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(57) ABSTRACT

A compound includes an amphiphilic polymer with a hydro-
phobic block including monomeric units chosen from alkyl
(meth)acrylates, alkyl (meth)acrylamides, and combinations
thereof; and a hydrophilic cationic block including mono-
meric units chosen from alkylamino (meth)acrylates, alky-
lamino (meth)acrylamides, and combinations thereof. The
polymer is in the form of a micelle with a central core
derived from the hydrophobic block and shell at least
partially surrounding the core. The shell includes a plurality
of filamentous arms derived from the hydrophilic block and
emanating outward from the core. A biological agent is
associated with the arms of the micelle.
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CATIONIC BLOCK POLYMER MICELLES
FOR DELIVERY OF BIOLOGICAL AGENTS

[0001] This application claims the benefit of U.S. Provi-
sional Patent Application No. 62/897,660, filed on Sep. 9,
2019, the entire content of which is incorporated herein by
reference.

GOVERNMENT INTEREST

[0002] This invention was made with government support
under DMR-1420013 awarded by National Science Foun-
dation (NSF) and Grant No. N660011824041 awarded the
Department of Defense/Defense Advanced Research Proj-
ects Agency (DARPA). The government has certain rights in
the invention.

BACKGROUND

[0003] Polymeric gene delivery vehicles are an essential
tool in life science research and have the potential to be used
in clinical gene therapy due to their versatility, relative low
production cost, and low immunogenicity. Synthetic poly-
mers have been used to deliver biomacromolecule payloads
such as, for example, plasmid DNA (pDNA), ribonucleo-
protein (RNP), and the like, due to their versatility, low
toxicity, and the ability to encapsulate large payloads. Some
recent examples indicate that synthetic polymer-based sys-
tems achieved biomacromolecule based gene delivery and
gene editing both in vitro and in vivo.

[0004] For example, in aqueous physiological solutions,
cationic polymers can spontaneously bind with negatively
charged pDNA and form interpolyelectrolyte complexes.
These complexes are predominately internalized by various
endocytic routes, followed by cargo release from these
vesicles inside the cells via different proposed mechanisms,
and subsequent entry into the cell nucleus to promote gene
expression. Compared to viral vehicles, polymeric delivery
systems typically have lower delivery efficiency, and various
optimization strategies have been applied to improve this
parameter such as, for example, changing the cationic moi-
eties on polymers, adding targeting ligands, and installing
responsive monomers, which can improve uptake efficiency
and help to balance transfection efficiency and cytotoxicity.
[0005] In one example, polyplexes formed with block
copolymers consisting of distinct hydrophilic and cationic
blocks exhibit significant compaction of pDNA, and have
been shown to promote colloidal stability in biological
media in addition to high transfection efficiency. In com-
parison, amphiphilic block copolymers self-assemble into
micelles in solution, where cationic micelles complex with
pDNA to form micelleplexes. Polymeric micelles are well
established delivery vehicles for small molecule drugs and
have demonstrated efficient delivery of siRNA, but are
relatively underexplored for pDNA delivery.

[0006] In another example, CRISPR (clustered, regularly
interspaced, short palindromic repeats)/Cas9 (CRISPR-as-
sociated protein 9)-based genome editing has rapidly
emerged as a multi-faceted technology to enable gene inser-
tion, deletion, activation, suppression, and even single base
editing of target genes within the nucleus of any cell. This
highly efficient and facile technique has broad utility from
white biotechnology and agriculture to biomedical research,
pharmaceutics, and regenerative medicine.

[0007] Currently, the CRISPR/Cas9 system can be deliv-
ered in vitro, ex vivo, and in vivo in three different payload
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forms: 1) pDNA that encodes Cas9 protein and/or sgRNA ii)
mRNA that encodes for Cas9 nuclease and a separate
sgRNA, or iii) a ribonucleoprotein (RNP) that consists of
recombinant Cas9 protein precomplexed directly with a
sgRNA. While engineered viruses have shown exceptional
delivery efficiency and expression of Cas9 protein in cells,
limitations such as immunogenicity and size restrictions in
packaging exist. Physical delivery methods such as elec-
troporation and microinjection are known to cause cell
damage or death and are challenging to apply to a large
population of cells/tissues.

[0008] CRISPR-Cas9 pDNA needs to enter the cellular
nucleus to express, and consistent expression produces an
overabundance of Cas9 protein, which can lead to increased
off-target editing and mutagenesis. Researchers have uti-
lized the CRISPR/Cas9 system in mRNA form to circum-
vent the barrier of nuclear entry, which has been reported
with polymer-based nanoparticles. However, sgRNA often
needs to be delivered separately, presenting challenges in
trafficking kinetics of different payloads.

[0009] Direct delivery of CRISPR/Cas9 ribonucleoprotein
(RNP), on the other hand, has several benefits, including
precision in endonuclease dosing and potential to avoid
uncontrolled integration of the transgene into the cellular
genome. While different CRISPR/Cas9 RNP delivery sys-
tems have been recently explored, such as lipid-based nan-
oparticles, gold nanoparticles, cell penetrating peptides, and
other hybrid nanostructures, the mechanisms of payload
encapsulation and the resultant complexes are generally not
quantitatively understood/characterized. Polymers offer a
well-documented pharmaceutically-relevant platform that
have been underexplored for RNP encapsulation and deliv-
ery, and only limited number of reports have been presented,
likely due to the inherent structural, charge, and binding
differences of plasmid and protein-based payloads.

[0010] To this end, designing novel and efficient polymer
micelle-based pDNA and RNP delivery vehicles, as well as
improving the fundamental understanding of polymer-cargo
complex composition and architecture on pDNA and protein
loading and delivery efficiency, are necessary for advanced
applications.

SUMMARY

[0011] In general, the present disclosure is directed to
polymer micelles that provide a well-defined host to bind
with biological agents and facilitate intracellular delivery
thereof. In one embodiment, the polymer micelles include a
diblock copolymer with a hydrophobic block with mono-
meric units chosen from alkyl (meth)acrylates, alkyl (meth)
acrylamides, and combinations thereof; and a hydrophilic
cationic block including monomeric units chosen from alky-
lamino (meth)acrylates, alkylamino (meth)acrylamides, and
combinations thereof.

[0012] In the present application, (meth)acrylates include
acrylates and methacrylates, (meth)acrylamides include
acrylamides and methacrylamides, alkylamino (meth)acry-
lates include alkylaminoacrylates and alkylamino methacry-
lates, and alkylamino(meth)acrylamides include alkylamino
acrylamides and alkylamino methacrylamides.

[0013] The copolymer is in the form of a micelle including
a central core derived from the hydrophobic block and shell
at least partially surrounding the core, wherein the shell
includes a plurality of filamentous arms derived from the
hydrophilic block and emanating outward from the core. The



US 2021/0069111 Al

arms form a cationic brush-like corona on the micelle
surface that facilitates binding and encapsulation of a bio-
logical agent.

[0014] In another embodiment, the polymer micelles
include a tri-block polymer with a hydrophobic block having
monomeric units chosen from alkyl (meth)acrylates, alkyl
(meth)acrylamides, and combinations thereof; a hydrophilic
cationic block including monomeric units chosen from alky-
lamino (meth)acrylates, alkylamino (meth)acrylamides, and
combinations thereof, and a hydrophilic nonionic block
including ethylene glycol (PEG) monomeric units. The
terpolymer is in the form of a micelle including a central
core derived from the hydrophobic block and shell at least
partially surrounding the core. The shell includes a plurality
of filamentous arms in which the hydrophilic cationic block
forms a first portion of the arms proximal the core, and the
hydrophilic nonionic block forms a second portion of the
arms connected to the first portion of the arms and distal the
core.

[0015] In some embodiments, the micelles can complex
with anionic biomacromolecular cargos to form micelle-
plexes, which in some cases can achieve excellent pPDNA
delivery and protein expression in multiple cell lines. In
another embodiment, the micelles can achieve excellent
CRISPR-Cas9 RNP delivery and gene editing efficiency
with engineered HEK 293T (human embryonic kidney)
cells. The delivery system of the present disclosure provides
a well-defined nonviral delivery vehicle for both nucleic
acids and protein-based gene editing tools.

[0016] In one aspect, the present disclosure is directed to
a compound including an amphiphilic polymer with a hydro-
phobic block including monomeric units chosen from alkyl
(meth)acrylates, alkyl (meth)acrylamides, and combinations
thereof; and a hydrophilic cationic block including mono-
meric units chosen from alkylamino (meth)acrylates, alky-
lamino (meth)acrylamides, and combinations thereof. The
polymer is in the form of a micelle with a central core
derived from the hydrophobic block and shell at least
partially surrounding the core. The shell includes a plurality
of filamentous arms derived from the hydrophilic block and
emanating outward from the core. A biological agent is
associated with the arms of the micelle.

[0017] In another aspect, the present disclosure is directed

to a compound including an amphiphilic polymer, which

includes

[0018] a hydrophobic block with monomeric units chosen
from alkyl (meth)acrylates, alkyl (meth)acrylamides, and
combinations thereof;

[0019] a hydrophilic cationic block with monomeric units
chosen from alkylamino (meth)acrylates, alkylamino
(meth)acrylamides, and combinations thereof; and

[0020] a hydrophilic nonionic block including ethylene
glycol (PEG) monomeric units.

The polymer is in the form of a micelle with a central core
derived from the hydrophobic block and shell at least
partially surrounding the core, wherein the shell includes a
plurality of filamentous arms derived from the hydrophilic
block and emanating outward from the core. The hydrophilic
cationic block forms a first portion of the arms proximal the
core and the hydrophilic nonionic block forms a second
portion of the arms connected to the first portion of the arms
and distal the core. A biological agent is associated with the
arms of the micelle.
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[0021] In another aspect, the present disclosure is directed
to a method, including:

[0022] applying to a cell a composition, the composition
including:
[0023] (a) an aqueous pharmaceutically acceptable liq-

uid carrier; and
[0024] (b) an amphiphilic polymer, including:

[0025] a hydrophobic block with monomeric units
chosen from alkyl (meth)acrylates, alkyl (meth)acry-
lamides, and combinations thereof, and

[0026] a hydrophilic cationic block including mono-
meric units chosen from alkylamino (meth)acrylates,
alkylamino (meth)acrylamides, and combinations
thereof;, and

wherein the amphiphilic polymer is in the form of a micelle
with a central core derived from the hydrophobic block and
shell at least partially surrounding the core, wherein the shell
includes a plurality of filamentous arms derived from the
hydrophilic block and emanating outward from the core; and
[0027] (c)a biological payload associated with the arms
of the micelle, wherein the biological payload is deliv-
ered into the cell.
[0028] In another aspect, the present disclosure is directed
to a method for delivering a biological agent into a cell, the
method including:
[0029] in a composition including a pharmaceutically
acceptable liquid carrier and an amphiphilic terpolymer, the
amphiphilic terpolymer including:
[0030] a hydrophobic block with linear alkyl (meth)
acrylate monomeric units;
[0031] a hydrophilic cationic block with alkyl amino

(meth)acrylate monomeric units; and

[0032] a hydrophilic nonionic block including ethylene

glycol (PEG) monomeric units;

[0033] wherein the terpolymer is in the form of a micelle
in the liquid carrier. The micelle includes comprising a
central core derived from the hydrophobic block and shell at
least partially surrounding the core. The shell includes a
plurality of brush-like arms derived from the hydrophilic
blocks and emanating radially from the core, and wherein
the hydrophilic cationic block forms a first portion of the
arms proximal the core and the hydrophilic nonionic block
forms a second portion of the arms connected to the first
portion of the arms and distal the core;
[0034] electrostatically bonding a biological agent with
the spherical micelle; and
[0035] applying the composition to a cell such that the
biological agent is delivered into the cell.
[0036] Inanother aspect, the present disclosure is directed
to a micelleplex including a plurality of amphiphilic
micelles, wherein at least a portion of the amphiphilic
micelles are bonded to a biological agent. The amphiphilic
micelles each include:
[0037] a hydrophobic block with monomeric units chosen
from alkyl (meth)acrylates, alkyl (meth)acrylamides, and
combinations thereof;, and
[0038] a hydrophilic cationic block with monomeric units
chosen from alkylamino (meth)acrylates, alkylamino (meth)
acrylamides, and combinations thereof. Each amphiphilic
micelle includes a central core derived from the hydrophobic
block, and shell at least partially surrounding the core. The
shell includes a plurality of filamentous arms derived from
the hydrophilic block and emanating outward from the core.
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[0039] The details of one or more embodiments of the
invention are set forth in the accompanying drawings and
the description below. Other features, objects, and advan-
tages of the invention will be apparent from the description
and drawings, and from the claims.

BRIEF DESCRIPTION OF DRAWINGS

[0040] FIG. 1(a) is a schematic representation of an
amphiphilic diblock copolymer poly(2-(dimethylamino)
ethyl methacrylate)-block-poly(n-butyl methacrylate) (DB)
and an amphiphilic triblock polymer poly(ethylene glycol)-
block-poly(2-(dimethylamino)ethyl — methacrylate)-block-
poly(n-butyl methacrylate) (ODB).

[0041] FIG. 1(b) is schematic representation of substan-
tially spherical micelles formed from the amphiphilic poly-
mers DB and ODB. ODB(2), ODB(5), and ODB(10) rep-
resent for ODB micelles with 2 kDa, 5 kDa, and 10 kDa PEG
block length, respectively.

[0042] FIG. 1(c) is a schematic representation of a process
in which a biological agent payload (CRISPR-Cas9 ribo-
nucleoprotein (RNP)) is bound to a micelle of FIG. 1(5) to
form a micelleplex.

[0043] FIG. 2 is a schematic representation of a process in
which a biological agent payload (pDNA) is bound to a
micelle formed from the amphiphilic diblock copolymer DB
and the amphiphilic triblock terpolymer ODB, which show
how a biological payload bonds to multiple separate
micelles to form a micelleplex.

[0044] FIGS. 3(a)-3(b) are plots showing micelle and
micelleplex (with CRISPR-Cas9 RNP) sizes formulated in
water and PBS as measured by high-throughput DLS. Each
sample was measured with 5 acquisitions (n=5), 5 s each,
with data represents mean standard deviation. FIG. 3(a)
shows micelles only, and FIG. 3(b) shows micelleplexes at
polymer:RNP molar ratio of 2.5:1 (denoted as 2.5) or 5:1
(denoted as 5). The asterisks “*” indicate statistically dif-
ferent (p<0.05) analyzed by one-way ANOVA followed by
a post hoc Tukey test.

[0045] FIG. 4 is a plot showing summarized results of %
mCherry+ cells. Data are presented as mean of % mCherry+
cells in each image standard deviation. The asterisk “*”
indicates  statistically higher compared to Lipo-
fectamine2000 (p<0.05). Data were analyzed by one-way
ANOVA followed by a post hoc Tukey test.

[0046] FIG. 5(a) is a gel electrophoresis assay of sgRNA
only, RNP, and micelleplexes at ODB(10) polymer:RNP
molar ratio of 2.5:1 and 5:1, in both PBS and water condi-
tions.

[0047] FIG. 5(b) is a plot of the zeta potential of RNP,
micelles, and micelleplexes in PBS and water (n=3).
[0048] FIGS. 5(¢)-(d) are plots of the hydrodynamic radii
(R,) of RNP, ODB(10) micelles, and their micelleplexes by
DLS in PBS c¢) and in water d). Size distribution were
acquired by applying the REPES algorithm to the correlation
function obtained at 90°.

[0049] FIGS. 6(a)-(d) are representative cryo-TEM
images in PBS of (a) ODB(10) micelles, (b) RNPs, (c)
micelleplexes at ODB(10) polymer:RNP molar formulation
ratio 2.5:1, and (d) micelleplexes at ODB(10) polymer:RNP
molar formulation ratio 5:1.

[0050] FIGS. 7(a)-(c) are cryo-TEM images in water of (a)
RNPs, (b) micelleplexes at ODB(10) polymer:RNP molar
formulation ratio 2.5:1, and (c) micelleplexes at ODB(10)
polymer:RNP molar formulation ratio 5:1.
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[0051] FIG. 81is a plot of a Berry analysis from static light
scattering experiments of micelles in PBS buffer (pH=7.4
and ionic strength=154 mM).

[0052] FIG. 9 is a plot of a Berry analysis of micelleplexes
(with RNP) at ODB(10) polymer:RNP molar ratio 2.5:1 in
PBS buffer (pH=7.4 and ionic strength=154 mM).

[0053] FIGS. 10(a)-(c) are plots of in vitro gene editing
achieved by ODB(10) micelleplexes (with RNP) in HEK
293T TLR cells using formulation conditions in PBS and
water at polymer:RNP ratios of 2.5:1 and 5:1 along with
controls. FIG. 10(a) plots percent mCherry, cells measured
48 h post-transfection by flow cytometry. Data presented as
mean standard deviation (n=3). The asterisks indicate sta-
tistically different (p<0.05) analyzed by one-way ANOVA
followed by a post hoc Tukey test. FIG. 10(b) plots the
percent total NHEJ editing measured by capillary Sanger
sequencing and TIDE assay. Data were acquired from the
same batch of samples for flow cytometry analysis. Cells
from all three wells of the triplicated transfection were
combined, and DNA was extracted for sequencing analysis.
FIG. 10(c) illustrates representative chromatograms of the
sequencing data acquired by transfection with micelleplexes
formed in water: 20 bp sgRNA binding region of untreated
cells (top) and the cells treated with ODB(10) micelleplexes
at polymer:RNP=2.5:1 (bottom).

