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(57) ABSTRACT

Various embodiments provide materials and methods for syn-
thesizing protocells for use 1n targeted delivery of cargo com-
ponents to cancer cells. In one embodiment, the lipid bilayer
can be fused to the porous particle core to form a protocell.
The lipid bilayer can be modified with targeting ligands or
other ligands to achieve targeted delivery of cargo compo-
nents that are loaded within the protocell to a target cell, e.g.,
a type of cancer. Shielding materials can be conjugated to the
surface of the lipid bilayer to reduce undesired non-specific
binding.
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PROTOCELLS AND THEIR USE FOR
TARGETED DELIVERY OF
MULTICOMPONENT CARGOS TO CANCER
CELLS

RELATED APPLICATIONS

[0001] This application claims priority to U.S. Provisional
Patent Application Ser. No. 61/279,438, filed Oct. 21, 2009,

and No. 61/306,123, filed Feb. 19, 2010, which are hereby
incorporated by reference 1n their entirety.

GOVERNMENT RIGHTS

[0002] This disclosure was made with Government support
under Contract No. PHS 2 PN2 EY016570B awarded by the
National Institute of Health. The U.S. Government has cer-

tain rights 1n the imvention.

BACKGROUND

[0003] Targeted delivery of drugs encapsulated within
nanocarriers can potentially ameliorate a number of problems
exhibited by conventional ‘free’ drugs, including poor solu-
bility, limited stability, rapid clearing, and, 1n particular, lack
of selectivity, which results 1n non-specific toxicity to normal
cells and prevents the dose escalation necessary to eradicate
diseased cells. Passive targeting schemes, which rely on the
enhanced permeability of the tumor vasculature and
decreased draining efficacy of tumor lymphatics to direct
accumulation of nanocarriers at tumor sites (the so-called
enhanced permeability and retention, or EPR ellfect), over-
come many of these problems, but the lack of cell-specific
interactions needed to induce nanocarrier internalization
decreases therapeutic eflicacy and can result 1n drug expul-
sion and induction of multiple drug resistance (MDR). Fur-
thermore, not all tumors exhibit the EPR elffect (Jain, (1994 )
Barriers to Drug-Delivery in Solid Tumors. Scientific Amevi-
can 2771, 58-65), and passively-targeted nanocarriers are no
more effective at treating blood cancers than free drugs (Sapra
& Allen (2002), Internalizing Antibodies are Necessary for
Improved Therapeutic Efficacy of Antibody-Targeted Lipo-
somal Drugs. Cancer Res 62, 7190-7194). Selective targeting
strategies employ ligands (e.g. peptides, monoclonal antibod-
1es, aptamers, vitamins, etc.) that specifically interact with
receptors expressed on the cell surface of interest to promote
nanocarrier binding and internalization (Torchilin (2005),
Recent Advances with Liposomes as Pharmaceutical Carri-
ers. Nat Rev Drug Discov 4, 145-160). This strategy requires
that receptors are highly over-expressed by cancer cells (107-
10° copies/cell) relative to normal cells in order to maximize
selectivity and therapeutic efficacy. Additionally, multiple
copies of a targeting ligand can be conjugated to the nanocar-
rier surface to promote multivalent binding etfects, which
result in enhanced aflinity and more efficient drug delivery
through the receptor-mediated internalization pathways that
help circumvent MDR efiflux mechanisms (Pastan, Hassan,
FitzGerald, & Kreitman (2006), Immunotoxin Therapy of
Cancer. Nat Rev Cancer 6, 559-565).

[0004] Liposomes are one ol the extensively studied classes
of nanocarriers due to their biocompatibility and biodegrad-
ability, as well as the ease with which they can be surface-
modified with targeting ligands and polyethylene glycol
(PEG) to control functionality and improve circulation times.
Liposomes are the first drug carrying nanoparticles to reach
the clinic, but today, more than two decades after the regula-
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tory approval of liposomal doxorubicin (Doxil) to treat AIDS-
related Kaposi’s sarcoma and other cancers (Gordon, et al.
(2001) Recurrent Epithelial Ovarian Carcinoma: a Random-
ized Phase III Study of Pegylated Liposomal Doxorubicin

Versus Topotecan. J Clin Oncol 19, 3312-3322), no targeted
liposomes have cleared Phase I clinical tnials.

[0005] The major challenge for liposomes and other tar-
geted nanocarriers 1s to simultaneously achieve high targeting
specificity and delivery efficiency, while avoiding non-spe-
cific binding and entrapment by the body’s detences. Other
desirable characteristics include a high capacity for disparate
types of therapeutic and diagnostic agents, the ability to con-
trollably release encapsulated cargo upon internalization
within the target cell, stability, solubility, and lack of 1mmu-
nogenicity. In some cases, 1t 1s also desirable to direct the
intracellular targeting of delivered cargo 1n order to maximize
therapeutic eflicacy.

[0006] Applicants have overcome these and other problems
and provide effective materials and methods for synthesizing
targeted nanocarriers.

SUMMARY

[0007] According to various embodiments, the present
teachings 1include a protocell compound. The protocell com-
pound can include a porous particle core; one or more cargo
components disposed within the porous particle core; and a
supported lipid bilayer (SLB) encasing the porous particle
core and the one or more cargo components.

[0008] According to various embodiments, the present
teachings also include a method of forming a protocell com-
pound. In this method, the protocell compound can be formed
by first fusing a first lipid bilayer to encase a porous particle
core and one or more cargo components disposed within the
porous particle core. A second lipid bilayer can then be used
to electrostatically replace a portion of the first lipid bilayer to
form a hybnd lipid bilayer encasing the porous particle core
and the one or more cargo components. The first lipid bilayer
and the second lipid bilayer can be oppositely-charged.

[0009] According to various embodiments, the present
teachings further include a protocell compound. The proto-
cell compound can include a lipid bilayer encasing a porous
particle core and one or more cargo components disposed
within the porous particle core. The protocell compound can
also 1include a targeting ligand attached to the lipid bilayer for
a selective binding to a target cell; and a shielding material
attached to the lipid bilayer for reducing non-specific binding
to the target cell and non-target cells.

[0010] According to various embodiments, the present
teachings further include a method for delivering cargo com-
ponents to a cancer cell. In this method, a protocell compound
can be provided to include a lipid bilayer encasing a porous
particle core; a plurality types of cargo components disposed
within the porous particle core; a targeting ligand attached to
the lipid bilayer for a selective binding to a target cell; a
fusogenic ligand attached to the lipid bilayer; and a shuelding
material attached to the lipid bilayer to reduce non-specific
binding to the target cell and non-target cell. Such protocell
compound can then be mixed with the target cell such that the
protocell compound can be selectively bound to the target cell
and internalized 1n the target cell induced by the targeting
ligand.
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[0011] It1sto beunderstood that both the foregoing general
description and the following detailed description are exem-
plary and explanatory only and are not restrictive of the
present teachungs, as claimed.

BRIEF DESCRIPTION OF THE DRAWINGS

[0012] The accompanying drawings, which are incorpo-
rated 1n and constitute a part of this specification, illustrate
several embodiments of the present teachings and together
with the description, serve to explain the principles of the
ivention.

[0013] FIG. 1A depicts an exemplary protocell 1n accor-
dance with various embodiments of the present teachings.
[0014] FIGS. 1B-1D depict various exemplary protocell
compounds 1n accordance with various embodiments of the
present teachings.

[0015] FIGS. 2A-2C depict an exemplary targeted proto-
cell compound including ligands and/or shielding materials
in accordance with various embodiments of the present teach-
Ings.

[0016] FIG. 3A depicts a targeted binding process of an
exemplary targeted protocell compound 1n accordance with
various embodiments of the present teachings.

[0017] FIGS. 3B-3C depict exemplary cell internalization
processes of the targeted protocell compound 1n FIG. 3A in
accordance with various embodiments of the present teach-
ngs.

[0018] FIGS.4A-4B depicttime-dependent release profiles
of exemplary targeted protocell compounds 1 accordance
with various embodiments of the present teachings.

