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ABSTRACT

The present technology provides disulfide-containing lipo-
peptides of Formula I. Such lipids may be incorporated into
lipid nanoparticles for delivery of nucleic acids, nucleotides

(e.g.

NAD* or NADH), polypeptides (including proteins),

and complexes of proteins and nucleic acids, e.g., Cas9 RNP.
The present technology also provides methods for delivering
the nanoparticles to a cell and methods of treating a condi-
tion or disorder using the lipid nanoparticles.
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FIG. 2A
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LIPOPEPTIDES, NANOPARTICLES AND
METHODS OF USE

CROSS-REFERENCE TO RELATED
APPLICATION

[0001] The present application claims benefit of U.S.
Provisional Patent Application No. 63/443,675, filed on Feb.
6, 2023, which is hereby incorporated by reference in its
entirety.

FIELD

[0002] The present technology relates generally to lipo-
peptides and disulfide-containing lipopeptides. The lipopep-
tides are ionizable and may be incorporated into lipid
nanoparticles (e.g., liposome or solid nanoparticles) suitable
for the delivery of nucleotides (e.g., NAD*, NADH) nucleic
acids, proteins, mixtures of nucleic acids (e.g., mRNA and
sgRNA, or mRNA and crRNA), or mixtures of protein and
nucleic acid(s) (e.g., protein and sgRNA, protein and
crRNA) to cells. Methods of preparing and using the lipid
nanoparticles are also provided.

BACKGROUND

[0003] Safe and efficient delivery of biologics including
nucleic acids, proteins, gene-editing systems (e.g., CRISPR
genome editors), epigenetic-editing systems and other
biomacromolecules to target cells for therapeutic purposes
remains a challenge. Nucleic acids, including DNA, mRNA,
nucleotides (e.g., NAD* or NADH), antisense oligonucle-
otide (ASO), and small interfering RNA (siRNA) are widely
used for gene therapy. CRISPR genome editing is a powerful
technique capable of gene deletion, insertion, correction and
other alterations; thus CRISPR genome editing can poten-
tially be used to treat the root causes of many diseases.
CRISPR genome editors can be delivered in various forms
including pDNA encoding CasX (e.g., X=9, 12, 13, 14, @)
protein and gRNA (e.g., sgRNA, crRNA, or tracrRNA+
crRNA), CasX mRNA/gRNA, CasX protein/gRNA, ribo-
nucleoproteins (RNPs), and those in combination of single-
stranded oligonucleotide DNA (ssODN) (e.g., RNP+ssODN
for gene correction). Other genome editors also include base
editors, prime editors, and more. Epigenetic editing (e.g.,
using deactivated CasX proteins (e.g., dCas9)) and mito-
chondrial gene editing can also lead to new gene therapy.
Under physiological conditions, naked biologics (such as
nucleic acids, proteins, and genome editors) are prone to
enzymatic degradation. Moreover, the delivery efficiency is
negligible due to the lack of cellular uptake and endosomal
escape capability. In addition, efficient delivery of CRISPR
genome editors, such as RNP+ssODN, is hindered by its
heterogenous charges and complicated structures. To
address such issues, non-viral nanovectors have been inves-
tigated for the delivery of biomacromolecules. Nonetheless,
current state-of-the-art non-viral nanovectors often suffer
from low payload encapsulation content, low efficiency and
high cytotoxicity among other issues.

SUMMARY OF THE INVENTION

[0004] As disclosed herein, the present technology pro-
vides new lipopeptides, including disulfide-containing lipo-
peptides that can form lipid nanoparticles (LNP) such as
lipoplexes or solid nanoparticles which safely and efficiently
deliver biomolecules into cells, particularly animal cells,
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e.g., mammalian cells. In various aspects and embodiments
the present LNP technology provides one or more: (1) high
loading content and loading efficiency, while maintaining
the payload activity, (2) versatile surface chemistry (e.g.,
ligand conjugation) to facilitate the payload delivery to
target cells, (3) excellent biocompatibility, (4) efficient endo/
lysosomal escape capability, and (5) rapid payload release in
the target cells, leading to high editing efficiency and good
biocompatibility. They are also easy to handle, store and
transport.

[0005] The present technology provides a disulfide-con-
taining lipopeptide that may be used to form nanoparticles
such as lipoplexes or solid LNPs, or coat other nanoparticles
such as silica nanoparticles (SNP). Thus, in one aspect the
present technology provides a compound of Formula I,

3
N R
RL XL S § Py
- Ilq/\s/){ 7 N x37 R
2
X 0
I
RZ

[0006] a stereoisomer thereof, and/or a pharmaceuti-
cally acceptable salt thereof,

[0007] wherein

[0008] X' and X? are independently absent or selected

from unsubstituted C, ¢ alkylene or C,_¢ alkenylene;

[0009] X3 is selected from unsubstituted C, 4 alkylene
or C,_¢ alkenylene;

[0010] Y! and Y?, are each independently absent, C(O)
O, or C(O)NH;

[0011] Y? is absent, C(O), C(0)O, or C(O)NH;

[0012] Y*is C(O)O, C(O)NH, NHC(O)O, or NHC(O)
NH;
[0013] R' and R? are independently selected from

unsubstituted Cg ,, alkyl or Cq_,, alkenyl groups;