[0054] FIG. 11 is plot of molecular weight and dispersity
of poly(2-(dimethylamino)ethyl methacrylate) (D) mea-
sured by size exclusion chromatography (SEC) with light
scattering (L.S) and refractive index (RI) detectors.

[0055] FIG. 12 is the 'H NMR spectrum of poly(2-
(dimethylamino)ethyl methacrylate) (D) in d-chloroform.
[0056] FIG. 13 is the 'H NMR spectrum of pDNA,
poly(ethylene glycol)-block-poly(2-(dimethylamino) ethyl
methacrylate) (OD), OD polyplex, ODB micelle, ODB
micelleplex solutions in PBS buffer salts with D,O at 23° C.
Polyplexes and micelleplexes were prepared at N/P=5. The
concentrations of pDNA and polymers are the same as in the
PFG-NMR experiments. The highlighted peak (with the
star) is the proton signal from the PEG block that was used
to measure translational diffusion coeflicient of polymers
and complexes.

[0057] FIGS. 14(a)-(e) are plots of size distributions of a)
D polymer, b) OD polymer, ¢) DB micelle, d) ODB micelle,
(e) jetPEI (a commercial positive control) and their com-
plexes with pDNA in PBS at N/P=5, while FIG. 14(f) is a
plot of the (potential of the polymers (a)-(d) in PBS at
N/P=5.

[0058] FIG. 15 are plots for micelleplexes’ pDNA delivery
efficiency and toxicity. FIGS. 15(a)-(b) are plots of GFP
expression in Hela cells (top) and cell viability (%) as
measured by a CCK-8 cytotoxicity assay (bottom) 48 h after
transfection (n=3). FIG. 15(b) is a plot of GFP expression in
HEK 293T cells (top) and cell viability (%) as measured by
a CCK-8 cytotoxicity assay (bottom) 48 h after transfection
(n=3). Data are presented as meanzstandard deviation. The
“+” symbols indicate statistically higher compared to jetPEI
control (p<0.05). The “=" symbols indicate statistical
equivalence between the means of the samples (p>0.5). Data
were analyzed by one-way ANOVA followed by a post hoc
Tukey test.

[0059] FIGS. 16(a)-(c) are plots of HeL.a cell internaliza-
tion assays with complexes formed with Cy5-labeled
pDNA. Percent CyS5, cells and percent GFP, cells were
analyzed 24 h after transfection (n=3). Data are presented as
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mean standard deviation. FIG. 16(a) shows percent CyS5,
cells and percent GFP, cells. FIG. 16(b) shows percent
GFP, cells out of Cy5, cells [(# of GFP, cells)/(# of Cy5,
cells)*100%]. The “*” symbols indicate statistically differ-
ence (p<0.05). Data analyzed by unpaired t test. FIG. 16(c)
shows flow cytometry scattered plot of cells that undergo
internalization and GFP expression. Q1 denotes Cy5, GFP_
cells, Q2 denotes Cy5, GFP, cells, Q3 denotes Cy5_ GFP,
cells, Q4 denotes Cy5_ GFP_ cells.

[0060] FIG. 17 is a plot of endocytosis pathway inhibition
assays with Hela cells. Filipin III was used to inhibit
caveolae, amantadine was used to inhibit clathrin, and
5-(N,N-dimethyl) amiloride (DMA) was used to inhibit
macropinocytosis. Statistically significant differences com-
pared to uninhibited samples are denoted by “*” (p<0.05).
Data are presented as mean standard deviation (n=3).
[0061] FIGS. 18(a)-(b) are plots of polyplex and micelle-
plex (with pDNA) composition analysis. FIG. 18(a) is a plot
of the experimental and fitted echo decay curves of the
protons from the O block in OD polymer and OD polyplexes
at N/P=5 in PBS buffer in D,O at 23° C. The A=500 ms and
0=5 ms. FIG. 18(b) is a Berry plot of ODB micelleplexes in
PBS buffers at N/P=5.

[0062] FIG. 19 is a plot of echo decay curves of the
protons from the O block in the ODB micelle and ODB
micelleplex (with pDNA) at N/P=5 in PBS buffer with D,O
at 23° C. The A=600 ms and 8=5 ms.

[0063] FIG. 20 is a plot of the composition analysis of
ODB micelleplexes (with pDNA) in PBS buffers at N/P=5.
[0064] FIG. 21(a)-(b) are plots of analysis of solutions
containing the micelles and liposomes (used to model poten-
tial interactions between micelles with the cell membrane).
FIG. 21(a) shows a plot of the size distributions from
dynamic light scattering analysis of ODB micelles, 2-oleoyl-
1-palmitoyl-sn-glycero-3-phosphocholine  (POPC) lipo-
somes, and the mixture of ODB micelles with POPC lipo-
somes. FIG. 21(b) shows echo decay curves from pulse field
gradient NMR of the protons from O block in ODB micelle
only and ODB micelle in presence of POPC liposome in
deuterated PBS buffer at 23° C. The A=600 ms and 3=5 ms.
[0065] FIGS. 22(a)-(i) are cryo-TEM images of (a-b) OD
polyplexes, (d-e) DB micelleplexes and (g-h) ODB micelle-
plexes in PBS buffer at N/P=5. Schematic illustrations of
complex structures are shown for (¢) OD polyplexes, (f) DB
micelleplexes, and (i) ODB micelleplexes.

[0066] FIG. 23 is a circular dichroism spectrum of pDNA
either uncomplexed (black line) or complexed in polyplexes
(D: purple line; OD: blue line) and micelleplexes (DB: red
line; ODB: teal line) formed in PBS buffer at pH 7.4 and 154
mM at N/P=5.

[0067] FIG. 24 is a plot of the CD signal of the uncom-
plexed polymers and micelles of FIG. 23.

[0068] Like symbols in the drawings indicate like ele-
ments.

DETAILED DESCRIPTION
[0069] In one embodiment, the polymeric micelles of the

present disclosure include an amphiphilic diblock copoly-
mer with a hydrophobic block and a hydrophilic cationic
block. The hydrophobic block includes monomeric units
chosen from alkyl (meth)acrylates, alkyl (meth)acrylamides,
and combinations thereof, wherein (meth)acrylates include
acrylates and methacrylates, and (meth)acrylamides include
acrylamides and methacrylamides. The micelles bind with
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biological agents through electrostatic interactions, enable
quantitative characterization of biological agent packaging,
and facilitate intracellular delivery of the biological agent,
effective protein expression and genome editing.

[0070] As used herein, the term monomer, unless other-
wise indicated, includes both isolated monomers and resi-
dues of monomers in an oligomer or a polymer (i.e. repeat
units or residues).

[0071] The alkyl (meth)acrylate and alkyl (meth) acryl-
amide monomeric units in the hydrophobic block can
include a wide variety of alkyl groups, which may be linear
or branched, substituted or unsubstituted, and includes
cycloalkyls. In various embodiments, the linear or branched
alkyl groups in each monomeric unit can include 2 to 10
carbon atoms, or 3 to 7 carbon atoms, or 3 to 5 carbon atoms.
The chain length of the hydrophobic block can vary widely
depending on the intended application, and in some embodi-
ments is about 1 kDa to about 40 kDa, or about 10 kDa to
about 25 kDa. In some embodiments, which are not intended
to be limiting, the hydrophobic block includes poly(n-butyl
methacrylate) (PnBMA).

[0072] The hydrophilic cationic block of the amphiphilic
diblock copolymer includes monomeric units chosen from
alkylamino (meth)acrylates, alkylamino (meth)acrylamides,
and combinations thereof, wherein (meth)acrylates include
acrylates and methacrylates, and (meth)acrylamides include
acrylamides and methacrylamides. The alkylamino (meth)
acrylate and alkylamino (meth) acrylamide monomeric units
in the hydrophilic block can include a wide variety of alkyl
groups, which may be linear or branched. In various
embodiments, the linear or branched alkyl groups in each
monomeric unit can include 2 to 5 carbon atoms. The term
alkylamino, which includes cycloalkylamino, as used
herein, refers to an NHRp, or an NRpRq group, wherein Rp
and Rq can be alkyl, or cycloalkyl. The term dialkylamino,
as used herein, refers to an NRpRq group, wherein Rp and
Rq can be alkyl or cycloalkyl.

[0073] The chain length between the polymer backbone
and the tertiary amine can also be varied and may include
2-5 methylenes, for example, methyl, ethyl propyl, and butyl
groups.

[0074] The chain length of the hydrophilic block can vary
widely depending on the intended application, and in some
embodiments is about 1 kDa to about 40 kDa, or about 15
kDa to about 25 kDa. In some embodiments, which are not
intended to be limiting, the hydrophilic block includes
poly(2-(dimethylamino)ethyl methacrylate) (PDMAEMA).
[0075] When placed in an appropriate aqueous liquid
carrier, the amphiphilic diblock copolymer forms a micellar
structure including a central core derived from the hydro-
phobic block. In various embodiments, the radius of the core
is about 5 to about 20 nm, or about 8 to about 11 nm.
[0076] A shell, which at least partially surrounds the core,
includes a plurality of filamentous arms derived from the
hydrophilic block. The arms emanate outward from the core
and form a cationic brush corona on the micelle surface that
facilitates binding and encapsulation of biological agents. In
various embodiments, which are not intended to be limiting,
the length of the arms is about 10 nm to about 50 nm, or
about 15 nm to about 25 nm. In various embodiments, the
shell includes about 10 to about 5000 arms, or about 50 to
about 250 arms. The length and geometry of the arms can be
selected to provide molecular flexibility during the binding
step with a particular biological agent, or to ensure the
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availability of the bound biological agent for its target. The
length and composition of the arms may thus improve the
biological activity of the delivery vehicles of the present
disclosure, and make the delivery vehicles easier to prepare.
In some embodiments, the flexibility of the arms may be also
be configured to conformationally adapt for binding to a
target biological agent or sequence. In addition, the mor-
phology of the micelle may be configured to orient a
biological agent or molecule for optimal reaction with a
target or entry into a cellular structure.

[0077] In another embodiment, the polymeric micelles of
the present disclosure include an amphiphilic tri-block poly-
mer (also referred to herein as a terpolymer) with a hydro-
phobic block, a hydrophilic cationic block, and a hydrophilic
nonionic block.

[0078] The hydrophobic block includes monomeric units
chosen from alkyl (meth)acrylates, alkyl (meth)acrylamides,
and combinations thereof, wherein (meth)acrylates include
acrylates and methacrylates, and (meth)acrylamides include
acrylamides and methacrylamides. The alkyl (meth)acrylate
and alkyl (meth) acrylamide monomeric units in the hydro-
phobic block can include a wide variety of alkyl groups,
which may be linear or branched. In various embodiments,
the linear or branched alkyl groups in each monomeric unit
can include 2 to 10 carbon atoms, or 3 to 7 carbon atoms, or
3 to 5 carbon atoms. The alkyl groups may be substituted or
unsubstituted, and may include cycloalkyls.

[0079] The chain length of the hydrophobic block can vary
widely depending on the intended application, and in some
embodiments is about 1 kDa to about 40 kDa, or about 10
kDa to about 25 kDa. In some embodiments, which are not
intended to be limiting, the hydrophobic block includes
poly(n-butyl methacrylate) (PnBMA).

[0080] The hydrophilic cationic block of the amphiphilic
terpolymer includes monomeric units chosen from alky-
lamino (meth)acrylates, alkylamino (meth)acrylamides, and
combinations thereof, wherein (meth)acrylates include acry-
lates and methacrylates, and (meth)acrylamides include
acrylamides and methacrylamides. The alkylamino (meth)
acrylate and alkylamino (meth) acrylamide monomeric units
in the hydrophilic cationic block can include a wide variety
of alkyl groups, which may be linear or branched. In various
embodiments, the linear or branched alkyl groups in each
monomeric unit can include 2 to 5 carbon atoms. As with the
diblock copolymer above, the term alkylamino, which
includes cycloalkylamino, as used herein, refers to an
NHRp, or an NRpRq group, wherein Rp and Rq can be
alkyl, or cycloalkyl. The term dialkylamino, as used herein,
refers to an NRpRq group, wherein Rp and Rq can be alkyl
or cycloalkyl.

[0081] The chain length between the polymer backbone
and the tertiary amine can also be varied and may include
2-5 methylenes, for example, methyl, ethyl propyl, butyl,
groups, and the like.

[0082] The chain length of the hydrophilic cationic block
can vary widely depending on the intended application, and
in some embodiments is about 1 kDa to about 40 kDa, or
about 15 kDa to about 25 kDa. In some embodiments, which
are not intended to be limiting, the hydrophilic cationic
block includes poly(2-(dimethylamino)ethyl methacrylate)
(PDMAEMA).

[0083] The amphiphilic terpolymer further includes a
hydrophilic nonionic block formed from ethylene glycol
(PEG) monomeric units. The chain length of the hydrophilic
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nonionic block can vary widely depending on the intended
application, and in some embodiments is about 1 kDa to
about 40 kDa, or about 2 kDa to about 10 kDa.

[0084] When placed in an appropriate aqueous liquid
carrier, the amphiphilic terpolymer forms a micellar struc-
ture including a central core derived from the hydrophobic
block. In various embodiments, the radius of the core is
about 5 to about 20 nm, or about 8 to about 11 nm.

[0085] A shell, which at least partially surrounds the core,
includes a plurality of filamentous arms derived from the
hydrophilic cationic block. The arms emanate outward from
the core and form a cationic brush-like configuration on the
micelle surface that facilitates binding and encapsulation of
biological agents. In various embodiments, which are not
intended to be limiting, the hydrodynamic length of the arms
is about 10 nm to about 50 nm, or about 15 nm to about 25
nm. In various embodiments, the shell includes about 10 to
about 5000 arms, or about 50 to about 250 arms.

[0086] Each of the arms in the shell further include a tip
at an end distal the core, which is derived from the hydro-
philic nonionic block. In other words, each arm includes a
first portion, which is derived from the hydrophilic cationic
block, connected to the core, and a second portion, derived
from the hydrophilic nonionic block, connected to the first
portion and distal the core. The arms form a corona-like
shape, which in some embodiments can facilitate bonding
with a selected biological agent.

[0087] The micellar structures formed by the hydrophobic
blocks and the hydrophilic blocks of the amphiphilic di- and
tri-block polymers and can have a wide variety of shapes,
depending on, for example, the liquid carrier in which the
diblock copolymer and terpolymer reside, the composition
of the monomeric units making up the core portion and the
arm portion, the overall length of the polymeric blocks, and
number of polymer chains in the structure. For example, the
micellar structure may be formulated to include about 30 to
about 5000 polymer chains (also referred to herein as the
micelle aggregation number), which can greatly impact the
overall morphology of the structure. In various embodi-
ments, which are not intended to be limiting, the micellar
structures formed by the amphiphilic di- and tri-block poly-
mers can include shapes such as spheroidal, including oblate
spheroids and prolate spheroids, rod-like, worm-like, ring-
like, vesicular, and combinations thereof.

[0088] In some embodiments, when placed in an appro-
priate liquid carrier, the hydrophobic blocks and the hydro-
philic blocks of the amphiphilic di- and tri-block polymers
self-assemble to form a micellar structure. In this application
the term self-assemble means that the polymeric blocks
align with one another in an organized structure or pattern of
building blocks. The interactions between the hydrophobic
blocks and the hydrophilic cationic blocks can arise from
any of van der Waals attraction, electrostatic charge inter-
action or electronic (e.g., charge transfer) interaction, hydro-
gen bonding or metal-ligand interaction, the combination of
which cause the hydrophobic and hydrophilic blocks to align
with one another to form a desired micellar structure for
delivery of a selected biological agent. In some embodi-
ments, the hydrophobic and cationic hydrophilic blocks
align with each other without any type of external direction
to form a micellar structure of a desired shape or size.

[0089] In some embodiments, the amphiphilic polymers
can be forced to assume a particular micellar morphology by
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modifying the composition, adding buffering agents, adjust-
ing the solvent type, pH, the temperature, or other properties
of the liquid carrier.

[0090] In one non-limiting example, FIG. 1(a) schemati-
cally illustrates an amphiphilic diblock copolymer DB that
includes a hydrophobic block of poly(n-butyl methacrylate)
(PnBMA), and a hydrophilic cationic block of poly(2-
(dimethylamino)ethyl methacrylate) (PDMAEMA). In addi-
tion, FIG. 1(a) further illustrates an amphiphilic triblock
polymer ODB including a hydrophobic block of poly(n-
butyl methacrylate) (PnBMA), a hydrophilic cationic block
of poly(2-(dimethylamino)ethyl = methacrylate) (PD-
MAEMA), and a nonionic hydrophilic block of poly(ethyl-
ene glycol)(PEG).