DESCRIPTION OF THE EMBODIMENTS

[0019] Reference will now be made in detail to exemplary
embodiments of the present teachings, examples of which are
illustrated 1n the accompanying drawings. Wherever pos-
sible, the same reference numbers will be used throughout the
drawings to refer to the same or like parts. In the following
description, reference 1s made to the accompanying drawings
that form a part thereof, and in which 1s shown by way of
illustration specific exemplary embodiments in which the
present teachings may be practiced. These embodiments are
described 1n suflicient detail to enable those skilled 1n the art
to practice the present teachings and 1t 1s to be understood that
other embodiments may be utilized and that changes may be
made without departing from the scope of the present teach-
ings. The following description 1s, therefore, merely exem-
plary.

[0020] Various embodiments provide materials and meth-
ods for protocells used for targeted delivery of cargo compo-
nents to cancer cells. In one embodiment, liposomes can be
tused with porous particles to form a protocell. The protocell
can thus have a supported lipid bilayer (SLB) on the porous
particle surface. The SLB can be modified with one or more
copies of targeting ligands or other ligands for the targeted
delivery of one or more cargo components that are loaded
within the protocell to a target cell of, e.g., a type of cancer. In
embodiments, shielding maternials can be conjugated to the
surtface of the SLB to reduce undesired non-specific binding.
As compared to conventional targeted delivery of therapeu-
tics and diagnostics using liposomes, use of protocells can
improve upon stability and selectivity and can enable the
targeted delivery and controlled release of high concentra-
tions of cargo components.

Nov. 12, 2015

[0021] Asused herein, the term “protocell” refers to a nano-
structure having a porous particle core 110, which is inter-
changeable with the term “porous particle” as used herein,
and a lipid bilayer 120 encasing (or surrounding or envelop-
ing) the porous particle core 110, an example of which 1s
shown in FIG. 1A. The protocell can mimic bioactive cells (or
real cells) that have a lipid bilayer membrane.

[0022] As used herein, the term “lipid” refers to conven-
tional lipids, phospholipids, etc. As used herein, the term
“lipid bilayer” refers to any double layer of oriented amphi-
pathic lipid molecules 1n which the hydrocarbon tails face
inward to form a continuous non-polar phase. The term “lipid
bilayer” also includes a hybrid lipid bilayer.

[0023] Asused herein, the term “hybrid lipid bilayer” refers
to a lipid bilayer that 1s derived from more than one source,
either through a mixing process before formation, or post
bilayer fusion. For example, the hybrid lipid bilayer can
include a first lipid bilayer having a portion exchanged by a
second lipid bilayer, e.g., to form a SLB on a porous particle
core. Such lipid exchange processes can include, e.g., elec-
trostatically-mediated liposome fusion of the first and the
second lipid bilayers, as will be described later 1n great detail,
and can be used to control surface charge, cargo containment,
and delivery of protocell compounds.

[0024] As used herein, the term “liposome” refers to an

aqueous compartment enclosed by a lipid bilayer, as being
conventionally defined (Stryer (1981) Biochemistry, 2d Edi-
tion, W. H. Freeman & Co., p. 213).

[0025] Compared with the lipid bilayer defined 1n a proto-
cell, the lipid bilayer 1n a liposome can be referred to as an
“unsupported lipid bilayer” and the liposome 1tself can be
referred to as an “empty liposome”. The lipid bilayer in a
protocell can be referred to as a “supported lipid bilayer” or
“SLB.” because the lipid bilayer i protocells 1s located on
and supported by a porous particle core. As disclosed herein,
the lipid bilayer can have a thickness, €.g., ranging from about
1 nm to about 200 nm, or from about 3 nm to about 50 nm, or
from about 3 nm to about 5 nm.

[0026] As used herein, the term “protocell compound”
refers to a protocell loaded with one or more cargo compo-
nents 1 the porous particle core part, e.g., on pore surfaces
and/or particle surfaces of the porous particle, of the proto-
cell.

[0027] Cargo components can include, but are not limited
to, drugs, proteins, peptides, antibodies, nucleic acids (e.g.,
DNA or RNA), fluorescent dyes, morganic nanoparticles
(e.g., gold nanoparticles, magnetic nanoparticles, or quantum
dots), chemotherapeutic drugs, anti-cancer drugs, etc. for
applications 1n biomedical diagnostics, 1maging, disease
treatment, and/or anti-bacterial applications. In embodi-
ments, the cargo components can be loaded in an amount of
about 1% to about 50%, by weight or by mole of the porous
particle pore, although other loading percentages can also be
used.

[0028] As used herein, the term “net positive charge™ or
“net positive surface charge” means that the overall charge on
the surface of the protocell or protocell compound is positive.
For example, the surface of protocells or protocell com-
pounds can have a net positive charge, when a positively-
charged lipid bilayer 1s used; or when a hybrid lipid bilayer 1s
used having a positively-charged lipid bilayer and a nega-
tively-charged lipid bilayer, but the positively-charged lipid
bilayer 1s present 1n an amount that 1s more than the nega-
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tively-charged lipid bilayer to provide an overall positive
charge on surface of the resulting protocells or protocell
compounds.

[0029] As used herein, the term “selective targeting” or
“specific binding” refers to use of targeting ligands on the
surface of protocells or protocell compounds, 1n particular, on
the surface of the lipid bilayer of the protocells or protocell
compounds, wherein the ligands interact specifically/selec-
tively with receptors or other biomolecular components
expressed on the cell surface of interest. The targeting ligands
can include such molecules and/or maternials as peptides,
monoclonal antibodies, aptamers, vitamins, etc.

[0030] The protocell with targeting ligands can be referred
to as a “targeted protocell” and the protocell compound with
targeting ligands can be referred to as a “targeted protocell
compound.” The cell of interest can be referred to as a “target
cell,” as opposed to a “normal cell”.

[0031] As used herein, the term “shielding material™ refers
to molecules or polymers that are present on the surface of
protocells or protocell compounds, 1n particular, on the sur-
face of the lipid bilayer of the protocells or protocell com-
pounds, to reduce non-specific mnteractions with or binding to
non-target proteins, cells, and/or tissues, such as serum pro-
teins and macrophages of the reticuloendothelial system. The
shielding materials can be hydrophilic. The shielding mate-
rials can include, but are not limited to, polyethylene glycol
(PEG), cholesterol, and/or combinations thereof.

[0032] Referring back to FIG. 1A, the porous particle core
110 can be made of a material primarily composed of poly-
styrene, silica, alumina, titania, zircomia, etc. The porous
particle core 110 can have an average particle size ranging,
from about 30 nm to about 3000 nm, or about 200 nm or less,
such as about 100 nm or 150 nm. In one embodiment, par-
ticles larger than about 200 nm 1n diameter can be removed
for specific applications via differential centrifugation or
s1ze-exclusion chromatography as known to one of ordinary
skill 1n the art. The porous particle core 110 can be 1n various
forms including, e.g., spherical, cylindrical, oblong or other
three-dimensional (3-D) forms.

[0033] In embodiments, the porous particle core 110 can
have a controllable average pore size ranging from about 2 nm
to about 30 nm, an average porosity ranging from about 25%
to about 75%, and a surface area ranging from about 100 to
about 2500 m®/g, e.g., about 1000 m*/g or more. Due to the
high surface area, the porous particle core, such as a porous
nanoparticle silica core, can confer a higher cargo capacity to
protocells when compared to liposomes, which do not have
porous particle core. In embodiments, the porous particle
core 110 can have, e.g., 1sotropic wormlike nanoporosity. In
embodiments, the sizes, shapes, pore features, and surface
properties ol the porous particle core 110 are not limited.

[0034] In one embodiment, the porous silica particles can
be formed by, for example, mixing water, HCI, ethanol, cetyl-
trimethylamomum bromide (CTAB), and tetracthyl orthosili-
cate (TEOS), as disclosed 1n a related International Patent
Application No. PCT/US10/20096, entitled “Porous Nano-
particle Supported Lipid Bilayer Nanostructures,” which 1s
hereby incorporated by reference 1n 1ts entirety.

