposé dans ladite région creuse,
dans lequel ladite enzyme et ledit promédicament sont configurés pour interagir l’un avec l’autre pour former un
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médicament activé.

5. Dispositif à nanoparticules selon la revendication 1, dans lequel la substance est une macromolécule sensible aux
changements de pH, et le dispositif à nanoparticules comprend en outre un ion disposé dans ladite région creuse.

6. Procédé de fabrication d’un dispositif à nanoparticules, comprenant :

combiner une particule centrale avec une ou plusieurs particules de masquage pour former un modèle, dans
lequel lesdites une ou plusieurs particules de masquage se lient à la particule centrale et couvrent une ou
plusieurs régions de la surface de la particule centrale, chacune desdites une ou plusieurs régions correspondant
à une zone de surface formée entre chacune desdites une ou plusieurs particules de masquage et la particule
centrale ;
former une couche sur le modèle, la couche se formant sur la surface de la particule centrale à l’exclusion
desdites une ou plusieurs régions couvertes ;
retirer le modèle pour produire une structure d’enveloppe ayant un ou plusieurs trous s’étendant entre une
région intérieure qui est creuse et une surface externe, lesdits un ou plusieurs trous ayant une dimension sur
la surface externe sensiblement celle de la surface et répartis sur la structure d’enveloppe au niveau desdites
une ou plusieurs régions ;
charger une substance dans la région intérieure de la structure d’enveloppe à travers lesdits un ou plusieurs
trous, la substance étant une macromolécule ; et
former une couche externe sur la structure d’enveloppe, dans lequel la couche externe scelle lesdits un ou
plusieurs trous de la structure d’enveloppe et renferme la substance dans la région intérieure, dans lequel
lesdits un ou plusieurs trous sont des mésopores d’une taille allant de 2 nm à 50 nm et les mésopores sont
scellés avec un matériau d’enveloppe nanoporeux ; et
dans lequel la couche externe comprend des pores d’une taille inférieure à 2 nm pour permettre aux molécules
inférieures à 2 nm de diffuser vers l’intérieur et vers l’extérieur mais empêcher les macromolécules d’entrer ou
de sortir.

7. Procédé selon la revendication 6, comprenant l’utilisation d’une nanoparticule de polystyrène avec des groupes
fonctionnels aminés comme particule centrale et des nanoparticules de polystyrène avec un groupe fonctionnel
carboxylique comme particules de masquage.
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