[0091] FIG. 1(h) schematically illustrates substantially
spherical micelles formed from the amphiphilic polymers
DB and ODB. The micelle formed from the amphiphilic
polymer DB includes a core and a plurality of brush-like
filamentous arms extending outward from the core and
forming a shell-like configuration about the core. The core
is formed from the hydrophobic block and the arms are
formed from the hydrophilic block. The micelle formed
from the amphiphilic terpolymer ODB includes also
includes a core and a plurality of brush-like filamentous
arms extending outward from the core and forming a shell-
like configuration about the core. The core is formed from
the hydrophobic block and the arms are formed from the
hydrophilic cationic block. In the ODB micelle, the arms
further include a corona portion on the end of each arm
derived from the hydrophobic nonionic block. The substan-
tially spherical micelles ODB(2), ODB(5) and ODB (10) in
FIG. 1(b) show that the micelles may be configured with
from arms having increasing length (molecular weight).
[0092] The amphiphilic diblock copolymers and terpoly-
mers described above are configured to bind with a biologi-
cal agent. In various embodiments, which are not intended
to be limiting, the biological agent is chosen from a peptide
fragment, nuclease, a nucleic acid encoding a nuclease, oligo
nucleotide, a protein, peptide a DNA editing template, guide
RNA, a therapeutic agent (such as, for example, a drug), a
plasmid DNA encoding protein, siRNA, monoclonal anti-
bodies, Cas9 mRNA, and mixtures and combinations
thereof. In various embodiments, the micellar polymers are
configured to bind with plasmid DNA (pDNA), which
encode protein (fluorescence or therapeutic); pDNA encode
Cas9 nuclease and/or sgRNA; mRNA that encodes for
proteins (fluorescence or therapeutic), Cas9 nuclease and a
separate sgRNA; or a ribonucleoprotein (RNP) that consists
of recombinant Cas9 protein precomplexed directly with a
sgRNA.

[0093] Invarious embodiments, peptide fragments include
two or more amino acids covalently linked by at least one
amide bond (i.e. a bond between an amino group of one
amino acid and a carboxyl group of another amino acid
selected from the amino acids of the peptide fragment). The
terms polypeptide and peptide fragments are used inter-
changeably. The term peptide fragment includes salts
thereof, including pharmaceutically acceptable salts. For
example, in some embodiments the peptide fragments may
include pDNA encoded fluorescence or therapeutic proteins.
[0094] In various embodiments, DNA editing templates
include an exogenous strand of DNA that bears homology
arms to a section of genomic DNA that has been cut by a
nuclease (for example, CAS9, TALEN or zinc finger) along
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with an intervening sequence between these homology arms
that differs with the natural segment of genomic DNA that
has been cut. This intervening segment selves as the tem-
plate for repair of the cut genomic DNA and, in so doing, the
cell corrects its own DNA to match that of the DNA
template. The DNA template may be included in a single
DNA expression vector that also encodes the nuclease.

[0095] The term guide RNA includes an engineered, non-
naturally occurring Clustered Regularly Interspaced Short
Palindromic Repeats (CRISPR) guide RNA that hybridizes
with a target nucleic acid sequence of interest.

[0096] The term Cas9 mRNA includes a nucleotide
sequence encoding a Type-II Cas9 protein, pDNA that
encodes Cas9 protein, and pDNA that encode sgRNA. The
CRISPR-Cas system is useful for precise editing of genomic
nucleic acids (e.g., for creating null mutations). In such
embodiments, the CRISPR guide RNA and/or the Cas
enzyme may be expressed. For example, a composition
containing only the guide RNA can be administered to an
animal or cells transgenic for the Cas9 enzyme. Similar
strategies may be used (e.g., designer zinc finger, transcrip-
tion activator-like effectors (TALEs) or homing meganucle-
ases).

[0097] The CRISPR-Cas system is known in the art for
deleting, modifying genome sequences or incorporating
transgenes. Transgene refers to any nucleotide sequence,
particularly a DNA sequence, that is integrated into one or
more chromosomes of a host cell by human intervention,
such as by the methods of the present invention. For
example, a transgene can be an RNA coding region or a gene
of interest, or a nucleotide sequence, preferably a DNA
sequence, that is used to mark the chromosome where it has
integrated or may indicate a position where nucleic acid
editing, such as by the CRSPR-CAS system, may occur. In
this situation, the transgene does not have to include a gene
that encodes a protein that may be expressed.

[0098] A gene of interest is a nucleic acid sequence that
encodes a protein or other molecule, such as a RNA or
targeting nucleic acid sequence, that is desirable for inte-
gration in a host cell. The gene of interest may include a 1,
2,3,4,5,6,7,8,9, 10, or more genes of interest.

[0099] Genes of interest are useful for modulating the
expression and/or activity of target biomolecules, either
within the transduced cell or expressed for secretion outside
of the transduced cell. Generally, genes of interest may be
nucleic acids themselves or encode a polypeptide, a natu-
rally-occurring binding partner of a target of interest, an
antibody against a target of interest, a combination of
antibodies against a target of interest and antibodies against
other immune-related targets, an agonist or antagonist of a
target of interest, a peptidomimetic of a target of interest, a
peptidomimetic of a target of interest, a small RNA directed
against or a mimic of a target of interest, and the like. Such
modulators are well known in the art and include, for
example, an antisense nucleic acid molecule, RNAi mol-
ecule, shRNA, mature miRNA, pre-miRNA, pri-miRNA,
miRNA, anti-miRNA, or a miRNA binding site, or a variant
thereof, or other small RNA molecule such as a Piwi RNA,
triplex oligonucleotide, ribozyme, coding sequence for a
target of interest. Such agents modulate the expression
and/or activity of target biomolecules, which includes any
decrease in expression or activity of the target biomolecule
of at least about 30% to about 99% or more as compared to
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the expression or activity of the target biomolecule which
has not been targeted by a modulating agent.

[0100] In one embodiment, the gene of interest is useful
for expressing and/or enhancing the activity of a nucleic acid
or protein of interest. For example, the gene of interest may
encode a protein or other molecule the expression of which
is desired in the host cell. Such protein-encoding nucleic
acid sequences are not particularly limited and are selected
based on the desired exogenous perturbation desired. Thus,
the gene of interest includes any gene that the skilled
practitioner desires to have integrated and/or expressed. For
example, exogenous expression of proteins related to auto-
immune, allergic, vaccination, immunotolerance, cancer
immunotherapy, immune exhaustion, immunological
memory, or immunological epitope responses may be used.
The gene of interest encode a protein or be a nucleic acid that
serves as a marker to identify cells of interest or transduced
cells. The gene of interest may encode a protein that modi-
fies a physical characteristic of the transduced cell, such as
a protein that modifies size, growth, or eventual tissue
composition. In another example, the gene of interest may
encode a protein of commercial value that may be harvested.
Generally, the gene of interest is operatively linked to other
sequences that are useful for obtaining the desired expres-
sion of the gene of interest, such as transcriptional regulator
sequences like inducible promoters, as described further
below.

[0101] In another embodiment, the gene of interest is
useful for inhibiting the expression and/or activity of a
nucleic acid or protein of interest. For example, target
biomolecule expression and/or activity, such as an RNA
coding region, may be reduced or inhibited using inhibitory
RNAs. An RNA coding region is a nucleic acid that may
serve as a template for the synthesis of an RNA molecule,
such as an siRNA. RNA interference (RNAi) is an evolu-
tionally conserved process whereby the expression or intro-
duction of RNA of a sequence that is identical or highly
similar to a target biomarker nucleic acid results in the
sequence specific degradation or specific post-transcrip-
tional gene silencing (PTGS) of messenger RNA (mRNA)
transcribed from that targeted gene (see, for example,
Coburn and Cullen (2002) J. Virol. 76:9225), thereby inhib-
iting expression of the target biomarker nucleic acid. In one
embodiment, the RNA coding region is a DNA sequence.
The ability to down-regulate a target gene has many thera-
peutic and research applications, including identifying the
biological functions of particular genes. Moreover, such
inhibition may be achieved in screening assays that take
advantage of pooling techniques, whereby groups of about
2 to about 100, or more, or any number or range in between,
of RNA inhibitory agents are transduced into cells of inter-
est. Suitable inhibitory RNAs include, but are not limited to
siRNAs, shRNAs, miRNAs, Piwis, dicer-substrate 27-mer
duplexes, single-stranded interfering RNA, and the like.

[0102] siRNAs typically refer to a double-stranded inter-
fering RNA. In addition to siRNA molecules, other inter-
fering RNA molecules and RNA-like molecules may be
used. Examples of other interfering RNA molecules that
may to inhibit target biomolecules include, but are not
limited to, short hairpin RNAs (shRNAs), single-stranded
siRNAs, microRNAs (miRNAs), piwiRNA, dicer-substrate
27-mer duplexes, and variants thereof containing one or
more chemically modified nucleotides, one or more non-
nucleotides, one or more deoxyribonucleotides, and/or one
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or more non-phosphodiester linkages. Typically, all RNA or
RNA-like molecules that may interact with transcripts RISC
complexes and participate in RISC-related changes in gene
expression may be referred to as interfering RNAs or
“interfering RNA molecules.

[0103] Suitable interfering RNAs may readily be pro-
duced based on the well-known nucleotide sequences of
target biomolecules. In various embodiments interfering
RNAs that inhibit target biomolecules may comprise par-
tially purified RNA, substantially pure RNA, synthetic
RNA, recombinant produced RNA, as well as altered RNA
that differs from naturally-occurring RNA by the addition,
deletion, substitution, and/or alteration of one or more
nucleotides. Such alterations may include, for example,
addition of non-nucleotide material, such as to the end(s) of
the interfering RNAs or to one or more internal nucleotides
of the interfering RNAs, including modifications that make
the interfering RNAs resistant to nuclease digestion. Such
alterations result in sequences that are generally at least
about 80%, or more, or even 100% identical to the sequence
of the target biomolecule. When the gene to be down
regulated is in a family of highly conserved genes, the
sequence of the duplex region may be chosen with the aid of
sequence comparison to target only the desired gene. On the
other hand, if there is sufficient identity among a family of
homologous genes within an organism, a duplex region may
be designed that would down regulate a plurality of genes
simultaneously.

[0104] The biological agent is bonded to the arms of the
micelle, which in some embodiments can mean that the
biological agent is physically entangled within at least some
of the arms of one or more micelles. In other embodiments,
the biological agent may be bound by electrostatic attraction
to at least some of the arms of one or more micelles, and may
also be physically entangled with the arms of the micelle.

[0105] For example, as shown schematically in FIG. 1(c),
a strand of sgRNA can be added to sample of Cas9 protein,
which forms an RNP that may be introduced into a substan-
tially spherical micelle. The RNP becomes entangled and/or
electrostatically bonded with at least some of the arms of the
micelle to form a compound suitable for delivery of the RNP
into a cell of a subject.

[0106] As further schematically illustrated in FIG. 1(c)
and FIG. 2(b), in some embodiments the micelles complex
with biological agents to form complexes referred to herein
as micelleplexes. In some embodiments, micelleplexes offer
more than four times higher transfection efficiency for
pDNA compared to analogous polyplexes, with similarly
low toxicity. Micelleplexes have higher cellular internaliza-
tion, host a larger concentration of amines per package
(potentially aiding endosomal escape), exhibiting a “beads-
on-a-string” packaging motif mimicking the way cells wrap
DNA around histones in chromatin and preserve the native
B form of DNA structure upon packaging, which collec-
tively aiding in payload accessibility for successful trans-
gene expression. In some embodiments, the micelleplexes
complex with RNP to form well-defined particles in PBS
with moderate gene-editing efficiency, which could be fur-
ther optimized for in vivo applications. In some embodi-
ments, the micelleplexes complex with RNP to form large
particles in water with superior gene-editing efficiency in
vitro (twice as high as commercial vehicle Lipo-
fectamine2000), offering promising for in vitro, ex vivo,
and/or cell therapy applications.
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[0107] In various embodiments, the micelleplexes can be
characterized using static light scattering to determine
micelleplex molecular weight and cargo loading. Cryo-TEM
may be used to visualize micelles and micelleplexes directly
and characterize morphology. For example, for pDNA deliv-
ery with diblock micelle, a plurality of micelles may be used
to form the micelleplex, and in some embodiments more
than 3 and up to 10 micelles or more may be used. In another
example, for pDNA delivery with triblock micelles; the
micelleplex may include about 2 to about 5, or about 2 to
about 3 micelles per complex. For RNP delivery with
micelleplexes formed in phosphate buffered saline, at certain
concentrations a single micelle per micelleplex may be used
with around 14 RNPs bind to micelle corona, and in ultra-
pure water multiple micelles and RNPs may aggregate to
form a suitable micelleplex. In the present application the
term aggregate means that the micelles and cargos not only
bind to each other but may also bind with themselves to form
larger particles. In various embodiments, the micelles asso-
ciate with one another by, for example, cargo binding and
bridging.

[0108] Another example of micelleplex formation is
shown in FIG. 2. FIGS. 2(a)-2(b) schematically illustrate
micelles formed by the amphiphilic diblock copolymer DB
and the amphiphilic triblock polymer ODB, and also illus-
trate how the micelles can form micelleplexes of differing
size for binding to a selected biological agent. As shown in
FIG. 2(b), in some embodiments a large biological agent can
bond to more than one disassociated micelles to form a
micelleplex.

[0109] In another aspect, the present disclosure is directed
to compositions including the micelles described above
which have been dispersed in an aqueous solution. In some
embodiments, the micelles may be added to a liquid carrier
and stored in liquid form until needed, or alternatively may
be dried and introduced into and dispersed in the liquid
carrier prior to administration to a subject.

[0110] In some embodiments the liquid carrier is a phar-
maceutically acceptable carrier, which refers to a pharma-
ceutically-acceptable material, composition or vehicle for
administration of a biological agent described herein. Phar-
maceutically acceptable carriers include any and all sol-
vents, dispersion media, coatings, antibacterial and antifun-
gal agents, isotonic and absorption delaying agents, and the
like which are compatible with the activity of the biological
agent and are physiologically acceptable to the subject.
[0111] Some non-limiting examples of materials which
can serve as pharmaceutically-acceptable carriers include:
sugars, such as lactose, glucose and sucrose; starches, such
as com starch and potato starch; cellulose, and its deriva-
tives, such as sodium carboxymethyl cellulose, methylcel-
Iulose, ethyl cellulose, microcrystalline cellulose and cellu-
lose acetate; powdered tragacanth; malt; gelatin; lubricating
agents, such as magnesium stearate, sodium lauryl sulfate
and talc; excipients, such as cocoa butter and suppository
waxes; oils, such as peanut oil, cottonseed oil, safflower oil,
sesame oil, olive oil, corn oil and soybean oil; glycols, such
as propylene glycol; polyols, such as glycerin, sorbitol,
mannitol and polyethylene glycol (PEG); esters, such as
ethyl oleate and ethyl laurate; agar; buffering agents, such as
magnesium hydroxide and aluminum hydroxide; alginic
acid; pyrogen-free water; isotonic saline; Ringer’s solution;
ethyl alcohol; pH buffered solutions; polyesters, polycar-
bonates and/or polyanhydrides; bulking agents, such as
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polypeptides and amino acids serum component, such as
serum albumin, HDL and LDL; C2-C12 alcohols, such as
ethanol; and other non-toxic compatible substances
employed in pharmaceutical formulations.

[0112] Wetting agents, coloring agents, release agents,
coating agents, sweetening agents, flavoring agents, perfum-
ing agents, preservative and antioxidants can also be present
in the formulation.

[0113] Pharmaceutically acceptable carriers can vary in a
formulation described herein, depending on the administra-
tion route. The formulations described herein can be deliv-
ered to a cell or an organism via any administration mode
known to a skilled practitioner. For example, the formula-
tions described herein can be delivered in a systemic man-
ner, via administration routes such as, but not limited to,
simply applying the composition to an exterior surface of a
cell, oral, intravenous, intramuscular, intraperitoneal, intra-
dermal, and subcutaneous. In some embodiments, the com-
positions described herein are in a form that is suitable for
injection. In other embodiments, the formulations described
herein are formulated for oral administration.

[0114] In some embodiments, the liquid carrier for the
micelles can be a solvent or dispersing medium, containing,
for example, water, cell culture medium, buffers (e.g., phos-
phate buffered saline), polyol (for example, glycerol, pro-
pylene glycol, liquid polyethylene glycol, and the like),
suitable mixtures thereof. In some embodiments, the phar-
maceutical carrier ca be a buffered solution (e.g., PBS).
[0115] The formulations can also contain auxiliary sub-
stances such as wetting or emulsifying agents, pH buffering
agents, gelling or viscosity enhancing additives, preserva-
tives, colors, and the like, depending upon the route of
administration and the preparation desired. Standard texts,
such as “REMINGTON’S PHARMACEUTICAL SCI-
ENCE,” 17th edition, 1985, incorporated herein by refer-
ence, may be consulted to prepare suitable preparations.
With respect to formulations described herein, however, any
vehicle, diluent, or additive used should be biocompatible
with the biological agents described herein.