[0035] In embodiments, the porous particle 110 (e.g.,
porous silica particles) can have a controllable surface charge.
For example, the surface charge of porous silica particles can
switch from negative to positive at neutral pH values by using
amine-modified silane precursors and by controlling the per-
centage ol amine groups within the porous silica particles.
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For example, the porous silica particles can have an amine-
containing composition, and the amine-modified silane pre-
cursors can include, for example,

H3;CO

etc.

[0036] For example, the exemplary porous silica particles
can be cationic porous silica particles by using the above-
mentioned amine-modified silane precursor of 3-2[2-(2-ami-
noethylamino)ethylamino]propyltrimethoxysilane
(AEPTMS) mixed with TEOS and CTAB, wherein from 0 wt
% to about 30 wt %, such as about 15 wt %, of the amine-
modified silane precursor can be used.

[0037] One of ordinary skill in the art would understand
that cargo components can be adsorbed onto oppositely-
charged porous particle cores due to electrostatic interactions.
For example, negatively-charged cargo components, such as
the dye calcein or DNA, can be adsorbed into the pores of
positively-charged porous silica particles 1n high concentra-
tions. However, when the porous particles 110 carrying the
oppositely-charged cargo components are dispersed 1n a
saline solution, e.g., a buller solution or a cell culture
medium, the oppositely-charged cargo components can be
displaced by the 1ons 1n the saline solution.

[0038] To provide stability of components loaded on and
within the porous particle core 110, the lipid bilayer 120 can
be fused onto the porous particle core to form the protocell
100A. The lipid bilayer 120 can include a phospholipid
including, e.g., 1,2-dioleoyl-sn-glycero-3-[phospho-L-
serine] (DOPS), dioleoyl-3-trimethylammonium-propane
(DOTAP), 1,2-dioleoyl-sn-glycero-3-phosphocholine
(DOPC), dipalmitoylphosphatidylcholine (DPPC), 1,2-dio-
leoyl-sn-glycero-3-phosphoethanolamine (DOPE), or DPPE,
and/or a combination thereof. The protocells can therefore
include DOPC protocells, DOTAP protocells, and/or DOPS
protocells. In embodiments, the lipid bilayer 120 can be nega-
tively-charged (e.g., DOPS), positively-charged (e.g.,
DOTAP), and/or zwitterionic (e.g., DOPC).

[0039] In FIG. 1B, the protocell compound 100B can
include a lipid bilayer 120 encasing a porous particle core 110
wherein one or more cargo components 130 including e.g.,
multicomponent cargo components, can be disposed on the

particle surfaces or pore surfaces of the porous particle core
110.

[0040] The protocell compound 100B can be formed by
mixing the cargo components 130 and the porous particle 110
with liposomes or lipids, followed by fusing the lipid bilayer
120 on the porous particle 110 and synergistically loading the
cargo components 130 1to one or more pores of the porous
particle 110 to form the protocell compound 1008, which 1s
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also similarly described 1n the above-mentioned International
Patent Application No. PCT/US10/20096.

[0041] FIG. 1C depicts an exemplary protocell compound
100C. Positively-charged porous particles 115 can be tused
with negatively-charged lipid bilayers 122, such as a DOPS
lipid bilayer, wherein the positively-charged porous particles
115 can absorb negatively-charged cargo components 132
(e.g., calcemn or DNA or siRNA). The use of a lipid bilayer to
encase the porous particle core loaded with cargo compo-
nents can provide pore sealing, which reduces or avoids the
cargo displacement. However, the negatively-charged lipid
bilayer 122 can be electrostatically repelled by target cells,
which often have a negatively-charged cell surface. Addition-
ally, defects 150 can be formed when anionic (or negatively-
charged) lipid bilayers 122 (e.g., DOPS) are fused with cat-

ionic (or positively-charged) porous particle cores 115.

[0042] FIG. 1D depicts a protocell compound 100D having
a net positive surface charge in accordance with various
embodiments of the present teachings. For example, an oppo-
sitely-charged, e.g., positively-charged lipid bilayer 125, can
be mixed with negatively-charged lipid bilayer 122 of the
protocell compound 100C 1n FIG. 1C. A portion of the nega-
tively-charged lipid bilayer 122 can then be replaced or
exchanged by the positively-charged lipid bilayer 1235 to form
a hybrid lipid bilayer 129 with a net positive charge encasing
the positively-charged porous particle 115 to form a protocell
compound 100D. The net positive charge of the protocell
compounds 100D (or related protocells) can then provide
clectrostatic interaction with a target cell that 1s negatively-
charged. It 1s discovered that the mixing or exchanging pro-
cess of oppositely-charged lipid bilayers (see 122 and 125 1n
FIGS. 1C-1D) can be repeated as desired, provided that the
positively-charged lipid bilayer 125 1s added as a last step for
forming the protocell compound 100D. A net positive surface
charge can be generated and defects can be reduced.

[0043] Inembodiments, the surface charge of the protocells
or protocell compounds can be made positive or negative,
depending on the charge type of the lastly-added liposome.
By adding different concentrations of positively-charged,
e.g., DOTAP, liposomes to supported negatively-charged,
¢.g., DOPS bilayers, the surface charge of the resulting sup-
ported bilayers can be systematically controlled. In embodi-
ments, the lipid bilayer 129 1n FIG. 1D can be formed by one
type of lipids having positive charges or various types of
lipids all having positive charges to provide a net positive
surface charge for the protocell or protocell compounds.

[0044] In thus manner, the lipid bilayer fused to the porous
particle core can create a cell-like protocell structure and can
prevent premature cargo release 1n a manner similar to the cell
membrane. Additionally, the lipid bilayer can remain fluid
and functional moieties such as targeting/fusogenic ligands
and/or shielding materials can be attached to the surface to
promote targeting and enhanced circulation. Further, the
fusion of a lipid bilayer to the porous particle core can provide
substrate-membrane adhesion energy, which suppresses
large-scale bilayer fluctuations and results in greater stability
of protocells. Even further, the porous particle as a support
can result in enhanced lateral bilayer fluidity as compared
with that of empty liposomes. For example, a significant
reduction (by about 6° C.) of the lipid bilayer (membrane)
fluidization temperature shows that physical constraints
occur at the interface between the lipid bilayer 120 and the
porous particle core 110, 115.
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[0045] Inoneembodiment, the underlying 3D porosity and
corresponding periodic roughness of the surface of the porous
particle core, which can include nanoscopic patches of silica
and water, generates gradients of local adhesion 1n nanoscale,
curvature, and lateral tension of the supported lipid bilayer
120, together contributing to enhancing long-range, in-plane
fluidity without appreciably changing its average packing
density. Meanwhile, the porous particle core can suppress all
but nanoscopic out-of-plane bilayer fluctuations.

[0046] As used herein, the term “fluidity” refers to the
mobility of the lipid components of the supported lipid
bilayer (SLB) fused to the porous particle core. The term
“fluidity” can be put into numerical terms by, for instance,
measuring the diffusion coefficient of lipids using techniques
such as fluorescence recovery after photobleaching and by
determining that the protocell compound 1s at a temperature
above the melting transition temperature, T, , of the lipid
bilayer. The fusion of the lipid bilayer onto the nanoporous
particle core can reduce the T, of the SLB corresponding to
increased fluidity as compared with an unsupported lipid
bilayer and/or the lipid bilayer that 1s not formed by fusion,
which 1s umique and unanticipated by practitioner of the art.

[0047] Inembodiments, the disclosed protocells and/or the
protocell compounds can provide biocompatibility, and their
surfaces can be modified with desired ligands and/or shield-
ing materials to etlect specific delivery and enhanced target-
ing efficacy with a mimimal number of ligands/materials and
to optimize the combination of specific and non-specific
binding and minimize dosage and immune response.

[0048] FIGS. 2A-2C depict an exemplary protocell com-
pound that 1s surface modified, e.g., with targeting ligands for
a specific target and/or shielding maternials for reducing
undesired non-specific binding 1n accordance with various
embodiments of the present teachings.

[0049] AsshowninFIG. 2A, the protocell compound 200A
can include a lipid bilayer 220 encasing the porous particle

core 210, wherein various cargo components (see 231, 233,
235, 237) can be loaded within the porous particle core 210.

[0050] The cargo components can include one or more
disparate types of, e.g., therapeutic or diagnostic agents
loaded within the porous particle core 210, such as a nanopo-
rous silica core. As shown 1n FIG. 2A, exemplary cargo com-
ponents can include, e.g., quantum dots 231, siRNA 233,
nanoparticles 235, diphtheria toxin 237, doxorubicin, 5-fluo-
rouracil, cisplatin, or other cargo components as disclosed
herein.

[0051] An exemplary lipid bilayer 220 can include one or
more of DOPE, DPPE, DOPC, DPPC, DOTAP, etc. In
embodiments, the lipid bilayer 220 can have a net positive
surface charge. In embodiments, 1,2-dioleoyl-sn-glycero-3-
phosphoethanolamine (DOPE) can be incorporated within
the lipid bilayer to facilitate the attachment or conjugation of
targeting ligands 242, such as small peptide sequences, to
achieve receptor-mediated cell targeting.

[0052] Various targeting ligands 242 can be attached to and
displayed on the surface of the lipid bilayer 220 for selective
targeting or specific binding of the protocell compound 200A
to target cells. Exemplary targeting ligands 242 can include
small peptide sequences such as targeting peptides, antibod-
1es, vitamins, aptamers, or other compounds for achieving

receptor-mediated cell targeting. The targeting peptides 242
can 1nclude, for example, SP94 peptides of H,N-SFSIILT-

PILPL-COOH, i1dentified via filamentous phage display to
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have an affinity for receptor(s) expressed by human liver
cancer (hepatocellular carcinoma, or HCC).

[0053] In embodiments, fusogenic ligands 244, ¢.g., fuso-
genic peptides can also be displayed on the surface of the lipid
bilayer 220. The fusogenic peptides 244 can include, for
example, a histidine-rich fusogenic peptide (H5SWYG, H,N-
GLFHAIAHFIHGGWHGLIHGWYG-COOH) (Midoux et
al., (1998) Membrane Permeabilization and Efficient Gene
Transier by a Peptide Containing Several Histidines. Biocon-
jugate Chemistry 9, 260-267) that promotes endosomal
escape without affecting the integrity of the cell membrane.
[0054] The targeting ligands 242 and/or the fusogenic
ligands 244 can be attached to the SLB 220 by a chemical
reaction, €.g., by a cross-linker 247. The cross-linker 247 can
be, e.g., a heterobifunctional cross-linker with a polyethylene
glycol (PEG) spacer arm. In embodiments, the cross-linker
247 can include, for example, 1-ethyl-3-[3-dimethylamino-
propyl|carbodiimide hydrochloride (EDC), succinimidyl-6-
| p-maleimidopropionamido Jhexanoate (SMPH), succinim-
1dy]-([N-maleimidopropionamido|-8-ethyleneglycol Jester
(SM(PEG),), etc. As exemplarily shown 1n FIG. 2C, the
cross-linker 247 can cross-link both targeting peptides 242
and fusogenic peptides 244 onto the surface of the SLB 220.
[0055] Attaching or displaying multiple copies of the tar-
geting ligands on the SLB surface can provide collective,
multivalent binding effects for enhanced affinity and more
eificient cargo delivery through receptor-mediated internal-
ization pathways. In embodiments, from 1 to about 2048
copies ol targeting peptides 242, or from 0.002 wt % to about
5.0 wt % targeting peptides 242 can be attached to and dis-
played on the SLB 220. For example, about 2048 copies of the
SP94 targeting peptide 242, or about 5 wt % of the SP94
targeting peptide 242 can be displayed on the SLB 220 to
elfect specific targeting of Hep3B, an exemplary type of the
target cell (HCC). In embodiments, from about 6 to about
2048 copies of Tusogenic peptides 244 can be attached to or
displayed on a SLB 220.

[0056] The SLB 220 can be modified by various shielding
materials including, e.g., polymers 246, such as PEG, cho-
lesterol 248, etc. as shown 1n FIGS. 2A-2B. For example,
PEG-2000-PE can be used as shielding materials to reduce or
avold non-specific binding of the protocell compounds 200A.

[0057] FIG. 3A depicts an exemplary selective targeting
process of the disclosed protocell compound in accordance
with various embodiments of the present teachings.

[0058] Protocells modified with targeting ligands, e.g.,
SP94, can also bind non-specifically to normal cells, e.g.
hepatocytes, immune cells, etc., which can be a function of
the charge and fluidity of lipids employed 1n the SLB and the
degree to which the SLB 1s modified with shielding materials
such as PEG.

[0059] Forexample, employing zwitterionic lipids, such as
DOPC and/or DPPC, or hybrid lipids such as the protocell
compound 100D of FIG. 1D, 1n the SLB can minimize non-
specific binding and maximize specific binding, while lipids
with a positive charge (DOTAP) or negative charge (DOPS)

can 1ncrease undesired non-specific binding of protocells to
normal cells. Incorporating the exemplary cholesterol or

PEG-2000-PE 1nto the SLB can further reduce the non-spe-
cific binding of, e.g., DOPC and/or DPPC protocells.

[0060] In a specific embodiment, the protocell 200A can
have cholesterol of 0 to about 50 wt %, or about 5 wt % to
about 30 wt %, such as about 30 wt %; PEG 2000 or other
PEGylated lipid of 0 to about 50 wt %, or about 1 wt % to
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about 30 wt %, such as about 5 wt %; phosphatidylethanola-
mine (PE) of about 1 wt % to about 10 wt %; and/or DOPE of
0 to about 10 wt %, such as about 5 wt %, and the remainder
DOPC (T, =-20° C.) or DPPC (T, =41° C.). Using a hetero-
bitunctional crosslinker with a PEG (n=8) spacer, SP94 pep-
tides having an aifinity for receptor(s) expressed by human
HCC can be covalently attached to DOPE head groups with
desirable concentrations ranging from 0.002 to 5.0 wt %,
corresponding, on average, from about 1 to 2048 peptides per
particle.

[0061] In embodiments, the SLB composition can be used
to promote selective targeting of the protocell or the protocell
compounds to target cells but not to other cells such as normal
cells. For example, protocells possessing a fluid SLB such as
DOPC are able to selectively target HCC at low SP94 densi-
ties, which 1s 1n contrast to a non-fluid or solid SLB, such as
the DPPC SLB.

[0062] The binding affinity can be measured by K , values,
a dissociation constant that 1s mversely related to binding
allinity. For example, targeted DOPC or DPPC protocells can
have a high specific affinity with K <1 nM for HCC and, over
the range of 6 to 2048 peptides per particle, can have K
values that are consistently low (e.g., 0.94-0.08 nM) and
relatively independent of peptide density. The K, values of
SP94-targeted protocells can be precisely modulated by
incorporating various amounts of fluid and non-tfluid lipids

into the SLB.

[0063] In one example, the differential binding aifinity for
HCC cancer cells over normal cells such as hepatocytes and
other negative control cells, including human endothelial
cells (HUVECs) and immune cells (PBMCs and B- and
T-lymphocytes) can be about 10” or greater. In embodiments,
the differential binding atfimity, 1.e., the selectivity for the
target cell (e.g., HCC) over other cells can be translated into
differential internalization efficiency. As shown 1n FIG. 3B,
the protocell compounds 200A that are selectively targeted to
the receptor 365 can be selectively internalized into the cor-
responding target cell 370. In embodiments, protocells hav-

ing an average particle size ranging from about 30 nm to about
300 nm can be 1internalized by the target cell (Hep3B) at 37°
C.

[0064] Following the high affinity surface binding of tar-
geting ligands 242 to the receptor 3635 shown 1n FIG. 3A, FIG.
3B depicts receptor-mediated endocytosis or internalization
to deliver multicomponent cargo components that are previ-
ously loaded in the porous particle core 210 of the protocell
compound 200A. As shown 1n FIG. 2A, cargo components
242 including, but not limited to, quantum dots 231, siRNA
233, nanoparticles 235, diphtheria toxin 237 and other protein
toxins, chemotherapeutic agents, e.g. doxorubicin and other
drugs, etc. can all be simultaneously and uniformly loaded
within a porous particle core that 1s then fused with a fluid
lipid bilayer 220, e.g., by a DOPC liposome.