[0116] The present disclosure is further directed to meth-
ods for delivering the biological agent bonded with the
micelles and micelleplexes described above to a cell or to a
subject. For example, after a composition including the
micelles and biological agent payload bonded thereto is
applied to the cell, the micelleplexes are delivered into the
cell and the biological agent payload disassociates partially
or completely from the micelles and a therapeutic amount of
the biological agent takes effect therein.

[0117] In various embodiments, which are not intended to
be limiting, the compositions may be administered to a cell
in vitro by removing a cell from a subject, culturing the cells,
applying to the cells a composition including a micelle and
bonded biological agent to deliver a therapeutic amount of
the biological agent into at least a portion of the cells, and
optionally re-introducing the cell to the subject.

[0118] In another embodiment, a tissue cell therapy tech-
nique may be used in which a tissue sample is removed from
a subject, a composition including a micelle and an bonded
biological agent is applied to the tissue to deliver a thera-
peutic amount of the biological agent to modify a selected
cell or region of the tissue, and the modified tissue is
transplanted into the subject.

[0119] In another embodiment, a composition including a
micelle and an associated biological agent is administered to
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a subject in vivo via direct injection into the bloodstream
such that a therapeutic amount of the biological agent is
delivered into desired target cells of the subject. In various
embodiments, for in vivo administration a delivery device
can be used to facilitate the administration of any compo-
sition described herein to a subject, e.g., a syringe, a dry
powder injector, a nasal spray, a nebulizer, or an implant
such as a microchip, e.g., for sustained-release or controlled
release of any formulation described herein.

[0120] The devices of the present disclosure will now be
further described in the following non-limiting examples.

EXAMPLES
Experimental Procedures

Materials and Instruments

[0121] All chemicals were purchased from Sigma Aldrich
and used without further purification unless specified oth-
erwise.  3-[4,5-Dimethylthiazol-2-yl1]2,5-diphenyltetrazo-
lium bromide (MTT) was purchased from Molecular Probes
(Eugene, Oreg.). JetPEI (PolyPlus Transfections, Illkirch,
France) and Lipofectamine2000 (Thermo Fisher Scientific,
Waltham, Mass.) were used as positive controls for the
biological transfection assays. Buffer and cell culture media
were purchased from Gibco (Thermo Fisher Scientific,
Waltham, Mass.) unless specified otherwise, including phos-
phate buffered saline (PBS) pH=7.4, Dulbecco’s Modified
Eagle Medium (DMEM, high glucose, Glutamax supple-
ment), Reduced Serum Medium (Opti-MEM, Glutamax
supplement), Antibiotic-Antimycotic (Anti/Anti; 100x), and
Trypsin-EDTA (0.05%). Heat Inactivated Fetal Bovine
Serum (HI FBS) was purchased from Atlanta Biologicals
(Flowery Branch, Ga.). The HEK 293T cell line containing
the Traffic Light Reporter (TLR) sequence was acquired as
a gift from the laboratory of Professor Mark Osborn at the
University of Minnesota.1 Cas9 nuclease sNLS-SpCas9-
sNLS was purchased from Aldevron (Fargo, N. Dak.).
SgRNA (100 bp) was purchased from Trilink Biotechnolo-
gies (San Diego, Calif.), with the sequence of “GCACC-
UAUAGAUUACUAUCCGUUUUAGAGCUA-
GAAAUAGCAAGUUAAAAUAA
GGCUAGUCCGUUAUCAAC-
UUGAAAAAGUGGCACCGAGUCGGUGCUUUU” (the
gray highlight is the 20 bp site-specific sequence). QuickEx-
tract™ DNA Extraction Solution was purchased from Luci-
gen (Middleton, Wis.). AccuPrime™ Taq DNA Polymerase
System for PCR amplification was purchased from Invitro-
gen (Thermo Fisher Scientific, Waltham, Mass.). Primers
with the sequences of 5'-AGACCACCCCCATGTACAAA-
3" and 5'-GGAAAACCCTTCCTGGTTTC-3" was ordered
from Integrated DNA Technologies (IDT, Skokie, I11.). Mon-
arch® DNA Gel Extraction Kit was purchased from New
England BioLabs (Ipswich, Mass.). Dynamic and static light
scattering (DLS and SLS) were performed on a Brookhaven
Instruments BI-200SM with a 637 nm laser. Zeta potentials
were measured with a Malvern Zetasizer Nano ZS (Malvern
Instrument Ltd., Worcestershire, United Kingdom). Cryo-
genic transmission electron microscopy (cryo-TEM) was
performed on a FEI Tecnai G2 Spirit BioTWIN (Hillsboro,
Oreg.) microscope equipped with an Eagle 4-megapixel
CCD camera (2048x2048 pixels), and a single-tilt cryo
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holder was used. Lacy carbon/Formvar grids were treated by
PELCO easiGlow glow discharge cleaning system immedi-
ately before use.

[0122] Vitrified cryo-TEM samples were prepared by
using a FEI Vitrobot. The MTT cytotoxicity assay plates
were analyzed with a Biotek Synergy H1 plate reader
(BioTek Instruments, Winooski, Vt.). Flow cytometry
experiments were carried out on BD Fortessa HO081 flow
cytometer with 100 mW Violet (405 nm), Blue (488 nm) and
Yellow-Green (561 nm) lasers. Flow cytometry data were
analyzed using FlowJo software (V10) from FlowJo (Ash-
land, Oreg.). PCR amplifications were performed on C1000
Touch™ Thermal Cycler from Bio-Rad (Hercules, Calif.).

Micelle Preparation

[0123] PDMAEMA-b-PnBMA (DB) and PEO-b-PD-
MAEMA-b-PnBMA (ODB) polymers were synthesized and
characterized according to our previous report. DB micelles
were prepared by directly dissolving DB polymers in water
at 1 mg/ml following procedures described by Sprouse et al.
ODB(2) and ODB(5) micelles were prepared through the
cosolvent method, with polymers first dissolved in DMF (1
wt %) followed by adding MOPS buffer at pH 7 and 100 mM
ionic strength, and then dialyzed against PBS buffer, as
described by Jiang et al. ODB(10) micelles were prepared by
the cosolvent method. First, 50 mg of the ODB(10) polymer
was dissolved in 1.0 mL of DMF and stirred for 15 min.
Then, a syringe pump was used to add 1.0 mL of DI water
at a rate of 12 ml/h while stirring the solution. The sample
was transferred to a 1 kDa MWCO dialysis bag and dialyzed
against either 1.5 L buffer (20 mM, pH 7.4, ionic strength
150 mM NacCl) or 1.5 L Millipore water to acquire ODB(10)
micelles in PBS and water, respectively. The samples were
diluted to the desired concentrations and stored at -5° C. in
a refrigerator.

Micelleplex Formation

[0124] Micelleplexes in PBS (20 mM, pH 7.4, ionic
strength 154 mM NaCl) and water were prepared at poly-
mer:RNP molar ratios of 2.5:1 and 5:1 right before use. To
formulate the RNP solutions, the sgRNA (0.065 mg/mL. in
PBS, 0.039 mg/ml. in water) solution was added into a
solution containing Cas9 protein (0.32 mg/mL in PBS, 0.19
mg/mL in water) at equivalent volume aliquots to obtain the
final RNP solution that contained a 1:1 Cas9:sgRNA molar
ratio. The RNP solution was allowed to bind for 15 min at
room temperature prior to micelleplex formulation. Next,
the same volumes of micelle solutions at appropriate con-
centrations were each added to RNP solutions to achieve
polymer:RNP molar ratio 2.5:1 and 5:1, respectively. The
micelleplex solutions were allowed to equilibrate at room
temperature for 1 hour before use.

High-Throughput Dynamic Light Scattering (DLS)

[0125] The tubes used for DLS analysis were all thor-
oughly precleaned with ultrapure water and ethanol, which
was filtered with 0.2 m filters prior to cleaning, covered with
aluminum foil, and air dried overnight before use. Micelle-
plexes were formed according to the procedure described in
Micelleplex Formation section. Micelle solution and sgRNA
solution were prefiltered with 0.2 m filters. Cas9 protein was
used directly as it was found to adhere to the filter membrane
during filtration process. To avoid potential alteration in the
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micelleplex structure due to filtration, the micelleplex solu-
tions were not filtered after formation.

[0126] For high-throughput DLS, samples were trans-
ferred into a glass-bottomed 96-well DLS plate (Greiner Bio
One GmbH, SensoPlate, 655892) using a multi-channel
pipette. The well plate was placed in the DynaPro Plate
Reader III (Wyatt Technology, Santa Barbara, Calif.) and
equilibrated at 23° C. Wells containing samples of interest
were analyzed using automated measurements. For each
measurement, five acquisitions were recorded with an acqui-
sition time of 5 seconds each. The resulting auto-correlation
function was fitted using the cumulants model to yield the
hydrodynamic radius and dispersity.

Cell Culture

[0127] Engineered HEK 293T TLR cell line was cultured
in high glucose DMEM with 10% HI FBS and 1% Antibi-
otic/Antimicrobic. The incubator was set at humidified
atmosphere under 37° C. with 5% CO,. Cell confluency was
monitored, and cells were passaged as needed.

Gene-Editing Efficiency Measurement by High-Throughput
Fluorescence Microscopy

[0128] The combination of image cytometry, which
acquires fluorescence imaging of HEK cells in each trans-
fection condition, together with automated image analysis
using CellProfiler, a software package that facilitates rapid
and accurate image analysis,,, 5 enabled high-content screen-
ing of the gene editing efficiency and the selection of best
performing micelleplex candidate. Although image cytom-
etry is a staple in high-throughput screening campaigns in
pharmaceutical research, it is underexplored as a tool to
select effective polymeric vehicles for cargo delivery, and
only a limited report was found on optimizing lipid delivery
vehicles.,, HEK 293T TLR cells were plated in 48 well-
plate (Corning Costar #3548) at a density of 50,000 cells/
mL. Micelleplexes were formed as described in Micelleplex
Formation section. Micelleplexes formed in water were used
directly, micelleplex formed in PBS were further diluted
with PBS before transfection to achieve final concentrations
of Cas9 protein and sgRNA of 0.049 mg/ml. and 0.0097
mg/ml, respectively, in both water and PBS conditions.
DLS showed that the size of the micelleplexes formed in
PBS do not change after further PBS dilution. 240 ul, of
Opti-MEM was added to 120 pl. of each micelleplexes
solutions right before transfection. The final dose of Cas9
protein and sgRNA were 2.4 g/well and 0.49 g/well, respec-
tively. Four hours after transfection, 0.5 mL of fresh DMEM
containing 10% FBS was added to each well. The micelle-
plexes solution was aspirated 24 h after transfection, and cell
culture media was replaced by fresh DMEM containing 10%
FBS. Cells were visualized using live-cell microscopy 48 h
after transfection under the following procedures.

[0129] Cells were stained with NucBlue Live Ready-
Probes Reagent (Invitrogen, Thermo Fisher Scientific,
Waltham, Mass., catalog #R37605) by adding one drop of
NucBlue stain per well and incubating for 20 minutes.
Subsequently, the cell culture media was replaced with
FluorBrite (Thermo Fisher Scientific, Waltham, Mass. cata-
log #A1896701) for optimal visualization. A Zeiss inverted
microscope, Axios Observer (Oberkochen, Germany) was
used in wide field mode in combination with a fully enclosed
chamber heated to 37° C., supplied with 5% CO, and
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humidified with deionized water. The well plate was moved
over a 10x objective using a motorized stage and 4-15
images were acquired per sample. Image acquisition was
performed in two fluorescence channels: Hoechst 33342 and
mCherry with uniform exposure time and shading correc-
tions applied throughout the well plate.

High Content Image Analysis

[0130] Cell Profiler (Broad Institute, MA), an open source
software platform was used to estimate the proportion of
mCherry positive cells. Our pipeline was developed by
using the module “Cell/particle counting and scoring the
percentage of stained objects” as a starting point and modi-
fying it according to the needs of our dataset. Corrections for
uneven illumination (or background subtraction) were per-
formed using the Correct Illumination Calculate module in
both the Hoechst and the mCherry channels. Cell outlines
were identified using the Identify Secondary Objects module
by assuming a distance of 20 pixels from the nucleus to the
outer edge of the cell. Our algorithm allowed for clumped
cells to be recognized and separated and for the dividing
lines between adjacent cells to be identified. Cells at the
edges of the image were discarded and not included in the
analysis. Finally, cells were classified into mCherry-positive
or negative by measuring mCherry intensities and using 0.05
as the threshold for separation. The Cell Profiler pipeline
will be shared to readers based on inquiries. The entire cycle
of image acquisition, image processing, statistical analysis,
and candidate selection was completed within 5-6 hours for
all formulations. This live cell imaging and automated
analysis technique provides a rapid protocol for formulation
screening and discovery as it eliminates the need for cell
trypsinization and washing steps, thus, increasing the
throughput, parallelizing the worktlow, and allowing prom-
ising formulations to be identified rapidly.

Gel Electrophoresis

[0131] The ability of the micelles to bind with Cas9 RNP
and form micelleplexes was qualitatively determined by gel
electrophoresis. Initially, RNPs were prepared by adding
sgRNA (0.10 mg/mL) to Cas9 protein (0.50 mg/mlL.) at 5 ul.
of each solution to achieve 1:1 Cas9:sgRNA molar ratio.
After incubation for 15 min, a 10 pL aliquot of the micelle
solution at the appropriate concentration was added to 10 uL.
of RNP samples to achieve polymer:RNP molar ratios of
2.5:1 and 5:1, respectively. Then, 2 ulL of loading buffer was
added and 20 pl of each sample was loaded into wells in a
2.0% agarose gel containing 1.5 g of ethidium bromide/mL
TAE buffer. The electrophoresis was carried out for 90 min
at 80 V. The gel is visualized using a standard UV transil-
luminator.

Zeta Potential

[0132] The samples were prepared as described in
Micelleplex Formation section and were kept in a folded
capillary cell equipped with gold plated electrodes. The
mobility was measured with a Malvern Zetasizer Nano ZS.
The zeta potential was calculated from the measured elec-
trophoretic mobility using the Smoluchowski equation.

Multiangle DLS Analysis

[0133] ODB(10) sample preparation followed the same
procedures described in High-Throughput DLS section. All
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measurements were carried out at 23° C. The correlation
function for each sample was collected at 5 angles ranging
from 60° to 120°, and data were collected for 10 min at each
angle. The size distributions were assessed by applying the
REPES algorithm, , to the correlation function obtained at
90°. The correlation functions of each sample were fitted to
a cumulant model. The fitting procedures were previously
detailed.

Static Light Scattering (SLS) and Estimation of Binding
Fraction

[0134] ODB (10) samples were prepared following the
same procedure in PBS at polymer:RNP=2.5:1 molar feed
ratio as described above in Micelleplex Formation section,
and were diluted to three lower concentrations with prefil-
tered PBS buffer. The micelle dn/dc was previously mea-
sured as 0.14 ml./g. The dn/dc value of the Cas9 protein
solution was estimated as 0.182 mg/ml., based on previously
published similar protein dn/dc values, and the dn/dc value
of the RNA solution was 0.171 mg/ml, based on previous
literature. The dn/dc value of the micelleplex solution was
estimated as 0.161 mL/g based on the weight fraction of its
components:

dn/dccaso ¥ MWeaso + (9]
dn [ dcsgrna * MWegrna + dn | depicee ¥ M Wpiceue
MWeaso + MWgrng + MWicee

dn [ depicetieptex =

[0135] Toluene was used for calibration (Rg=1.363x107>
cm™b). Berry analysis was used to calculate apparent weight-
averaged molar mass M, ..., en» tadius of gyration R, and
second virial coefficient A2.

[0136] The M, urer, ©f the ODB(10) micelleplexes
(5.2x10° g/mol) as measured by SLS represents the weight-
average of all components in the solution. At 2.5:1 polymer:
RNP molar feed ratio, which is 1:25 micelle:RNP molar feed
ratio, RNP is in large excess in the formulation. As the
cryo-TEM image in FIG. 6(c) shows, the solution contains
both free RNPs and micelleplexes containing single micelles
and multiple bound RNP decorating the micelle corona.
Therefore, the M of'the complexes can be expressed

w,apparent

as
complec Dwcomtex ¥ 7 gy ot 2w kNP @
M w,apparent —
T complexMw.comlex + gy phw,RNP
[0137] where 1, and ngy, are molar concentrations

of complexes and excess free RNP, respectively. M,, ., ,orex
and M, ryp are the molar mass of complex and RNP.
M,, zr 18 calculated as 1.94x10° g/mol based on the molar
mass of Cas9 protein and sgRNA.

[0138] With the assumption that all complexes are iden-
tical, the M can be calculated as

w,complex

Mw,complex:Mw,micelle"'aMwMP (3)

[0139] where a is the number of RNP per micelle in
complexes and M is the molar mass of micelle

w,micelle
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(3.9x10° g/mol). Since the mass balance of RNP and
micelles have to be satisfied, as the following:

Pppicelie Peomplex (C))
NRNP total MRNPT A compiex 3)
[0140] where n,,,..;, and ngyp 404, are known molar con-

centrations of micelles and all RNPs in the solution.