[0065] InFIG. 3B, the protocell compound 200A including
the porous particle core 210 and cargo components 242 can be
endocytosed by the target cell 370, e.g., by Hep3B cells. A
saturating intracellular concentration, e.g., about 500 proto-
cell compounds per Hep3B cell can be reached within, e.g. 2
hours.

[0066] Endosome acidification can destabilize the SLB 220

of the internalized protocell compound 200A, thereby
enabling encapsulated cargo components 230 to diffuse out of
the porous particle core 210 and into the cytosol 390. Addi-
tionally, protonation of imidazole moieties (pK_=6.0) 1n the
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fusogenic peptide 244 can iitiate osmotic swelling and
membrane destabilization of endosomes (see 380 1n FIG. 3B)
via the ‘proton sponge’ mechamsm. In an exemplary embodi-
ment, approximately 4 hours after endocytosis, the exemplary
cargo components 230 along with the lipid and si1licamoieties
of the protocell can be distributed throughout the cytosol of
Hep3B cells.

[0067] InFIG. 3C, cargo components 230 can be modified
with a nuclear localization sequence, NLS 235 including e.g.,

the M9 domain of heterogeneous nuclear ribonucleoprotein
Al having a sequence of H,N-NQSSNFGPMKGGNFG-

GRSSGPY GGGGQYFAKPRNQGGY-COOH, to promote
transport of NLS-modified cargo components 230 through
the nuclear pore complex 355 1nto the cell nucleus 350. Other
unmodified cargo components can remain 1n the cytosol 380.
For example, NLS-modified calcein and dsDNA can be con-
centrated within the Hep3B nucleus, whereas the remaining
cargo components remain concentrated 1n the cytosol.
[0068] The disclosed protocell compounds and their bind-
ing and internalizing processes can thus provide high target-
ing specificity and high cytotoxicity to target cells, but with
low collateral damage to normal cells.

EXAMPLES

Example 1

Electrostatic Interaction: Cargo Components vs.
Porous Particle

[0069] Calcein, a negatively-charged and membrane-im-
permeable tluorophore, was used as an exemplary cargo com-
ponent or surrogate representing a class of drug compounds.
When calcein was mixed with negatively-charged silica
nanoparticles and the mixture thereof was centrifuged, the
dye remained 1n the supernatant and particles were colorless,
indicating that negatively-charged calcein was excluded from
negatively-charged silica mesopores.

[0070] An amine-modified silane, AEPTMS, was then

introduced into the silica framework to prepare cationic

\/\/\/\/_\/\/\/\)J\O/?g\
/\/\/\/\_/\/\/\/\[(
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mesoporous silica cores with about 2-nm diameter pores pre-
pared by aerosol-assisted self-assembly using tetracthy-
lorthosilicate (TEOS) plus 10 mol % AEPTMS as silica pre-
cursors and CTAB as a structure-directing agent. When the
cationic silica particles were dispersed in water at about 25
mg/mL 1n the presence of about 1 mM calcein, greater than
99% of the calcein (determined by fluorimetry) was adsorbed
into the pores, resulting 1n a 2.5 wt % loading relative to silica,
while with saturated calcein, loading can reach 24.2% by
weight.

Example 2

Displacement of Cargo Components 1n Cell Culture
Medium

[0071] The calcein-loaded cationic silica particles of
Example 1 were delivered to Chinese hamster ovary (CHO)
cells. As aresult, no calcein uptake was observed because no
green fluorescence was observed associated with the CHO
cells. This was also confirmed by tflow cytometry studies (not
shown) where the fluorescence histogram of cells incubated
with the calcein-loaded particles was similar to that of cells
incubated with free calcein, due to displacement of calcein by
molecules/ions 1n the cell culture media. This was confirmed
by fluorescence measurement of the cell culture medium,
¢.g., the F-12K medium, where calcein was found to be quan-
titatively displaced into the medium after particle centrifuga-
tion. Further experiments showed that small polyvalent
anions, such as phosphate, sulfate, and carbonate, as well as
chloride were eflective 1in promoting calcein displacement.

Example 3
Lipids, Shielding Polymers, and Cargo Components

DOTAP:
1,2-Dioleoyl-3-Trimethylammonium-Propane
(Chlonde Salt)

10072]

~
[N
Cr-

O

DOPC: 1,2-Dioleoyl-sn-Glycero-3-Phosphocholine
[0073]
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DPPC: dipalmitoylphosphatidylcholine
[0074]
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DOPS:
1,2-Dioleoyl-sn-Glycero-3-[Phospho-L-Serine]
(Sodium Salt)
[0075]

DOPE:
1,2-dioleoyl-sn-glycero-3-phosphoethanolamine

10076]

PEG-2000-PE (18:1)

[0077]

@ indicates text missmg or 1llegible when filed
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Cholesterol
[0078]
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Doxorubicin
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S-Fluorouracil
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Cisplatin
[0081]
Cl,,  NH;
- Pt‘“\
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Example 4
Hybnd Lipid Bilayer for Sealing Calcein
[0082] Positively-charged silica nanoparticles were readily

tused with anionic 1,2-dioleoyl-sn-glycero-3-[phosphor-L-
serine] (DOPS) liposomes. After the DOPS bilayer was
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applied, the premature release of loaded calcein was reduced
by about 55%. However, the cellular uptake of loaded calcein
was slightly improved, which was attributed to the negative
charge of the supported DOPS bilayer being repelled by the
negatively-charged cell surface.

[0083] Free cationic (DOTAP) liposomes were mixed with
anionic DOPS protocells to provide a net positive charge on
the resulting protocell surface. Sealing and delivery of cargo
components can be improved, e.g., by reducing the premature
calcein release by about 75% from CHO cells.

Example 5

Hybrid Lipid Bilayer for Sealing Doxorubicin

[0084] The delivery of doxorubicin, a red-fluorescent che-
motherapeutic drug was tested. Positively-charged doxorubi-
cin was absorbed by pure anionic mesoporous silica particles
(e.g., about 4 wt % loading relative to silica). With doxoru-
bicin-loaded naked silica particles, a relatively uniform red
fluorescence was observed within the cells, similar to that
resulting from 1ncubation with free doxorubicin.

[0085] Cationic protocell compounds were constructed by

successive addition of three liposomes (e.g., DOTAP/DOPS/
DOTAP) to form a hybrid lipid bilayer on the doxorubicin-
loaded silica particles. A very bright punctuated pattern was
produced within CHO cells, indicating that at least a fraction
of the doxorubicin was delivered by the cationic protocells.
Flow cytometry results also showed higher doxorubicin fluo-
rescence when the cells were mixed with protocells.

[0086] When the medium supernatant fluorescence data
were compared, the emission from the cationic compounds
was only about one-third of that from the doxorubicin-loaded
naked silica, meaning that the SL.B was effective in maintain-
ing the cargo within the protocell prior to entry into a cell.
Drug toxicity was reduced by using the protocell to avoid
drug leakage prior to the protocells entering the cell, demon-
strating the efficacy of the protocell to contain cargo. For
example, DOTAP protocells yielded more than 98% cell
viability.

Example 6

Lipid Exchange Mechanism for Forming Hybrid
Lipid Bilayers

[0087] Adter a supported lipid bilayer (SLB) 1s mixed with
oppositely-charged free liposomes and centrifuged, the zeta
potentials of both silica nanoparticle-supported bilayers (pro-
tocells) and the empty liposomes of the supernatant were
monitored. The pure empty DOPS and DOTAP liposomes
had potentials of about 43 and 46 mV, respectively.

[0088] However, after the first fusion step, the absolute
values of the potentials for both the protocells and liposomes
were less than those of free liposomes, indicating that the
surface layer included a lipid mixture, or a hybnd lipid
bilayer. That 1s, after the first fusion step between the anionic
DOPS liposome and the naked cationic silica core, the fol-
lowing steps mvolved lipid exchange; otherwise, e.g., for
fusion or adsorption, the potential of the protocells and lipo-
somes should be 1dentical to those of pure liposomes.
[0089] When DOPS liposomes are fused with cationic
s1lica nanoparticles, defects are likely to form, and these are
difficult to heal because of electrostatic considerations. Sub-
sequent addition of cationic DOTAP liposomes resulted 1n
clectrostatically-driven association and lipid exchange up
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until the point where the diminishing electrostatic interaction
and van der Waals attraction are exceeded by the disjoining
pressure, atter which the associated exchanged liposome was
released.

[0090] Coniocal fluorescence microscopy (CFM) and
transmission electron microscopy (TEM) were used to mea-
sure the liposome fusion of a first liposome on the porous
particle core and lipid exchange by a second liposome. About
15 um anionic mesoporous silica particles were fused {first
with Texas Red-labeled DOTAP and then mixed with NBD-
labeled DOPS. Co-localization of the red and green tluores-
cence established the presence of both DOTAP and DOPS.
Corresponding TEM of fixed and stained protocells showed
that the majority of particles, after both the 1mitial fusion step
and subsequent exchange steps, had an about 3.5-nm-thick
rim, indicative of a single supported bilayer, while a very
small fraction of particles, less than about 1%, had a layer
about 11-nm-thick, indicative of dual bilayers. Therefore,
while a majonty of the particles underwent lipid exchange,
fusion can not be completely ruled out. Double bilayer fusion
was never observed 1n a single step.

Example 7

Enhanced Fluidity of SLB

[0091] To 1illustrate the aspects of long-range fluidity of
porous particle-supported lipid bilayers (SLBs), temperature-
dependent {fluorescence recovery ailter photobleaching
(FRAP) results were collected for an exemplary protocell
having a DPPC lipid bilayer supported on a nanoporous silica
particle and for a SLB supported on a solid glass 1.e. non-
porous silica particle. A photobleached region (not shown)
was observed to recover at 35° C. (x1° C.) for the protocell
compared to 41° C. (x1° C.) measured for the SLB on the
solid glass silica particle, indicating a dramatic reduction (by
6° C.) of the membrane fluidization temperature T, corre-
sponding to the gel-to-fluid main phase transition tempera-
ture. This suppression of the melting point was a consequence
of physical constraints at the interface between the lipid
bilayer and the porous particle core support 1n the protocells
or protocell compounds.

Examples 8

SLB Composition vs. Non-Specific Binding

[0092] Non-speciiic affinity of protocell compounds modi-
fied with 0.500 wt % of the SP94 targeting peptide (~2048
peptides/particle) for Hep3B and hepatocyte cells was a func-
tion of the charge and fluidity of lipids employed 1n the SLB
ol the protocell compounds and the degree to which the SLB
1s modified with shielding matenials, e.g. PEG.

[0093] The affimity of SP94-targeted DOPC, DPPC,
DOTAP, and DOPG protocells for Hep3B and hepatocytes,
with shielding materials used, was tested by total binding,
non-speciiic binding, and specific binding.

[0094] Total binding was defined as the mean fluorescent
intensity (MFI) of cells exposed to a saturating concentration

of SP94-targeted protocells (labeled with 1 wt % Texas Red
DHPE), while non-specific binding was defined as the MFI of
cells exposed to a saturating concentration of unmodified
protocells (labeled with 1 wt % Texas Red DHPE). Specific
binding was the difference between total binding and non-
specific binding.
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[0095] Protocells coated with lipids that have a positive
charge (DOTAP) or negative charge (DOPG) have increased
undesired non-specific binding to both HCC and hepatocytes.
Employing zwitterionic lipids 1n the SLB minimized non-
specific binding and maximized specific binding, and DPPC
protocells had a slightly lower non-specific affinity for
Hep3B and hepatocytes than DOPC protocells.

[0096] Shielding materials included in the lipid bilayer, and
the atfinity of DOPC, DOPC with 30 wt % cholesterol, DOPC
with 5 wt % PEG-2000, DPPC, DPPC with 30 wt % choles-
terol, and DPPC with 5 wt % PEG-2000 protocells for Hep3B
and hepatocytes was measured. Incorporating cholesterol or
PEG-2000 PE into the SLB further reduced the non-specific
binding of DOPC and DPPC protocells to Hep3B and hepa-

tocytes.

Examples 9

Fluid SLB vs. Targeting Specificity

[0097] Protocells were prepared by liposome fusion onto
spherical ~120-nm diameter nanoporous silica cores loaded
with dyes, drugs, or other components.

[0098] Based on optimization studies of stability and non-
specific binding conducted in a simulated body fluid, the
composition of the supported lipid bilayer used throughout

the experiments was (by weight) about 30% cholesterol,
about 5% PEG 2000, about 5% DOPE, and the remainder

DOPC (T_=-20° C.) or DPPC (T _=41° C.). Using a hetero-
bitunctional crosslinker with a PEG (n=8) spacer, SP94 pep-
tides (H,N-SFSIILTPILPL-COOH, identified via filamen-
tous phage display to have an affinity for unknown receptor(s)
expressed by human HCC) were covalently attached to
DOPE head groups at concentrations ranging from about
0.002 to about 5.0 wt %, corresponding on average from 1 to
about 2048 peptides per particle. Equivalent 120-nm lipo-
somes were synthesized for comparative purposes.

[0099] Dissociation constants, K ,, where K , 1s inversely
related to binding aflinity, between protocells or liposomes
and HCC or normal hepatocytes or other negative control
cells were determined using flow cytometry at4° C., where no
accompanying internalization was observed.

[0100] Plotting K , as a function of peptide coverage, fluid
DOPC protocells had a high specific affinity (K <1 nM) for
HCC and, over the range of 6 to 2048 peptides per particle,
their K ,values were consistently low (about 0.94 nM to about
0.08 nM) and relatively independent of peptide density. In
comparison, for solid DPPC protocells and liposomes, over
an order of magnitude higher K , was measured, and a strong
peptide density dependence of K , was measured at low den-
sities, 1.e. approaching that of the monovalent peptide (1
peptide per particle).

[0101] For DOPC protocells, the high binding affinities and
low peptide density dependence were attributed to recruit-
ment of multiple SP94 peptides to the HCC cancer cell sur-
face, enabled by the tluid SLB. For solid DPPC protocells and
liposomes, this multivalent effect and correspondingly low
K , were realized only at high peptide density due to kinetic
constraints imparted by the non-tluid lipid bilayer.

[0102] Inexperiments, NBD-labeled DOPC or DPPC lipo-
somes were Tused to a planar nanoporous substrate (witha 3D
pore structure prepared by evaporation-induced self-assem-
bly and comparable to that ol the protocell core) and modified
with a low density (~0.015 wt %, equivalent to 6 peptides per
particle 1n the K ; measurements) of Alexa Fluor 647®-]a-
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beled SP94 peptides. Upon introduction of a HCC cell line
(Hep3B) to the supported planar bilayers at 4° C., rapid (1-2
minutes) recruitment of SP94 peptides to the cancer cell
surface was observed for the tluid DOPC supported bilayer,
with no measurable recruitment for the solid DPPC bilayer.
[0103] Comparing the peptide density dependent K , values
of DOPC liposomes and protocells for HCC and normal
hepatocytes, DOPC protocells modified with ~6 copies of the
SP94 peptide had a differential K , (HCC over hepatocytes) of
>2x10%, exceeding that of targeted DOPC liposomes by >10°.
This emphasizes that protocells possessing a fluid SLB selec-
tively target HCC (but not normal cells) at low SP94 densities.
The >10* differential binding affinity for HCC over hepato-
cytes was also measured for other negative control cells,
including human endothelial cells (HUVECs) and immune
cells (PBMCs and B- and T-lymphocytes).

[0104] The K, value of targeted DOPC protocells for
Hep3B was 2000-fold lower than that of free SP94 {for
Hep3B, and nearly 50,000-fold lower than that of unmodaified

protocells for Hep3B.