[0141] By substituting M,,, _.,,,zex a0d 0,7, USing Equa-
tions S2 and S3, and solving Equations S1 and S4 together,
a was obtained as 14 and ng,, was found to be 44% of

NrNp rotar

Cryogenic Transmission Electron Microscopy (Cryo-TEM)

[0142] The morphologies of the ODB(10) micelles and
micelleplexes in aqueous buffer were visualized by cryo-
TEM. For each specimen, 3-4 pl. of micelle or micelleplex
solution was loaded onto a carbon-coated and lacey film-
supported copper TEM grid in the climate chamber of a FEI
Vitrobot Mark III vitrification robot. The climate chamber
was held at 26° C. with saturated water vapor. The loaded
grid was blotted and then plunged into liquid ethane that was
cooled by liquid N,,. Vitrified samples were kept under liquid
N, before being imaged. Images were taken under focus for
adequate phase contrast.

In Vitro Cell Transfection with Micelleplexes

[0143] The quantification of the gene editing efficiency of
the Cas9 RNP delivered by the ODB(10) polymer micelles
was carried out via a Traffic Light Reporter (TLR) assay.
HEK 293T TLR cells were plated in a 24-well plate at a
density of 50,000 cells/well. After 24 hours, micelleplexes
were prepared at Cas9:sgRNA:polymer molar ratios of
1:1:2.5 and 1:1:5.

[0144] Micelleplexes were formed in PBS according to a
similar procedure as described in Micelleplex Formation
section: the RNP solution was prepared by mixing 52 plL of
sgRNA (0.065 mg/mL) in PBS with 52 pL of Cas9 protein
(0.32 mg/mL) in PBS. The mixture was allowed to bind at
room temperature for 15 min. ODB(10) micelle solutions
(104 uL) at 0.16 mg/mL and 0.32 mg/mL. in PBS was added
to the RNP solution to achieve 2.5:1 and 5:1 polymer: RNP
molar feed ratios, respectively. The mixtures were allowed
to bind at room temperature for 1 h for complexation. Next,
143 ul. of PBS was added to the micelleplex solution to
dilute the system. DLS measurements showed that micelle-
plex size remained the same after dilution (FIG. 16).

[0145] The total volume of the micelleplex solution was
350 ulL, and the final concentrations of Cas9 protein and
sgRNA in micelleplex solution were 0.049 mg/ml. and
0.0097 mg/mL, respectively.

[0146] Micelleplexes were formed in water according to
the following procedure: the RNP solution was prepared by
mixing 88 pL. of sgRNA (0.039 mg/ml.) in water with 88 pl,
of Cas9 protein (0.19 mg/mL) in water. The mixture was
allowed to bind at room temperature for 15 min. ODB(10)
micelle solutions (175 pl.) in water were prepared at 0.096
mg/ml and 0.192 mg/ml. and were added to the RNP
solutions to achieve polymer:RNP molar ratios of 2.5:1 and
5:1, respectively. The solution mixtures were allowed to
complex at room temperature for 1 hr. The total volume of
the micelleplex solution was 350 pL, and the final concen-
trations of Cas9 protein and sgRNA were 0.049 mg/ml. and
0.0097 mg/mL, respectively.



US 2021/0069111 Al

[0147] Twice the volume (700 pL.) of Opti-MEM was then
added to each of the micelleplex solutions immediately prior
to transfection. In the plate of cells, each well was aspirated
to remove media, and 300 pulL of the micelleplex solution was
added to each well. Four hours after transfection, 1 mL of
DMEM containing 10% FBS was added to each well.
Twenty-four hours after initial transfection, the media was
aspirated from each well and replaced with fresh DMEM
containing 10% FBS. The cells were harvested 48 hr after
transfection for gene-editing analysis.

Traffic Light Reporter (TLR) Assay

[0148] A TLR assay with HEK 293T cells was used to
estimate the fraction of cells positive for genome editing
with the ODB(10) micelleplexes and controls. Cells were
transfected as described above. The fraction of cells express-
ing mCherry was determined by flow cytometry analysis.
Live cells were identified using Calcein Violet AM viability
dye. The flow cytometry analysis was performed using a BD
LSRFortessa from BD Biosciences (San Jose, Calif.). At
least 10,000 single cell events were collected for each
sample and representative of the gating are shown in FIG.
17.

TIDE Assay

[0149] DNA of the cells transfected with ODB(10)
micelleplexes and controls below were extracted with
QuickExtract™ DNA Extraction Solution and PCR ampli-
fied use AccuPrime™ Taq DNA Polymerase System follow-
ing the manufacturer’s protocols.

OD polyplexes

OD polymer  Free polymer  Polyplex
D, (x 10! m?%s) by 3.4 3.9 0.80
PFG-NMR
R, (nm) by PFG-NMR 6.8 5.8 28.4
D, (x 101 m?%/s) by DLS 5.0 5.0 0.46
R, (nm) by DLS 4.6 4.6 50
[0150] PCR products were purified with 1 wt. % agarose

gel electrophoresis. The corresponding band was cut and
purified with a Monarch® DNA Gel Extraction Kit to
harvest the DNA, following manufacture’s protocols. The
DNA samples together with the primers were sent out to
GeneWiz® for sequencing. Data was analyzed by TIDE web
tool.

MTT Assay

[0151] HEK 293T TLR cells were plated in a 24-well plate
at a density of 50,000 cells/well. ODB(10) micelle solutions
at various concentrations were prepared in Opti-MEM
media. The wells were aspirated and replaced with 300 pl
aliquots of the formulations. After 4 h, 1 mL of DMEM with
10% HI FBS was added to each well. Twenty-four hours
post-treatment, the media was aspirated and replaced with
fresh DMEM containing 10% HI FBS. The MTT assay was
conducted 48 h post-transfection. MTT reagent 100 pL (5
mg/mL) in PBS was added to each well and incubated for 2
hr. Subsequently, the media was aspirated and DMSO 500
ul was added to each well. Next, samples were transferred
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to a fresh plate and absorbance was measured at 570 nm
using a Synergy H1 Hybrid Reader (BioTek, Winooski, Vt.).

Example 1—Delivery of mRNA

Complex Formation

[0152] A PDMAEMA-b-PnBMA (DB) diblock copoly-
mer and three PEO-b-PDMAEMA-b-PnNBMA (ODB) tri-
block polymers were synthesized via reversible-addition-
fragmentation chain transfer (RAFT) polymerization to
acquire uniform chain lengths. The polymers were charac-
terized according to published procedures (Table 1).

TABLE 1

Synthetic Block Polymer Characterization

Polymer DB ODB (2) ODB (5)  ODB (10)
Block  PEO — 2 5 10
length PDMAEMA 27 27 27 28
(kDa) PuBMA 14 24 25 24
b 1.10° L12% 1.18* 1.14°
[0153] The DB and ODB polymers self-assembled to form

spherical micelles exhibiting core-shell or core-shell-corona
architectures, respectively (see FIG. 1). The PnBMA hydro-
phobic chain length was chosen such that after micelle
formation, the cores are kinetically constrained from chain
exchange at room temperature due to the strong hydrophobic
nature of PnBMA and long block length. Thus, the micelles
were stable with respect to size and shape.

[0154] The Cas9 protein used was sNLS-spCas9-sNLS,
which contains nuclear localization signals on both ends of
the protein to promote efficient nuclear trafficking once
delivered inside the cell. When forming micelleplexes,
sgRNA was first added to Cas9 protein at a 1:1 molar ratio
and allowed to complex for 15 min. Micelle solutions were
then added to the RNP solution and allowed to further
complex for 1 hr. The systems were examined at a polymer:
RNP molar formulation ratio of both 2.5:1 and 5:1. All four
micelle variants were designed to contain the same cationic
(PDMAEMA) block chemistry and lengths, thus, at a certain
polymer:RNP molar ratio, the molar ratio of RNP to amine
groups are consistent across all four micelleplex formula-
tions.

Micelleplex Formulation and High-Content Screening

[0155] Micelleplexes were formulated in two common
solvents for biological delivery studies, phosphate buffer
saline (PBS) and water, and characterized for size via
high-throughput DLS (FIG. 3). The four bare micelle spe-
cies without RNP were found to have similar hydrodynamic
radii (R,), between 28-34 nm in PBS and slightly larger sizes
of 30-44 nm in water, presumably due to the elongated
cationic corona under low ionic strength, in agreement with
previous work on polycation solution physics. While the
PEO block indeed adds some hydrodynamic volume, the
PEO length did not appear to influence the hydrodynamic
radius of the micelles under these conditions, as the aggre-
gation number of the micelles decreases with increasing
corona chain length. All micelleplex formulations were
found to have similar sizes in each respective solution after
formulation regardless of micelle architecture. Micelle-
plexes formulated in PBS had R, values around 30 nm,
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(similar to the bare micelles), indicating that the RNPs might
nestle into the cationic block. In comparison, larger particles
with R, of around 135-155 nm were formed in water. To
further understand the mechanistic phenomena associated
with these differences, these results were examined in detail
(vide infra).

[0156] An engineered HEK 293T cell line with an imbed-
ded traffic light reporter (TLR) system was utilized as the
model cell line to screen delivery efficiency and genome-
editing. The 20 bp sgRNA has been designed to target
binding of the Cas9 nuclease to a genomic region upstream
of an out-of-frame mCherry gene engineered into the HEK
293T genome. If the RNP is successfully delivered to the
nucleus (and binds this genomic site), a double strand DNA
break (DSB) will occur at the target locus and then be
repaired via nonhomologous end-joining (NHEJ), a native
cellular mechanism that quickly ligates the broken ends
through insertion or deletion (indel) base mutations. The
indels caused frame shifts to occur in the downstream
mCherry gene; a fraction of those indels led to the correct
frame shift to upregulate mCherry expression (red fluores-
cence), which can be visualized and quantified under fluo-
rescence microscopy. It should be noted that the percentage
of mCherry-positive (mCherry,) cells is lower than the
percentage of total edited cells because not all frame shifts
induce mCherry production. Nonetheless, this is a facile
method for high content screening to speedily and efficiently
identify the candidates that displayed the best editing out-
comes, as measured by mCherry expression.

[0157] Using this cell line, we compared the gene-editing
performance of different micelleplex formulations across
two solvent environments (PBS and water), 4 micelle com-
positions, and 2 molar ratios, giving rise to 16 possible
candidates. Forty-eight hours after transfection of the HEK
293T TLR cells with the micelleplex formulations and
controls, the cell nuclei were stained with Hoechst and
microscopy acquisition was performed. Finally, an image
analysis pipeline developed in CellProfiler was used to
compute the ratio of mCherry, cells to the total number of
nuclei in every image.

[0158] As shown in FIG. 4, in general, all micelleplex
formulations promoted mCherry expression higher than the
jetPEI control and many formulations appeared to match the
efficiency promoted by Lipofectamine 2000 (5% mCherry,)
or even higher levels (Avg. 2-11% mCherry,). Since high
mCherry expression is indicative of high editing efficiency,
it was concluded that the formulations in water reached
higher editing efficiencies (Avg. 5-11% mCherry,) than
formulations in PBS (Avg. 2-5% mCherry, ). Higher deliv-
ery efficiency in water is potentially a consequence of the
larger complex size and higher settling velocities, which is
further discussed below. Moreover, all micelleplexes formed
in water exhibited similar or higher editing efficiency com-
pared to Lipofectamine 2000, regardless of the micelle
architecture. Using this process, the ODB(10) variant, which
promoted statistically higher mCherry expression than Lipo-
fectamine, was identified as the best candidate vehicle and
the focus of extensive biophysical characterization.

Quantitative Characterization of ODB(10) Micelleplexes

[0159] Micelleplex complexation was characterized by gel
electrophoresis (FIG. 5(a)). In both PBS and water, sgRNA
migrates towards the anode due to its overall negative
charge. After complexation with Cas9 protein, the RNP
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migration in PBS was less than that of sgRNA, indicating
stable binding of the sgRNA to the Cas9 protein, which
maintained an overall negative charge. However, in water,
the RNP migration was completely impeded, which poten-
tially denoted the formation of large RNP aggregates. Upon
addition of micelles, the complete lack of RNP migration in
both PBS and water suggested the formation of micelle-
plexes. Zeta potential analysis (FIG. 5(b)) showed that
overall, particles had higher absolute values of Zeta poten-
tial in water compared to PBS, due to low solution ionic
strength. In both solvent conditions, the RNP sample exhib-
ited a negative Zeta potential due to the overhanging nega-
tive charge on the sgRNA, which leads to electrostatic
interaction with the cationic micelle brush. As expected, the
Zeta potential of the micelles was highly positive and
decreased slightly after micelleplex formation.

[0160] To quantitatively analyze and compare the size,
composition, morphology, and RNP loading of the ODB(10)
micelleplexes in PBS and water, multi-angle DLS and
cryo-TEM characterizations were performed. The DLS
results revealed that in PBS, RNP has a radius of hydration
(R;) of around 9 nm (FIG. 5(¢)), which agrees with the
single RNP size in a previous report. The micelleplexes
formed in PBS have R, values of 26 nm (2/P=0.13) and 27
nm (u,/T?=0.06) at ODB(10) polymer:RNP molar ratio
2.5:1 and 5:1, respectively, slightly smaller than the uncom-
plexed micelles (FIG. 5(c), Table 2).

TABLE 2

Hydrodynamic Radii and Dispersity of RNP, Micelles and Micelleplexes

Condition Sample R, (nm) 11,/T2
PBS RNP 9 0.34
Micelle 30 0.30
Micelleplex 2.5 26 0.13
Micelleplex 5 27 0.06
‘Water RNP 506 0.6
Micelle 40 0.22
Micelleplex .2.5 155 0.19
Micelleplex 5 149 0.26
[0161] This result provides evidence that the micelle-

plexes in PBS consist of single micelles, and that the binding
between the PDMAEMA cationic midblock and RNP leads
to a slight contraction of the micelle corona. This observa-
tion of micelle compaction agrees with previous literature
showing that the complexation of oppositely charged poly-
electrolytes leads to micelle corona contraction. By com-
parison, the RNPs have large particle sizes (R;,>500 nm) in
water (FIG. 5(d)), presumably due to the collective aggre-
gation of multiple RNPs under low ionic strength and/or
electrostatic bridging of the cationic Cas9 protein with the
anionic sgRNA. Interestingly, the formation of micelle-
plexes helped to reduce the degree of RNP aggregation by
reducing the micelleplex R, to around 150 nm. The above
phenomena indicated different mechanisms of micelleplex
formation under different buffering conditions. In PBS, the
single micelles appear to act as the “template host” to RNPs
for micelleplex formation, where individual RNPs bind
within the ionic brush layer. In water, however, the RNPs
may form loose aggregates, thus serving as the “template
host” and micelles appear to break up the loose aggregates
binding around the proteins and interacting with RNPs to
form larger multi-micelle complexes, which could signifi-
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cantly influence particle settling kinetics (and thus cellular
contact) in adherent cell transfection experiments.

[0162] The complexation mechanisms and the morphol-
ogy of micelleplexes were further corroborated by cryogenic
transmission electron microscopy (cryo-TEM) as displayed
in FIGS. 6(a)-(d) and FIGS. 8(a)-(¢). The single micelles
and RNPs were able to be clearly imaged prior to compl-
exation in PBS (FIG. 6(a)-7(b)). It is worth noting that while
the micelle core is visible, the corona consisting of the
solvated PDMAEMA and PEO blocks has a lower electron
density and is not visualized due to the low contrast (FIG.
6(a)). After micelleplex formation, the micelle corona has an
increased contrast due to RNP binding and becomes visible
(FIG. 6(c)-(d)), and discrete RNPs can be visualized as
higher contrast spots within the micelle corona. Due to RNP
payload loading and increased contrast, the size of RNP-
micelle complexes appears visually larger in the cryo-TEM
compared to the image of the micelles, even though in the
DLS data, the overall hydrodynamic diameter actually con-
tracts to promote complexation. Moreover, the micelle-
plexes in PBS appear to be spherical, and all micelleplexes
contain single micelles, which is also in agreement with the
previous DLS data. At ODB(10) polymer:RNP molar for-
mulation ratio 2.5:1, some RNPs can be visualized in an
uncomplexed free RNP state (FIG. 6(c)), and the amount of
free RNP is largely reduced at higher polymer formulation
ratio (ODB(10) polymer:RNP 5:1), which is evident by the
lack of free RNP in the cryo-TEM image in FIG. 6(d). In
contrast, when the RNPs are diluted in water, they form large
multi-protein aggregates of various sizes (FIG. 7(a) and 13).
After formulation with the micelles, the micelleplexes
clearly exhibit smaller sizes compared to RNP only (FIG.
7(b)-(¢)), which is consistent with our previous data and
hypothesis that formation of micelleplexes help break up the
larger aggregates of RNPs. This could also be the reason
why the ODB(10) micelle with the longest PEO block
performs better than the other micelle variants. The long
PEO corona can potentially provide effective hydrophilic
shielding and thus have better stabilization effect to the
micelleplexes. In addition, free unbound micelles can also
be visualized at both polymer:RNP ratios, which is opposite
to the observation in PBS. These images provide further
evidence of the different complexation mechanisms of
micelleplex formation in PBS and water, which influences
their biological performance.