Examples 10

Fluid SLLB vs. Internalization

[01 05] Uponwarming to 25 or 37° C., the differential bind-
ing aifinity of HCC over hepatocytes was translated into
differential internalization efficiency. Fluid DOPC protocells
modified with SP94 targeting ligands were efliciently
endocytosed by Hep3B but not by normal (i.e. untrans-
tormed) hepatocytes. A size dependence of internalization
elficiency was also observed, with 30-60 nm protocells yield-
ing the highest average number of internalized protocells per

Hep3B cell at 37° C.

Examples 11

Targeted Delivery of Multicomponent Cargos

[0106] Various fluorescently-labeled surrogates (similar 1n
s1ze and charge to therapeutic or diagnostic agents of interest)
were encapsulated within the protocell core by simply soak-
ing the nanoporous particles in a solution of the desired cargo
prior to fusion of DOPC liposomes and conjugation of SP94
peptides to the SLB. For example, calcein, a low molecular
welght drug mimic; a double-stranded DNA oligonucleotide,
an siRNA mimic; red fluorescent protein, a protein toxin
mimic; and far red-fluorescent quantum dots can be simulta-
neously encapsulated within a fluorescently-labeled silica
particle to which fluorescently-labeled DOPC liposomes are
tused to trap cargo 1n the core. Contocal fluorescence micros-
copy of a protocell 10 um 1n diameter (used for demonstration
purposes to enable optical imaging) was employed to show
uniform distribution of the multiple cargos within the silica
core and a uniform coherent SLB.

Example 12

Drug Delivery and Cytotoxicity

[0107] High payloads of various cytotoxic agents, includ-
ing drugs and drug cocktails, siRNA cocktails and protein
toxins were delivered to Hep3B without affecting the viabil-
ity of control cells. The cargo capacity, release characteristics,
and cytotoxicity of the chemotherapeutic drug doxorubicin
(DOX) were measured for targeted DOPC protocells and

Nov. 12, 2015

compared to corresponding loaded DOPC liposomes synthe-
s1zed with 1dentical lipid bilayer compositions.

Example 12.1

Cargo Capacity

[0108] Due to the large volume fraction porosity (~50%)
and high surface area (>1000 m?/g) of nanoporous silica
cores, protocells have a 1000-fold higher cargo capacity for
DOX than similarly sized liposomes loaded via an ammo-
nium phosphate gradient-based approach. Due to their high
capacity for drugs, about 2x10’ doxorubicin-loaded DOPC
protocell compounds prepared with a low peptide density (~6
peptides/protocell or 0.015%) and stabilized with PEG were
needed to kill 90% of Hep3B (1x10° cells/mL) with induced
MDR (LC,,). 10° more doxorubicin-loaded DOPC lipo-

somes are necessary to achieve the LC,, value.

Example 12.2

Release Characteristics

[0109] FIG. 4A depicts a time-dependent release profile of
DOX from DOPC protocells (see 410), DSPC liposomes (see
412), DOPC liposomes (see 414), and nanoporous cores (see
416), when exposed to a simulated body fluid (pH 7.4) at 37°
C.

[0110] As shown, protocells exhibited long-term stability
over several hundred hours when maintained 1n a neutral pH
simulated body fluid at 37° C. Conversely, under neutral
conditions, DOPC liposomes released nearly all of their
encapsulated DOX within 72 hours (see 414), their release
profile being comparable to that of the nanoporous protocell
core without a SLB (see 416). Thus, the fluid lipids (e.g.,
DOPC) that enable selective targeting at low peptide densities
cannot be used in liposomal drug formulations, since pre-
mature release of encapsulated cargo components resulted in
non-specific toxicity to normal cells; stable formulations of
liposomal drugs required the use of fully saturated, high T
lipids and high concentrations of cholesterol, which act coop-
cratively to increase the lipid packing density and limit dii-
tusion of the drug across the lipid bilayer. Even the stability of
‘gold standard” liposomal doxorubicin (e.g. DSPC with 30
mol % cholesterol, loaded using an ammonium sulfate gra-
dient approach) remained limited, however, as up to 30% of
the drug was released within 72 hours when exposed to a
simulated body fluid at 37° C.

[0111] FIG. 4B depicts a time-dependent release profile of
DOX tfrom DOPC protocells (see 420), DSPC liposomes (see
422), and DOPC liposomes (see 424), when exposed to a pH
5 citric acid buffer at 37° C. Acidic conditions mimicked
those of the endosome and destabilized the SLB, thereby
promoting release of DOX from the nanoporous core.
[0112] As shown 1n FIG. 4B, reducing the pH to 5 simu-
lated the endosomal environment and destabilized the SLB,
resulting 1n rapid release of encapsulated DOX. Although
liposomes (see 424) exhibited a higher release rate of DOX at
pH 35, the much greater capacity of protocells (~3000x)
resulted 1n a ~2500x greater DOX release after ~12 hours.

Example 12.3

Cytotoxicity of the Chemotherapeutic Drug
Doxorubicin (DOX)

[0113] Concentration-dependent cytotoxicity of SP94-tar-
geted protocells and liposomes that encapsulate chemothera-



US 2015/0320681 Al

peutic drugs (DOX) were measured. For example, the per-
centage of Hep3B or hepatocytes that remained viable after
exposure to 10 uM DOX-loaded DOPC protocells or lipo-
somes for 24 hours was measured. Sytox® Green nucleic acid
stain and Alexa Fluor 647°-labeled annexin V were used to
distinguish viable (double-negative) from non-viable (single-
or double-positive) cells. Targeted DOPC protocells were
cytotoxic to MDR Hep3B but not to hepatocytes. Specifically,
protocells were observed to maintain greater than 90% hepa-
tocyte viability, while killing over 95% of MDR Hep3B. By
comparison, liposomes were less efficient at killing Hep3B
and showed significant cytotoxicity to normal cells.

[0114] Protocells were easily loaded with multicomponent
cargo components by simple soaking of the nanoporous core
in a solution of the desired cargo(s) prior to liposome fusion.
For example, when loaded with a cocktail of DOX, 5-fluo-
rouracil, and cisplatin (a chemotherapeutic drug cocktail
known to be particularly effective against HCC), as few as
one SP94-modified protocell was sufficient to kill a Hep3B
cell with induced MDR while maintaining about 90% hepa-
tocyte viability. In comparison, targeted liposomes could not
be loaded with the multicomponent cargo using osmotic gra-
dient or other loading strategies.

Example 13

Lack of Antibody Responses to Peptides on
Protocells

[0115] The induction of antibodies against a targeting pep-
tide may interfere with the ability to deliver cargo compo-
nents to target cells. To assess this possibility, mice were
injected with SP94-modified protocells and then IgG anti-
body responses were quantitated. As a control, a group of
mice was also immunized with the SP94 peptide displayed at
roughly the same density on another multivalent display plat-
form, bacteriophage MS2 virus-like particles (VLPs). MS2
VLPs conjugated with SP94 induced high titer IgG responses
against the peptide, while protocells displaying SP94 did not
induce IgG antibodies against SP94.

SEQUENCE LISTING

<160> NUMBER OF SEQ ID NOS: 3

<210> SEQ ID NO 1

<211> LENGTH: 23

<212> TYPE: PRT

<213> ORGANISM: Artificial Sequence
«220> FEATURE:

<223> OTHER INFORMATION: Peptide

<400> SEQUENCE: 1
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[0116] While the present teachings have been illustrated
with respect to one or more implementations, alterations and/
or modifications can be made to the illustrated examples
without departing from the spirit and scope of the appended
claims. In addition, while a particular feature of the present
teachings may have been disclosed with respect to only one of
several implementations, such feature may be combined with
one or more other features of the other implementations as
may be desired and advantageous for any given or particular
function. Furthermore, to the extent that the terms “includ-
ing”’, “includes”, “having”, “has”, “with”, or variants thereof
are used 1n either the detailed description and the claims, such
terms are intended to be inclusive in a manner similar to the
term “comprising.” As used herein, the term “one or more of™
with respect to a listing of 1tems such as, for example, A and
B, means A alone, B alone, or A and B. The term “at least one
of” 1s used to mean one or more of the listed items can be
selected.