[0163] Based on the DLS and cryo-TEM results, uniform
micelles and micelleplexes are formed in PBS, thus enabling
further quantitative analysis via static light scattering (SLS).
Berry plots were used to extract the radius of gyration (R,)
and weight-averaged molar mass (M,,) of micelles and
micelleplexes (FIGS. 8-9). The ratio between R, and R, can
provide conformation and shape information of polymers
and complexes. Bare micelles without RNPs exhibited an
average R, of 22 nm, and the R, of micelles were measured
to be 30 nm by DLS (FIG. 5(a) and Table 2).

[0164] Thus, the R /R, value of the bare micelles was
calculated to be 0.73, close to that of a hard sphere (0.78).
The M,, of micelles was measured to be 3.9x10° g/mol. With
the assumption that all micelles are uniform and share the
same composition, and given that each polymer chain has an
M,, of 6.2x10* g/mol, an average of 63 polymer chains per
ODB (10) micelle are calculated to be present per micelle
(micelle aggregation number N, =63). Thus, when formu-
lated with the RNPs at ODB(10) polymer:RNP molar ratios
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2.5:1 and 5:1, the micelle:RNP molar formulation ratios are
1:25 and 1:13, respectively. Micelleplex composition and
properties at polymer:RNP molar ratio of 2.5:1 were also
characterized by SLS. This result indicated a R, of 29 nm,
bigger than the R, of micelle only, due to the increased
weight and density on micelleplex corona after RNP bind-
ing. With the R, of 26 nm tested by DLS, micelleplexes have
a R/R,, value of around 1.1, closer to that of a soft sphere
(1.0). The M,, of ODB(10)-RNP micelleplexes was calcu-
lated to be 5.2x10° g/mol. Under the assumption that every
micelleplex contains the same number of RNPs and that all
micelles were complexed, we calculate that each micelle
housed on average 14 RNPs (calculation detailed in the
Supporting Information). Thus, under polymer:RNP ratio
2.5:1, which is micelle:RNP molar ratio 1:25, around 56% of
RNPs were bound to the micelles, indicating that some free
RNP exists in the solution, which is in agreement with the
cryo-TEM images where the free unbound RNPs can clearly
be visualized (FIG. 7(c)). In comparison, at a polymer:RNP
molar ratio 5:1, which is a micelle:RNP molar ratio of 1:13,
the number of micelles is sufficient to house all the RNPs,
thus there should be no free RNP in solution, which is also
in agreement with the cryo-TEM results (FIG. 6(d)). The
quantitative properties of the micelles and micelleplex solu-
tions are summarized in Table 3.

TABLE 3

Quantitative Characterization and Analysis of Micelles and Micelleplexes

Properties Micelle Micelleplex®

M,, (g/mol)® 3.9 x 108 5.2 x 106

R, (nm)” 21 29

R /R, 0.73 1.1

A, (em®mol/g?)® 2.3 x 107 8 x 1072
aggc 63 -

# amine/micelle? 9,500 —

pKa of PDMAEMA block? 7.8 —

Percent amine protonated at 73% —

pH =174

# protonated amine/micelle 7,000 —

RNP/micelle feed ratio — 25:1

RNP/micelle binding ratio® — 14:1

# micelle/complex’” — 1

Percent RNP bound — 56%

Quantification of ODB(10) Micelleplex Gene-Editing
Efficiency

[0165] HEK 293T TLR cells were transfected with ODB
(10) micelleplexes, and 48 hr after transfection, the percent
mCherry, cells were measured quantitatively by flow
cytometry. The results revealed that the micelleplexes
formed in PBS produced around 2.2% mCherry, cells for
both RNP:micelle molar ratios, which is higher than the
1.0% produced with the jetPEI positive control, but lower
than Lipofectamine 2000 (FIG. 10(a)). Micelleplexes
formed in water, however, offered 6.4-6.6% mCherry, cells,
which is higher than the 4.9% of mCherry, cells with
Lipofectamine 2000. These data showed a similar trend to
the high content screens comparing the performance of
ODB(10) micelles to the controls. As discussed previously,
only a fraction of the indels generated by gene-editing lead
to the correct frame shift to promote expression of mCherry
protein; thus, this assay is a significant underestimation of
total gene editing in the cellular population.
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[0166] To further quantify and compare the total gene-
editing efficiency of the micelleplex formulations and con-
trols, capillary Sanger sequencing was applied to the tar-
geted genome locus of the HEK 293T TLR cell line for all
transfected samples. A TIDE (Tracking of Indels by DEcom-
position) computational assay,,; was then utilized to analyze
the data. Briefly, the TIDE assay compares the wild-type
untreated cell DNA sequence, acquired from standard
Sanger sequencing, with the DNA sequence of edited
samples, and generates the frequency of targeted mutations.
At ODB(10) polymer:RNP molar ratios of 2.5:1 and 5:1, the
micelleplexes in PBS showed a total gene editing of 4% and
6.3%, respectively (FIG. 10(b), solid blue bars). Although
this gene-editing efficiency is moderate, the small, uniform,
and well-defined nature of this micelleplex system yields the
potential for further optimization for in vivo gene editing.
Interestingly, a significant boost in the gene-editing effi-
ciency was achieved by the micelleplex formulations in
water. The data showed that slightly over 40% of the cells
undergo NHEJ after treatment by the micelleplexes at poly-
mer:RNP 2.5:1, which is significantly higher than that
observed with jetPEI and approximately doubled the effi-
ciency of Lipofectamine2000 (FIG. 01(5), slashed pink
bars). The sequencing chromatograms of the DNA extracted
from cells treated by micelleplexes clearly showed a mixed
pool of edited and wild-type cellular DNA (FIG. 01(c)),
which is a further indication of the successful and high
efficiency gene editing.

[0167] It is intriguing that the micelleplex formation con-
ditions have such a significant impact on micelleplex com-
plexation and gene-editing efficiency. While not wishing to
be bound by any theory, we speculate that the larger micelle-
plex particle size formed in water is the key to higher in vitro
transfection efficiency. Indeed, previous studies with pPDNA
delivery have shown that solvent ionic strength significantly
impacts vehicle-pDNA complex formation, size, and colloi-
dal stability. The previous reports also mentioned that large
particle size may play a significant role in accelerating
sedimentation of the complexes in cell culture, which pro-
motes a higher concentration of the complexes to interact
with the adherent cell monolayer, and subsequently increase
cellular internalization to promote higher transgene expres-
sion. However, this is the first time that this phenomenon has
been observed in a RNP delivery system. Quantitative
treatment of this theory can be provided by the equation for
particle sedimentation velocity (Eqn. 1A below).

L ey —pp)
Hy

[0168] InEquation 1A, p,, is the density of particle, p,and
pare fluid density and viscosity, respectively, and g is the
gravitational acceleration. With the assumption that micelle-
plexes formed in water and PBS have similar densities, and
the fact that the fluid density and viscosity are the same (as
both transfections were completed in culture), the micelle-
plex sedimentation velocity (v) is then solely proportional to
r?, the particle radius. Micelleplexes formed in water have
around 5 times larger radii compared to micelleplexes
formed in PBS and thus, the sedimentation rate would
calculate to be about 25 times faster, which causes a faster
accumulation of micelleplexes on the cell surface, presum-
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ably increasing cellular uptake, and subsequently leading to
significantly higher RNP delivery and gene-editing.

[0169] This shows quantitative correlation between for-
mulation conditions and the resultant biological perfor-
mance, and directly correlates the physico-chemical prop-
erties of vehicle-RNP complexes and their genome-editing
efficiency. Although large micelleplexes formed in water
may be inefficient for in vivo systemic delivery, they could
find utility for direct tissue injection. Moreover, their high
efficiency could be important and useful for ex vivo or cell
therapy-based treatments.

Conclusion

[0170] Four cationic block polymer micelle systems com-
prised of diblock PDMAEMA-b-PnBMA and three PEO-b-
PDMAEMA-b-PnBMA triblock variants were prepared and
studied as CRISPR/Cas9 ribonucleoprotein delivery
vehicles. A high-throughput DLS and high content image
cytometry workflow was developed to analyze formulations
for hydrodynamic size and gene editing efficiency. This
workflow enabled the discovery that ODB(10) revealed
statistically higher editing efficiency than the Lipofectamine
2000 positive control. For this reason, the ODB(10) micelle-
plex system was selected for further quantitative character-
ization. Well-defined micelleplexes were formed with small
and uniform particle sizes in PBS buffer and RNPs were
shown to bind within the coronas of single micelles, which
promoted moderate gene-editing efficiency. Due to the well-
defined composition and uniform size, this formulation has
potential to be optimized for in vivo gene editing. In
comparison, micelleplexes self-assembled in water formed
larger multi-micelle particles. While not wishing to be
bound by any theory, it is postulated that the micelles
complexed to pre-aggregated RNPs enable faster sedimen-
tation kinetics and thus lead to superior gene-editing effi-
ciency in vitro, twice that of Lipofectamine 2000. This facile
packaging method to promote high editing efficacy has the
potential to be applied for in vitro and ex vivo gene editing.
A well-defined polycationic micelle formulation thus suc-
cessfully complexes and delivers CRISPR/Cas9 RNPs, and
enabled correlations of the physico-chemical properties,
mechanism of packaging, and efficacy of genome editing.
Indeed, the novel results presented herein provide future
guidance for utilizing cationic polymer micelles and essen-
tial characterization techniques to facilitate simple, efficient,
and inexpensive gene editing systems for a wide variety of
applications.

Example 2—Delivery of pDNA

Materials and Methods

[0171] Materials. All chemicals were purchased from
Sigma-Aldrich and used as received: 2-(dimethylamino)
ethyl methacrylate (DMAEMA), 4-cyano-4-[(dodecylsulfa-
nylthiocarbonyl) sulfanyl] pentanoic acid (CPDT) as the
chain-transfer agent (CTA), 4,4'-azobis(4-cyanovaleric acid)
(V-501), and 3-(N-morpholino) propanesulfonic acid
(MOPS). Monomers DMAEMA and nBMA were passed
through activated neutral alumina to remove inhibitors
immediately before use. Phosphate-buffered saline of pH 7.4
(PBS) and Pierce™ Protein Concentrator PES (10 k
MWCO, 2-6 ml) disposable ultrafiltration centrifugal
devices were purchased from ThermoFisher and used as
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received. Dialysis tubing (cutoff M, =6-8 kDa) was pur-
chased from Spectra/Por, treated with 0.1 wt % ethylenedi-
aminetetraacetic acid (EDTA) solution, stored in ~0.05 wt %
sodium azide solution and triple rinsed with MilliQ water
before use. Plasmid DNA (pDNA) pZsGreen (4708 base
pairs, encoding green fluorescent protein; GFP) was pur-
chased from Aldevron (1 mg/ml. solution in water with
<1.00% residual protein). Before use, pDNA was lyo-
philized and redissolved in PBS buffer. The concentration of
DNA solution was measured by UV-Vis spectroscopy, given
that the DNA has an extinction coefficient of 0.021 (ug/
ml)-1 cm-1 at 260 nm. Cell culture media and reagents,
including Dulbecco’s Modified Eagle Medium (DMEM,
high glucose, GlutaMAX™ supplement), Reduced-Serum
Medium (Opti-MEM®, GlutaMAX™  supplement),
Trypsin-EDTA (0.25%) and Antibiotic-Antimycotic (100x)
were purchased from ThermoFisher. Heat Inactivated Fetal
Bovine Serum (HI FBS) was purchased from Atlanta Bio-
logicals (Flowery Branch, Ga.). Hela cells were purchased
from ATCC (CCL-2; Manassas, Va.). The HEK 293T cell
line was acquired as a gift from the Mark Osbom laboratory
at the University of Minnesota. Cell Counting Kit-8 (CCK-
8) was purchased from Sigma-Aldrich (St. Louis, Mo.).
JetPEI was purchased from Polyplus-transfection SA
(Illkirch, France). CellScrub Buffer was purchased from
Genlantis, Inc. (San Diego, Calif.).

[0172] Polymer Synthesis. Homopolymer poly(2-(dimeth-
ylamino) ethyl methacrylate) (PDMAEMA, “D”; 25 kDa)
was synthesized by RAFT polymerization. Briefly,
DMAEMA, CPDT, and V-501 were dissolved in DMF at a
4000:13:1 ratio with final monomer concentration 30 wt %.
The solution was degassed via three freeze-pump-thaw
cycles, pressurized with argon, and polymerized at 80° C.
for 4.75 h. The polymerization reaction was stopped by
cooling the solution in an ice bath. The obtained polymer
was purified by precipitation in cold hexane three times,
dissolved in benzene, and freeze-dried. The final polymer
was a light-yellow powder, and was characterized by SEC-
LS, as shown in FIG. 11, and by 1H NMR spectroscopy, as
shown in FIG. 12. Block copolymer PDMAEMA-block-
poly(n-butyl methacrylate) (27-14 kDa) (“DB”) was previ-
ously synthesized and characterized according to Sprouse et
al. Block polymers poly(ethylene glycol)-block-PD-
MAEMA (10-28 kDa; “OD”) and poly(ethylene glycol)-
block-PDMAEM-block-poly(n-butyl methacrylate) (10-28-
24 kDa; “ODB”) were previously synthesized and
characterized according to Jiang et al.

[0173] Micelle Formation. DB polymers formed spherical
micelles by direct dissolution in deionized water at 1
mg/ml, as described previously by Sprouse et al. 36 ODB
micelles were formed by a co-solvent method, as previously
described by Jiang et al. Briefly, ODB polymers were
dissolved in DMF at 1 wt %. An equal volume of MOPS
buffer (pH 7, 100 mM ionic strength) was added drop-wise
to the polymer solution while stirring. The micelle solutions
were then stirred overnight before dialysis. Both DB and
ODB micelles were dialyzed against PBS buffer before use.
[0174] Complex Formation. Polyplexes and micelleplexes
were formed by direct mixing equal volumes of DNA and
polymer solutions. The final DNA concentration was kept
constant at 0.031 mg/mL (0.1 mM phosphate group), and the
concentration of polycations was varied to achieve the target
N/P ratios after mixing. For polyplexes, polycation (jetPE],
D polymer, or OD polymer) solution was added to the DNA
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solution. For micelleplexes, DNA solution was added to the
polycation solution (DB micelles or ODB micelles). This is
more comparable with micelleplex formation by titration,
where the minor polyelectrolyte is added into the solution of
majority polyelectrolyte.

[0175] Dynamic Light Scattering. DLS was conducted
using a Brookhaven Instrument BI-200DM multi-angle
light-scattering instrument with a 637 nm laser. All mea-
surements were performed at 23° C. To minimize the
contribution of dust, all vials were triple rinsed with Milli-Q
water and acetone before use. All polymer solutions were
filtered through 0.2 um filters and all DNA solutions were
filtered through 0.45 m filters. To avoid potential impact on
complex structures due to filtration, complexing solutions
were filtered before complexation only. The complex for-
mation process is the same as previously described but using
pre-cleaned vials and pipette tips. For each DLS measure-
ment, autocorrelation functions were collected at five angles
(30°-120°) for 10 min each. The size distributions were
assessed by applying the REPES algorithm to the correlation
functions collected at 90°. For samples with monomodal
size distributions, a second cumulant model was used to fit
the correlation functions. In this case, an average hydrody-
namic radius R, and its dispersity were obtained. For
samples with bimodal size distributions, a double exponen-
tial decay model was used to fit the correlation functions. In
this case, average hydrodynamic radii for two populations
were obtained.

[0176] Cell Culture HelLa and HEK 293T cells were
cultured in 75 cm, cell culture flasks with Dulbecco’s
Modified Eagle Medium (DMEM) containing 10% HI FBS
and 1% antibiotic and antimycotic solution as culture media.
The temperature of the incubator was kept at 37° C. under
a humidified atmosphere with 5% CO,. Cell confluency was
monitored, and cells were passaged as needed.

[0177] GFP Expression Assay Cells were seeded in
24-well plates 24 h before transfection at 50,000 cells/well
density in 1 ml. DMEM/well containing 10% HI FBS.
JetPEI samples were prepared and transfected following the
manufacturer’s protocol (N/P=5). Polyplexes and micelle-
plexes were prepared 1 h before transfection. Polyplexes
were formed by adding 60 pL. pDNA solution (60 ng/L) to
the same volume of polymer solution at appropriate con-
centrations to achieve N/P=5 and 10. Micelleplexes were
formed by adding 60 pl. micelle solution at an appropriate
concentration to the same volume of pDNA solution (60
ng/L) to achieve N/P=5 and 10. The polyplex and micelle-
plex formation conditions were kept consistent with all the
other experiments in this work. Immediately before trans-
fection, 120 pL of complex solutions were diluted with 240
ul, PBS solutions, and then mixed with 720 pL. of Opti-
MEM. In each well, DMEM cell culture media was aspi-
rated, and then 300 L. complex solution was added (n=3). At
4 h after transfection, 1 mI. DMEM containing 10% HI FBS
was added. Cell culture media was replaced with fresh
DMEM containing 10% FBS 24 h after transfection. At 48
h after transfection, cell culture media was removed, and
cells were lifted by adding 0.5 mL trypsin. Cells from each
well were suspended in 1 mL of ice cold fresh DMEM with
10% FBS, centrifuged, and re-suspended in DMEM with 4%
propidium iodide (dead cell stain). GFP expression was
analyzed by flow cytometry using a FACSVerse instrument
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(San Jose, Calif.) with a 488 nm 40 mW solid state laser to
excite GFP. Data were analyzed with FlowJo (V10) soft-
ware.

[0178] Cytotoxicity Hela and HEK 293T cells were cul-
tured and transfected following a similar procedure as in the
GFP expression assay but in 48-well plates (n=4). Cell
culture media was replaced by DMEM containing 10% FBS
and 20 pl. CCK-8 solution to each well, 48 h after trans-
fection. Cells were then incubated under 37° C. for 4 h.
Light absorbance was measured with a Biotek Synergy H1
plate reader at 450 nm. Untreated cells were normalized to
100% cell survival, and cell viability was calculated from
the ratio of the light absorbance of transfected cells to
untreated cells.

[0179] Cellular Internalization HeLa cells were prepared
and transfected as described in the GFP Expression Assay
section. The plasmid used in this assay was labeled with CyS5
DNA labeling kit (Mirus, Madison, Wis.) and purified
through ethanol precipitation. Polyplexes and micelleplexes
were removed from wells 4 h after transfection, cells were
washed with PBS, and treated by 0.5 mL CellScrub buffer
for 10 min to remove any residual polyplexes or micelle-
plexes attached to the cell surface. Then, cells were washed
twice with PBS to remove residual CellScrub buffer. Fresh
DMEM containing 10% FBS was then added to each well,
and the well plate was put back to the incubator and cells
were incubated at 37° C. with 5% CO, overnight. Twenty-
four hours after transfection, cells were prepared for flow
cytometry as described above in the GFP Expression Assay
section. Percent Cy5, cells and percent GFP, cells were
counted using a FACSVerse instrument with a HeNe laser to
excite CyS5 (633 nm) and a 488 nm 40 mW solid-state laser
to excite GFP. Data were analyzed by Flowlo (V10) soft-
ware.

[0180] Pulsed-Field-GradientNMR For the PFG-NMR
experiments, PBS buffer was prepared with D,O and phos-
phate buffered saline 10x powder at pD=7.4 (Fisher BioRe-
agents, Fisher Scientific). OD polymer and lyophilized
pDNA were directly dissolved in deuterated PBS buffer. For
ODB micelles, solvent exchange to deuterated PBS buffer
was achieved with filtration centrifugal devices, in which
micelles were repeatedly concentrated and rediluted by
deuterated PBS. After solvent exchange, the micelle con-
centration was calculated using the final volume of the
micelle solution, assuming no mass loss during the solvent
exchange process. OD polyplexes and ODB micelleplexes
were prepared following the same procedure with polycation
and pDNA solutions in deuterated PBS buffer.

[0181] PFG-NMR experiments were performed on a
Bruker Avance 111500 MHz NMR instrument at 23° C. In a
typical experiment, a simulated pulse sequence (longitudinal
eddy current delay experiment using bipolar gradients
acquired in 2D, namely “ledbpgp2s™) was applied and a
series of 1D "H spectra were obtained and analyzed by
Topspin 3.5 software. The proton from the PEG block (3.727
ppm in PBS buffered D,O) produced the most well-defined
peak, as shown in FIG. 13, and therefore was used for
analysis. The observed intensity (I) of this peak was mea-
sured at each input gradient strength G (from 2 to 95%) to
extract the translational diffusion coefficient D,. For a mono-
modal system, such as OD polymer, D, was obtained using
the Equation 1B below, where 1, is the intensity at G=0, y is
the gyromagnetic ratio of |H (42.6 MHz/T), 9 is the length
of the gradient pulse (5 ms) and A is the diffusion time.
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Experimentally, A were set to 500 ms for OD polymers and
polyplexes, and to 600 ms for ODB micelles and micelle-
plexes:

I 5
Inf —|=- 2G262D(A——]
n(lo] 7 073

[0182] Using Equation 1B, the value of t was obtained as
the slope of the linear fit to In(I/1,) plotted against —y,G,9,
(A-3/3). For a bimodal system, such as OD polyplexes, the
fraction of bound polycation f,_,,,; can be estimated using
Equation 2B:

I )
= oo exp(—yzczézD,,c(A - 5]] n

(1 = frouna )exr{—yz G252D,yf(A _ g]]

[0183] In Equation 2B, f,_,,,.; is the fraction of bound OD
polymers in the complexes with the diffusion coefficient of
D, ., and the free OD polymers has a diffusion coeflicient of
D, » This equation is valid when the molecular exchange rate
between the free polycations and the bound polycations is
very low on the time scale of the diffusion experiments.
[0184] Static Light Scattering (SLS) For SLS measure-
ments, a Brookhaven Instrument BI-200DM multi-angle
light-scattering instrument with a 637 nm laser was used,
and toluene was used for calibration (Rg=1.363x107> cm*).
ODB micelleplexes were formed at the same concentration
as described previously in DLS section, and then diluted to
lower concentrations for the construction of a Berry plot.
[0185] Cryogenic Transmission Electron Microscopy
(cryo-TEM). Vitrified samples for cryo-TEM were prepared
using a FEI Vitrobot. For each sample, ~4 ul. of solution was
transferred to a lacy carbon/Formvar grid in the climate-
controlled chamber of the Vitrobot, which was maintained at
26° C. and maximal humidity. The grid was treated using a
PELCO easiGlow glow discharge cleaning system immedi-
ately before use. In the chamber, the loaded grid was then
blotted for 5 s, rested for 1 s, and plugged into liquid ethane
surrounded by liquid nitrogen. The vitrified samples were
subsequently transferred into and stored in liquid nitrogen
before imaging. Vitrified samples were imaged using a FEI
Tecnai G2 Spirit BioTWIN microscope coupled with a
single-tilt cryo holder and a CCD camera (2048x2048
pixels). The scope was operated at 120 kV and images were
captured at under focus for adequate contrast.

[0186] Circular Dichroism (CD). Circular dichroism spec-
tra were obtained using JASCO J-815 Spectropolarimeter.
The solutions were loaded into a Sterna 1 mm path quartz
cuvettes and the CD spectra were collected over the range
200-340 nm at 50 nm/min rate for three iterations. The
complexes were formed on the day of the measurements.

System Design

[0187] A series of polymers containing the same cationic
block (each chain carrying approximately 170 amine
groups) with distinct chemical compositions and assembly
properties, as shown in FIG. 2, were prepared via reversible
addition-fragmentation chain transfer (RAFT) polymeriza-
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tion. The hydrophilic polymers D and OD were mostly
molecularly dissolved in phosphate buffered saline (PBS).
As Table 5 and FIG. 15(a) show, a small fraction of polymer
D was found to aggregate, presumably due to the presence
of the dodecyl chain end from the chain transfer agent
4-cyano-4-[(dodecylsulfanylthiocarbonyl)sulfanyl|pen-
tanoic acid. The DB and ODB variants were designed with
similar respective D and OD block lengths, but with an
additional hydrophobic poly(n-butyl methacrylate) block.
These two amphiphilic variants self-assembled into well-
defined spherical micelles of core-shell and core-shell-co-
rona structures, respectively.

[0188] As shown in Table 5, DB and ODB micelles have
similar hydrodynamic radii (Rh of about 30 nm) in PBS at
pH 7.4 and similar core radii (Rc~10 nm). The core of these
micelles is kinetically constrained from chain exchange at
room temperature.34,35 The micelle coronas, on the other
hand, are responsive to changes in solution environment36
and are concentrated with amine groups (>104 amine
groups/micelle). The pDNA used in this study encodes green
fluorescence protein (GFP) and has 4708 base pairs per
chain (9416 phosphate groups/chain) with a Rh of 75 nm in
PBS buffer.

TABLE 5

Polymer and Micelle Properties

Short name D OD DB ODB
M,, (kDa)* 25 42 38% 74
M, o (kDa) — 10 — 10
M, p (kDa) 25 28 279 28
M,, 5 (kDa)® — — 14 24
e 1.13 1.12 1.10% 1.14
R, (nm) in PBS buffer! 3.1 & 46 4.6 28 34
Dispersity? 0.38 0.04 0.001
R, (nm)© — — 8 11

# of amine groups/ 160 180 1.6 x 104 2.5 x 104

chain or micelle”

DB polymer and micelle were previously characterized by Sprouse et al.3¢

OD and ODB polymer and micelles were previously characterized by Jiang et al??
“Determined by SEC-LS;

®determined by MALDI-TOF-MS;

“Determined by H NMR spectroscopy from the O block, except for DB determined from
the ratio of DMAEMA/nBMA,;
“Determined by DLS, dispersity taken as ;12/1"2 at 90° for monomodal samples;

°Calculated using the M,, determined by SLS of the micelles, assuming the micelle core
is free of solvent and has the same density as PnBMA (1.07 g/cmS).

Complex Formation.

[0189] The size, charge, and colloidal stability of poly-
plexes and micelleplexes were characterized by a combina-
tion of dynamic light scattering (DLS) and C-potential
measurements, which revealed that pDNA chains are pack-
aged very differently between polyplexes and micelleplexes.
In PBS, complexes were formed by direct mixing of equal
volumes of pDNA and polymer solutions. The ratio of
polymer to pDNA is reported as N/P, defined as the total
number of amine groups from polycations to the total
number of phosphate groups from DNA. At N/P=5, poly-
plexes formed with D (D polyplexes) were large aggregates
atday 1 with R,>400 nm, as shown in FIG. 14(a), and which
precipitated within one week after formulation. This result is
similar to that seen with polyplexes formed with the com-
mercial polymeric transfection agent jetPEI, as shown in
FIG. 14(e), and is as expected, since polyplexes formed with
cationic homopolymers that lack a nonionic corona block
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often suffer from poor colloidal stability. Interestingly, the
DB micelleplexes were much smaller (R,~100 nm) and
stable in solution over one week, as shown in FIG. 4(c). With
the addition of a hydrophilic PEG block, OD polyplexes
formed were small (R;,~50 nm), uniform, and colloidally
stable. Interestingly, ODB micelleplexes also have a similar
mean R,~53 nm. The C-potential of the micelles were
similar to the complexing polycations, as shown in FIG.
14(f). Among all complexes, DB micelleplexes have the
highest T-potential (16+1 mV) due to the highly concen-
trated and exposed amine groups in the micelle corona, and
ODB micelleplexes have the lowest (6+£0.2 mV), due to the
effective shielding of the outer PEG corona. Although all
four polycations contain the same cationic block, their
different architectures contribute to the diverging motifs and
colloidal stabilities of their complexes with pDNA. Conse-
quently, they behave quite differently as gene delivery
vehicles, vide infra.

[0190] Delivery Efficiency The ability of the polyplexes
and micelleplexes to deliver pDNA was evaluated and
compared by delivering a green fluorescence protein (GFP)-
encoding gene (pZsGreen-N1). Polyplexes were removed
from cell culture media and percent GFP-positive (GFP,)
cells were counted 48 h after transfection. The results
revealed that micelleplexes achieved superior gene expres-
sion efficiency compared to their corresponding polyplexes,
while maintaining a similar level of cytotoxicity. As shown
in FIG. 15(a), D and OD polyplexes exhibited less than 1%
GFP, cells at N/P=5 with HeL a cells, whereas DB and ODB
micelleplexes produced more than 30% GFP, cells. By
increasing the N/P ratio to 10, the transgene expression
increased significantly. At N/P=10, both DB and ODB
micelleplexes produced >45% GFP, cells, higher than the
jetPEI positive control. In contrast, the transfection effi-
ciency of D and OD polyplexes remained below 2%.
Although the architecture of the polycation significantly
impacts the transfection efficiency of the resulting com-
plexes, the cytotoxicity (measured by cell viability) was
similar among all four complex types with HelLa cells. At
N/P=5, cells treated with all four variants exhibited higher
viability compared to jetPEL. With a further increase in the
N/P ratio, the cell viability decreases, which is commonly
observed for polymeric delivery vehicles., 5, Gene expres-
sion and cytotoxicity trends with HEK 293T cells were
found to be similar to those observed with Hela cells (FIG.
15(5)). At N/P=5, D and OD polyplexes show less than 10%
GFP, cells, whereas DB micelleplexes produced greater
than 70% GFP, cells. At a higher N/P ratio of 10, >80% of
HEK 293T cells were GFP,, which is more than double that
observed for jetPEL

[0191] The observation that the architecture of polycation
assembly can dramatically affect the transfection efficiency
of pDNA payloads (despite the cationic block having the
same identity and length) is intriguing. To understand the
underlying mechanism, several additional physical and bio-
logical properties were characterized and compared: 1)
cellular internalization efficiency and mechanism, 2) amine
density of the complexes and their interactions with a lipid
membrane, and 3) complex structure, stability, and integrity
that influence pDNA accessibility and release once within
the cells. While not wishing to be bound by any theory, we
hypothesized that by pre-assembling polycations into
micelles, one or more of the above aspects are altered,
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leading to the enhanced gene transfection efficiency of
micelleplexes compared to polyplexes.

[0192] Cellular Internalization As the first barrier to cel-
Iular gene delivery, internalization is often closely related to
transfection efficiency. Different complex structures could
lead to disparities in uptake efficiencies and pathways.
Cy5-labeled pZsGreen plasmid was used to study the inter-
nalization efficiency of the complexes. In this experiment,
complexes were co-incubated with cells for 4 h and then
removed. Cells were then treated with CellScrub solution to
completely remove complexes attached to the cell surface.
The percentages of CyS-positive (Cy5,) and GFP, cells
were quantified by flow cytometry 24 h after transfection to
understand the relationships among physical properties, cell
entry, and gene expression. It should be noted that the
percentage of GFP, cells observed here is lower compared
to the GFP expression assay displayed in FIG. 16(a) due to
the shorter polyplex/micelleplex contact time with the cells
(4 hinstead of 24 h) and shorter time for trafficking and gene
expression (24 h instead of 48 h). As detailed in FIG. 16(a),
fewer than 60% of cells treated with D and OD polyplexes
were Cy5,. In comparison, more than 90% of cells in
samples treated by DB and ODB micelleplexes were Cy5,.
This indicates that micelleplexes enter cells more effectively
than polyplexes. The percentage of cells expressing protein
(GFP,) among those that internalized complexes (CyS5,)
were analyzed. FIG. 16(b) reveals that for cells treated with
D and OD polyplexes, only 1-2% of Cy5, cells also show
GFP signals. Thus, although around 35-60% of the cells
internalized polyplexes, only a very small fraction of those
cells had polyplexes successfully delivered to the nucleus. In
comparison, around 10-20% of the cells that internalized
micelleplexes also expressed GFP protein at the 24 h time
point (FIG. 16(5)), which is much higher than polyplexes.
The flow cytometry scatter plots in FIG. 16(c) further
reinforce this observation in a qualitative manner, with Q2
denoting cells that are both Cy5, and GFP,. It is clear that
the Cy5/GFP double positive population for cells treated by
micelleplexes is much greater than the cells treated by
polyplexes.

[0193] To understand how the mechanism of endocytosis
might be impacted by complex composition and architec-
ture, a pharmacological inhibition study of the different
internalization routes was undertaken. Amantadine, Filipin
1M1, and 5-(N,N-dimethyl)amiloride hydrochloride (DMA)
endocytosis pathway inhibitors were introduced to cell cul-
ture media during transfection to inhibit clathrin, caveolae,
and micropinocytosis endocytosis pathways, respectively.
Interestingly, the internalization of both polyplexes and
micelleplexes were predominantly inhibited by Filipin III, a
drug that inhibits caveolae-mediated endocytosis (FIG. 17).
As a result, both polyplexes and micelleplexes appear to be
internalized primarily through the same caveolae-mediated
endocytosis pathway. Thus, the internalization mechanism is
likely not the cause of the biological differences observed
between polyplexes and micelleplexes. The higher gene
expression level for micelleplexes once they have entered
the cell could possibly be due to higher endosomal escape
efficiency caused by a higher amine density per complex.
Moreover, the differences in complexation structure could
lead to distinctive pDNA accessibility/release once inside
the cells, as further evaluated and discussed below.