[0117] Notwithstanding that the numerical ranges and
parameters setting forth the broad scope of the present teach-
ings are approximations, the numerical values set forth in the
specific examples are reported as precisely as possible. Any
numerical value, however, inherently contains certain errors
necessarily resulting from the standard deviation found in
their respective testing measurements. Moreover, all ranges
disclosed herein are to be understood to encompass any and
all sub-ranges subsumed therein. For example, a range of
“less than 10” can 1nclude any and all sub-ranges between
(and including) the minimum value of zero and the maximum
value of 10, that 1s, any and all sub-ranges having a minimum
value of equal to or greater than zero and a maximum value of
equal to or less than 10, e.g., 1 to 5. In certain cases, the
numerical values as stated for the parameter can take on
negative values. In this case, the example value of range stated
as “less than 10” can assume values as defined earlier plus
negative values, e.g. -1, -1.2, -1.89, -2, -2.5, -3, -10, =20,
-30), etc.

[0118] Other embodiments of the present teachings will be
apparent to those skilled 1n the art from consideration of the
specification and practice of the present teachings disclosed
herein. It 1s intended that the specification and examples be
considered as exemplary only, with a true scope and spirit of
the present teachings being indicated by the following claims.

Gly Leu Phe His Ala Ile Ala His Phe Ile His Gly Gly Trp His

1 5 10

Gly Leu Ile His Gly Trp Tyr Gly
20

<210> SEQ ID NO 2

<211> LENGTH: 38

«212> TYPE: PRT

<213> ORGANISM: Artificial Sequence
«220> FEATURE:

15
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-continued

<223> OTHER INFORMATION: Peptide

<400> SEQUENCE: 2

Asn Gln Ser Ser Asn Phe Gly Pro Met Lys Gly Gly Asn Phe Gly

1 5 10

15

Gly Arg Ser Ser Gly Pro Tyvr Gly Gly Gly Gly Gln Tyr Phe Ala

20 25

Lys Pro Arg Asn Gln Gly Gly Tvyr
35

<210> SEQ ID NO 23

<211> LENGTH: 12

<212> TYPRE: PRT

<213> ORGANISM: Artificial Sequence
<220> FEATURE:

<223> OTHER INFORMATION: Peptide

<400> SEQUENCE: 3

Ser Phe Ser Ile Ile Leu Thr Pro Ile Leu Pro Leu
1 5 10

1-28. (canceled)

29. A protocell compound comprising:

a porous core loaded with one or more cargos and sur-
rounded by a lipid bilayer, the one or more cargos
selected from the group consisting of peptides, proteins,
antibodies, nucleic acids, and drugs; and

a Tusogenic ligand.

30. The protocell compound of claim 29, wherein the tuso-
genic ligand 1s a fusogenic peptide.

31. The protocell compound of claim 29, wherein the tuso-
genic ligand 1s attached to the lipid bilayer.

32. The protocell compound of claim 29, wherein the pro-
tocell further comprises a targeting ligand.

33. The protocell compound of claim 32, wherein the tar-
geting ligand 1s attached to the lipid bilayer.

34. The protocell compound of claim 32, wherein the pro-
tocell comprises 1 to about 2048 copies of the targeting
ligand.

35. The protocell of claim 32, wherein the targeting ligand
1s a peptide, a monoclonal antibody, an aptamer, or a vitamin.

36. The protocell compound of claim 32, wherein the tar-
geting ligand binds a cancer cell.

37. The protocell compound of claim 36, wherein the can-
cer cell 1s a hepatocellular cancer cell.

38. The protocell compound of claim 29, wherein the pro-
tocell further comprises a shielding material.

39. The protocell compound of claim 38, wherein the
shielding material 1s attached to the lipid bilayer.

40. The protocell compound of claim 38, wherein the
shielding material comprises polyethylene glycol or choles-
terol.

41. The protocell compound of claim 29, wherein the
porous core comprises polystyrene, silica, alumina, titania, or
zirconia.

42. The protocell compound of claim 29, wherein the
porous core comprises silica.

43. The protocell compound of claim 29, wherein the
porous core 1s about 30 nm to about 3000 nm 1n diameter.

44. The protocell compound of claim 29, wherein the
porous core 1s about 200 nm or less 1n diameter.

30

45. The protocell compound of claim 29, wherein the core
1s spherical, cylindrical, or oblong.
46. The protocell compound of claim 29, wherein the

porous core comprises pores with an average pore size of
about 2 nm to about 30 nm.

4'7. The protocell compound of claim 29, wherein the
porous core has a porosity of about 25% to about 75%.

48. The protocell compound of claim 29, wherein the
porous core has a surface area of about 100 m*/g to about

1000 m*/g.

49. The protocell compound of claim 29, wherein the
porous core 1s negatively charged.

50. The protocell compound of claim 29, wherein the
porous core 1s positively charged.

51. The protocell compound of claim 29, wherein the
pPOrous core comprises an amine-containing compound.

52. The protocell compound of claim 29, wherein the
porous core comprises about 0 wt % to about 30 wt % amine-
containing compound.

53. The protocell compound of claim 29, wherein the lipid
bilayer 1s a supported lipid bilayer.

54. The protocell compound of claim 29, wherein the lipid
bilayer comprises a phospholipid.

55. The protocell compound of claim 29, wherein the lipid
bilayer comprises 1,2-dioleoyl-sn-glycero-3-[phosphor-L-
serine| (DOPS), 1,2-dioleoyl-3-trimethylammonium-pro-
pane (DOTAP), 1,2-dioleoyl-sn-glycero-3-phosphocholine
(DOPC), dipalmitoylphosphatidylcholine (DPPC), 1,2-d1o-
leoyl-sn-glycero-3-phosphoethanolamine (DOPE), PEG-
2000-PE (18:1), 1,2-dipalmitoyl-sn-glycero-3-phosphoetha-
nolamine (DPPE), or cholesterol.

56. The protocell compound of claim 29, wherein the lipid
bilayer comprises a negatively-charged lipid, a positively-
charged lipid, or a zwitterionic lipid.

57. The protocell compound of claim 29, wherein the lipid
bilayer comprises a positively-charged lipid.

58. The protocell compound of claim 29, wherein the one
or more encapsulated cargos comprises DNA or RNA.
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59. The protocell compound of claim 29, wherein the one
or more encapsulated cargos 1s modified with a nuclear local-
1zation sequence.

60. The protocell compound of claim 29, wherein the one
or more encapsulated cargos comprises a chemotherapeutic
drug.

61. The protocell compound of claim 29, wherein the pro-
tocell has a net positive surface charge or a net negative
surface charge.

62. A protocell compound comprising:

a porous core loaded with one or more cargos and sur-
rounded by a lipid bilayer, the porous core comprising an
amine-containing composition;

wherein the one or more cargos are selected from the group
consisting of peptides, proteins, antibodies, nucleic
acids, and drugs.

63. A protocell compound comprising:

a positively-charged porous core loaded with one or more
cargos and surrounded by a lipid bilayer; and

wherein the one or more cargos are selected from the group
consisting of peptides, proteins, antibodies, nucleic
acids, and drugs.

64. A method of delivering a cargo to a cell comprising

contacting the cell with the protocell compound according to
claim 29.

Nov. 12, 2015

65. A method of delivering a cargo to a cell comprising
contacting the cell with the protocell compound according to
claim 62.

66. A method of delivering a cargo to a cell comprising
contacting the cell with a protocell compound according to
claim 63.

67. A method of treating a disease comprising administer-
ing to a subject a plurality of protocell compounds according
to claim 29.

68. A method of treating a disease comprising administer-
ing to a subject a plurality of protocell compounds, the pro-
tocell compounds according to claim 62.

69. A method of treating a disease comprising administer-
ing to a subject a plurality of protocell compounds according
to claim 63.

70. A method of forming a protocell compound of claim 29
comprising;

surrounding the porous core with the lipid bilayer, and

attaching a fusogenic ligand to the lipid bilayer.

71. A method of forming a protocell compound of claim 62
comprising surrounding the porous core with the lipid bilayer.

72. A method of forming a protocell compound of claim 63
comprising surrounding the porous core with the lipid bilayer.
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