[0194] Complex Composition and Lipid Membrane Inter-
action. Upon internalization by endocytosis, the amine
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groups in polycation delivery vehicles have been hypoth-
esized to act as a “proton sponge” and increase osmotic
pressure in these vesicles to help release complexes from
endosomes into the cytoplasm, which may further enable
nuclear transport. Therefore, the amine content per complex
could play a vital role in dictating the endosomal escape
efficiency. We hypothesize that compared to the charge-
mediated condensation of single polycations with plasmids,
the self-assembled micellar architecture allows a higher
incorporation of amine groups into each micelleplex as
compared to each polyplex. This physico-chemical differ-
ence could enable a higher fraction of micelleplexes escap-
ing the endosomes compared to polyplexes, thus enabling
higher transgene expression. To quantify the number of
polymers and net charges in the formulations, the compo-
sition of OD polyplexes and ODB micelleplexes at N/P=5
were assessed by pulsed-field-gradient NMR (PFG-NMR)
and static light scattering (SLS), respectively (FIG. 18).
When one chemical species has two diffusion modes that are
well separated, such as the free OD polymers (R,=4.6 nm by
DLS) and bound OD polymers in OD polyplexes (R,=50 nm
by DLS), the signal of the OD polymer follows a biexpo-
nential decay model, provided that the exchange time
between the two populations is much longer than the experi-
mental observation time. The number percentage of each
population can be obtained from the fit to the biexponential
model. As FIG. 18(a) shows, two diffusion modes of OD
polymers were detected in OD polyplex solutions, and the
percentage of bound OD polymers was calculated as 19% at
N/P=5. Therefore, the bound N/P ratio of OD polyplexes,
defined as the total amine groups divided by the total
phosphate groups incorporated in the complexes, is 1.0.
Therefore, OD polyplexes are essentially charge-neutral and
co-exist with a large number of free OD polymers. This
observation agrees with previous studies quantifying the
compositions of similar polyplexes using 1D ;H NMR and
analytical ultracentrifugation, respectively. Unlike OD poly-
plexes, the size of ODB micelles (R,=34 nm) and micelle-
plexes (R,=53 nm) are more similar, and ODB micelle-
plexes have a similar decay curve as ODB micelles, as
shown in FIG. 19, thus separation into two modes is not
reliable. Instead, the composition of ODB micelleplexes was
assessed by static light scattering (SLS, FIG. 18(b)), which
measured the weight-averaged molar mass (M,, ., 4ren,) OF
free ODB micelles and micelleplexes. With the assumptions
that all ODB micelleplexes are the same and assuming that
all DNA is complexed, a range of micelleplex compositions
are possible, which simultaneously satisfy M,, e and
mass balance, as shown in FIG. 20. However, at N/P=5, the
molar ratio of micelles to pDNA is 1.9, thus it is reasonable
to assume that micelles are still the majority species in the
micelleplexes. Namely, the number of micelles per micelle-
plex has to be greater than or equal to the number of pPDNA
chains per micelleplex. This assumption leads to a limit in
the range of possible micelleplex compositions and suggests
that at least 50% ODB micelles are incorporated in the
micelleplexes and the bound N/P ratio of ODB micelle-
plexes is >2.5. These data reveal that micelleplexes are
over-charged with excess amine groups, whereas polyplexes
are not. As Table 6 summarizes, ODB micelleplexes are
more highly charged with amine groups than OD poly-
plexes, and the direct incorporation of more amine groups
could potentially enhance micelleplex endosomal escape
efficiency due to the larger amine concentration per package
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and high buffering capacity for micelleplexes. This is poten-
tially a major reason why micelleplexes outperform poly-
plexes.

TABLE 6

Compositions of OD Polyplex and ODB Micelleplex

oD ODB
polyplex micelleplex
Stoichiometric N/P 5 5
Fraction of polymer/micelle in complexes 0.197 >0.50%
Fraction of free polymer/micelle 0.81 <0.50
Bound N/P 1.07 >2.5%

“Determined by PFG-NMR, the fitted diffusion coefficients and corresponding hydrody-
namic radii are tabulated in Table S2.
PEstimated by SLS

[0195] In additional to the “proton sponge” effect, amphi-
philic molecules are known to interact with cell membranes
and cellular vesicles, which could be a potential endosome
disruption and escape mechanism. To assess whether the
amphiphilic nature of ODB polymers/micelles aid mem-
brane permeation/endosomal escape, the interaction
between micelles and 2-oleoyl-1-palmitoyl-sn-glycero-3-
phosphocholine (POPC) liposomes was assessed by
dynamic light scattering (DLS) and PFG-NMR. The DLS
results showed that micelles and liposomes both retain their
original sizes in a micelle-liposome solution mixture (FIG.
21), which indicates that micelles neither bind to liposomes
nor do they intercalate into/interact with the lipid bilayer.
Moreover, the micelle diffusion coefficient remained the
same both with and without the liposomes, which further
suggests that there are no significant interactions between
the micelles and the liposomes. This result is expected as the
long hydrophobic blocks of DB and ODB polymers are
embedded in micelle cores that are kinetically constrained
from chain exchange and thus do not interact with liposomal
(and likely cellular) membranes. Consequently, the higher
transfection efficiency of the micelleplexes is likely not due
to cell membrane disruption by the amphiphilicity of the DB
and ODB polymers.

[0196] pDNA Packaging and Accessibility. The distinct
difference in complexation architecture and stability against
dissociation can also affect the overall transfection effi-
ciency, as these collectively influence pDNA accessibility
and release profiles. As revealed by cryo-TEM images
shown in FIG. 22, although sharing similar cationic blocks,
polyplexes and micelleplexes are considerably different in
their packaging mechanism. While D polyplexes formed
very large aggregates (too large to be imaged by cryo-TEM),
OD polyplexes have globular shapes with complexed pDNA
chains condensed in the core and hydrophilic PEG blocks
surrounding the core (FIGS. 23 (a)-(c¢)). The encapsulation
of pDNA inside polyplexes may make it less accessible for
release and expression once inside the cell. In contrast, DB
and ODB micelleplexes showed beads-on-a-string struc-
tures, where pDNA chains wrap around and bridge micelles
(FIGS. 23 (d)-(7)), similar to DNA wrapping around histone
proteins. While DB micelleplexes have a similar motif as
ODB micelleplexes, the number of micelles incorporated
per micelleplex is lower in the presence of the outer PEG
corona. Compared to the pDNA that is condensed in the core
of polyplexes, the pPDNA wrapped around the micelle corona
may be more accessible to transcription enzymes, and
unpackaging/accessibility could be an additional primary

20
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reason for higher transgene expression. To this end, the
interaction of each complex type with pDNA was further
assessed via circular dichroism (CD) spectroscopy.

[0197] The CD spectra shown in FIG. 23 further corrobo-
rate the differences in pDNA chain packaging between
polyplexes and micelleplexes. When pDNA chains wrap
around DB and ODB micelles to form micelleplexes, the
helix remains intact in its native B form as shown by the lack
of change in the CD signal compared to pDNA alone.
However, in comparison, pDNA secondary structure is
modified after being packaged in the D and OD polyplexes,
as indicated by the CD signal change. In OD polyplexes, the
pDNA exhibits greater helicity, as indicated by the much
stronger CD signal. With the D polyplexes, a red shift in the
signal was observed, which could reflect a direct interaction
between polymer and pDNA bases that affect the tilt angle
between base pairs and helix axis. These results suggest a
much stronger binding interaction in polyplexes formed with
the D and OD polymers, potentially distorting the pDNA
and/or inhibiting proper accessibility of the payload to
polymerase enzymes needed for effective transcription. The
strong driving force for D and OD polymers to complex with
pDNA compensates the energy penalty for altering DNA
double helix structure. The CD spectrum of polymer solu-
tions without pDNA showed a complete absence of ellip-
ticity within the tested range (FIG. 24), confirming that the
CD signal changes after complexation are due solely to
polymer-pDNA interactions. Thus, polyplexes are likely
more thermodynamically stable than micelleplexes. Collec-
tively, in addition to the higher cellular internalization and
higher density of amines in each micelleplex (could promote
endosomal buffering), the optimized pDNA packaging con-
tributes to the comparable biological efficiency.

CONCLUSION

[0198] The structure, composition, stability, and biologi-
cal efficacy of polyplexes and micelleplexes are systemati-
cally compared using four polycations with the same cat-
ionic block identity and length. Polymers D and OD
complex with pDNA and form polyplexes, and amphiphilic
block copolymers DB and ODB self-assemble into spherical
micelles and complex with pDNA to form micelleplexes. It
was found that D and OD polyplexes form large aggregates
or globular structures, respectively, with pDNA condensed
in the core. However, micelleplexes have beads-on-a-string
structures with DNA chains wrapping around and bridging
among multiple polycationic micelles. Compared to poly-
plexes, micelleplexes exhibit more than four times higher
transfection efficiency, with similar levels of cytotoxicity.
Three hypotheses relating to cellular uptake, intracellular
trafficking, and pDNA unpackaging were explored to pin-
point the mechanisms by which micelleplexes outperform
polyplexes. It was found that micelleplexes are internalized
predominantly via the same caveola-mediated pathway as
polyplexes, but are internalized more efficiently. The incor-
poration of a higher number of amine groups per micelleplex
potentially aids endosomal escape, as polyplexes have sig-
nificantly lower amine numbers. In addition, the packaging
of pDNA around micelles retains the native helical B form
of DNA, and thus supports an amenable environment for
transcription enzymes once within the cell, leading to higher
protein expression, whereas polyplexes of the same cationic
block significantly alter DNA helicity. The architecture of
pDNA packaging and the physico-chemical properties of
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pDNA-vehicle complexes play direct and important roles in
achieving high delivery and gene expression efficiencies.
This strategy of optimizing the physical assembly properties
to improve vehicle transfection efficiency (via pre-assembly
of polycations into high-amine content nanoparticles) can be
readily and widely applied to a broad range of polyelectro-
lyte complexes and payloads, including nucleic acids and
proteins. These results therefore have wide-reaching poten-
tial to inform future design of polymeric vehicles for intra-
cellular biomacromolecule delivery.

[0199] Various embodiments of the invention have been
described. These and other embodiments are within the
scope of the following claims.

1. A compound, comprising:

an amphiphilic polymer, comprising:

a hydrophobic block comprising monomeric units cho-
sen from alkyl (meth)acrylates, alkyl (meth)acryl-
amides, and combinations thereof; and

a hydrophilic cationic block comprising monomeric
units chosen from alkylamino (meth)acrylates, alky-
lamino (meth)acrylamides, and combinations
thereof;, and

wherein the polymer is in the form of a micelle with a central
core derived from the hydrophobic block and shell at least
partially surrounding the core, wherein the shell comprises
a plurality of filamentous arms derived from the hydrophilic
block and emanating outward from the core; and

a biological agent associated with the arms of the micelle.

2. The compound of claim 1, wherein the micelle has a
morphology chosen from spherical, rod-like, worm-like,
ring-like, vesicular, and combinations thereof.

3. The compound of claim 1, wherein the micelle has a
spherical morphology.

4. The compound of claim 1, wherein the hydrophobic
block has a chain length of about 1 kDa to about 40 KDa.

5. The compound of claim 1, wherein the hydrophilic
block has a chain length of about 1 kDa to about 40 kDa.

6. The compound of claim 1, wherein the micelle has
about 10 to about 5000 arms.

7. The compound of claim 1, wherein the amphiphilic
polymer further comprises a hydrophilic nonionic block
comprising ethylene glycol (PEG) monomeric units, and
wherein the hydrophilic cationic block forms a first portion
of the arms proximal the core and the hydrophilic nonionic
block forms a second portion of the arms connected to the
first portion of the arms and distal the core.

8. The compound of claim 7, wherein the hydrophilic
nonionic block has a chain length of about 1 kDa to about
40 kDa.

9. The compound of claim 1, wherein the hydrophobic
block comprises monomeric units of a linear or branched
alkyl (meth)acrylate with about 2 to about 10 carbon atoms.

10. The compound of claim 1, wherein the hydrophilic
cationic block comprises a linear alkylamino (meth)acrylate
with about 2 to about 5 carbon atoms.

11. The compound of claim 7, wherein the hydrophilic
anionic block comprises poly(ethylene glycol) (PEG).

12. The compound of claim 1, wherein the biological
agent is chosen from a nuclease, a nucleic acid encoding a
nuclease, an oligonucleotide, a protein, a peptide, a DNA
editing template, guide RNA, a therapeutic agent, a plasmid
DNA encoding a protein, siRNA, mRNA, monoclonal anti-
bodies, and mixtures and combinations thereof.
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13. The compound of claim 1, wherein the biological
agent is entangled within at least some of the arms of the
micelle.

14. The compound of claim 1, wherein the biological
agent is bound via electrostatic attraction to at least some of
the arms of the micelle.

15. A composition comprising a pharmaceutically accept-
able aqueous liquid carrier and the compound of claim 1.

16. A composition comprising a pharmaceutically accept-
able aqueous liquid carrier and the compound of claim 7.

17. A method, comprising:

applying to a cell a composition, the composition com-

prising:

(a) an aqueous pharmaceutically acceptable liquid car-
rier;

(b) an amphiphilic polymer, comprising:

a hydrophobic block comprising monomeric units
chosen from alkyl (meth)acrylates, alkyl (meth)
acrylamides, and combinations thereof; and

a hydrophilic cationic block comprising monomeric
units chosen from alkylamino (meth)acrylates,
alkylamino (meth)acrylamides, and combinations
thereof; and

wherein the copolymer is in the form of a micelle with a

central core derived from the hydrophobic block and
shell at least partially surrounding the core, wherein the
shell comprises a plurality of filamentous arms derived
from the hydrophilic block and emanating outward
from the core; and

(c) a biological payload associated with the arms of the
micelle, wherein the biological payload is delivered
into the cell or tissue.

18. The method of claim 17, wherein the amphiphilic
polymer further comprises a hydrophilic nonionic block
comprising ethylene glycol (PEG) monomeric units, and
wherein the hydrophilic cationic block forms a first portion
of the arms proximal the core and the hydrophilic nonionic
block forms a second portion of the arms connected to the
first portion of the arms and distal the core.

19. A method for delivering a biological agent into a cell,
the method comprising:

in a composition comprising a pharmaceutically accept-

able liquid carrier and an amphiphilic terpolymer, the

amphiphilic terpolymer comprising:

a hydrophobic block comprising linear alkyl (meth)
acrylate, linear alkyl(meth)acrylamide monomeric
units, and combinations thereof;

a hydrophilic cationic block comprising alkyl amino
(meth)acrylate, alkylamino(meth)acrylamide mono-
meric units, and combinations thereof;, and

a hydrophilic nonionic block comprising ethylene gly-
col (PEG) monomeric units;

wherein the terpolymer is in the form of a micelle in the

liquid carrier, the micelle comprising a central core

derived from the hydrophobic block and shell at least
partially surrounding the core, wherein the shell com-
prises a plurality of brush-like arms derived from the
hydrophilic blocks and emanating radially from the
core, and wherein the hydrophilic cationic block forms

a first portion of the arms proximal the core and the

hydrophilic nonionic block forms a second portion of

the arms connected to the first portion of the arms and
distal the core;
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electrostatically bonding a biological agent with the
spherical micelle; and

applying the composition to a cell such that the biological
agent is delivered into the cell.

20. A micelleplex comprising a plurality of amphiphilic
micelles, wherein at least a portion of the amphiphilic
micelles are bonded to a biological agent, the amphiphilic
micelles each comprising:

a hydrophobic block comprising monomeric units chosen
from alkyl (meth)acrylates, alkyl (meth)acrylamides,
and combinations thereof;,

a hydrophilic cationic block comprising monomeric units
chosen from alkylamino (meth)acrylates, alkylamino
(meth)acrylamides, and combinations thereof; and

wherein each amphiphilic micelle comprises a central core
derived from the hydrophobic block, and shell at least
partially surrounding the core, and wherein the shell com-
prises a plurality of filamentous arms derived from the
hydrophilic block and emanating outward from the core.

21. The micelleplex of claim 20, wherein the amphiphilic
polymer in at least a portion of the amphiphilic micelles
further comprises a hydrophilic nonionic block comprising
ethylene glycol (PEG) monomeric units, and wherein the
hydrophilic cationic block forms a first portion of the arms
proximal the core and the hydrophilic nonionic block forms
a second portion of the arms connected to the first portion of
the arms and distal the core.
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22. The micelleplex of claim 20, wherein the amphiphilic
micelles are in an aqueous solution.

23. The micelleplex of claim 22, wherein the aqueous
solution is a pharmaceutically acceptable liquid carrier.

24. A compound, comprising:

an amphiphilic polymer, comprising:

a hydrophobic block comprising monomeric units cho-
sen from alkyl (meth)acrylates, alkyl (meth)acryl-
amides, and combinations thereof; and

a hydrophilic cationic block comprising monomeric
units chosen from alkylamino (meth)acrylates, alky-
lamino  (meth)acrylamides, and combinations
thereof;, and

a hydrophilic nonionic block comprising ethylene gly-
col (PEG) monomeric units,

wherein the polymer is in the form of a micelle with a
central core derived from the hydrophobic block and
shell at least partially surrounding the core, wherein
the shell comprises a plurality of filamentous arms
derived from the hydrophilic block and emanating
outward from the core, wherein the hydrophilic
cationic block forms a first portion of the arms
proximal the core and the hydrophilic nonionic block
forms a second portion of the arms connected to the
first portion of the arms and distal the core; and

a biological agent associated with the arms of the micelle.

#* #* #* #* #*