[0014] R® and R* are independently absent or selected
from an amino acid residue, a peptide or isopeptide
comprising 2-10 amino acid residues, or a C,_,, alkyl
group, each of which is optionally substituted with 1, 2,
or 3 ionizable functional groups such that at least one
ionizable functional group is present on at least one of
R? and R*, provided that Y is absent when R® is an
amino acid, peptide, or isopeptide, and Y* is absent
when R* is an amino acid residue, peptide, or isopep-
tide; and further provided that if one of R® and R* is
absent, the other is present; and

[0015]

[0016] In one embodiment, the present technology pro-
vides a compound of Formula I that is a compound of
Formula IA,

n and p are each independently 1, 2, 3, 4, or 5.
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[0017] a stereoisomer thereof, and/or a pharmaceuti-

cally acceptable salt thereof,
[0018] wherein

[0019] X' and X? are independently absent or selected
from unsubstituted C, ¢ alkylene or C,_ alkenylene;

[0020] X3 is selected from unsubstituted C,_, alkylene
or C,_¢ alkenylene;

[0021] Y' and Y? are each independently selected from
C(0)O or C(O)NH;

[0022] R! and R? are independently selected from
unsubstituted Cg ,, alkyl or Cq 5, alkenyl groups;

[0023] R?and R* are independently selected from C,_,,
alkyl groups substituted with 1, 2, or 3 ionizable
functional groups; and

[0024] n and p are each independently 1, 2, 3, 4, or 5.

[0025] In any embodiments, the compound of Formula I
(or TA) is a compound of Formula II,

II

[0026] In any embodiments, the compound of Formula I
(or TA) is a compound of Formula III,

11T

(0]
RI/OYO HNJ]\RS
XI\N ns\s/\%§\”)\x3/§\"/w
Rz/o\"/)l<2 o]
(6]
[0027] In any embodiments, the present compounds may

include 1, 2, or 3 ionizable functional groups. In any
embodiments, each ionizable functional group may be inde-
pendently selected from NH,, NHR, NR,, guanidine, imi-
dazole, or amidine, wherein each R is independently an

Oct. 3, 2024

unsubstituted C, ¢ alkyl, phenyl, or benzyl group. In any
embodiments, at least one ionizable functional group is
guanidine.

[0028] In another aspect, the present technology provides
a nanoparticle comprising any of the disulfide-containing
lipopeptides disclosed herein, including but not limited to
compounds of Formulas I, II, and III. In any embodiments,
the nanoparticle may further include a PEG-lipid, e.g.,
PEG-DSPE and/or PEG-DMG. In any embodiments, the
nanoparticles may further include a structural lipid, e.g.,
cholesterol and/or p-sitosterol. In any embodiments, the
nanoparticles may further include a phospholipid, e.g.,
DSPC and/or DOPE.

[0029] In any embodiments of the present technology, the
nanoparticles may include a payload selected from nucleic
acids (e.g., DNA, RNA, ASO, mRNA, siRNA, transfer RNA
(tRNA), tracrRNA, crRNA, sgRNA, NAD*, NADH, etc.),
polypeptides, mixture of nucleic acids, mixture of nucleic
acids and proteins, and any types of genome editors includ-
ing CRISPR genome editors in the form of DNA, mRNA,
CasX (e.g., X=9, 12, 13, 14, ®), mRNA/gRNA (e.g.,
sgRNA, crRNA, or tracrRNA+crRNA), CasX protein/
gRNA (e.g., sgRNA, crRNA, or tracrRNA+crRNA) ribo-
nucleoprotein complex (RNP), RNP+ssODN, base editors,
primer editors etc.) and TALEN for genome editing in
nucleus and/or mitochondria, and any types of epigenetic
editors (e.g., dCas9-LSD1/sgRNA, dCas9-TET1/sgRNA
etc.)

[0030] In another aspect, the present technology includes
a method of delivering a payload into an animal cell, e.g., a
mammalian cell, the method comprising exposing the ani-
mal cell to a nanoparticle described herein.

[0031] In another aspect, the present technology includes
a method of treating a condition or disorder in a subject that
may be ameliorated by a payload selected from RNA, DNA,
a nucleotide (e.g., NAD" or NADH), a polypeptide or an
RNP, the method comprising administering to the subject an
effective amount of a nanoparticle as described herein.
[0032] The foregoing summary is illustrative only and is
not intended to be in any way limiting. In addition to the
illustrative aspects, embodiments and features described
above, further aspects, embodiments and features will
become apparent by reference to the following drawings and
the detailed description.

BRIEF DESCRIPTION OF THE DRAWINGS

[0033] FIGS. 1A-1C show characterization data for illus-
trative embodiments of LNPs, i.e., a lipoplex and RNP-
lipoplex or RNP/ssODN-lipoplex nanocomplexes. FIG. 1A
shows the hydrodynamic diameters of empty liposomal
particles (ELP), RNP-lipoplex, and RNP/ssODN-lipoplex
tested by DLS. FIG. 1B shows zeta-potentials of ELP,
RNP-lipoplex, and RNP/ssODN-lipoplex (n=3). FIG. 1C
shows a TEM image of an RNP-lipoplex. Scale bar: 300 nm.
[0034] FIGS. 2A-2F show in vitro studies of the transfec-
tion or editing efficiency of an illustrative embodiment of the
LNP and biologics complexes where said complexes are
lipoplexes. FIG. 2A shows the optimization of the ELP and
RNP weight ratio for the RNP-lipoplex nanocoplexes in
GFP-expressing HEK 293 cells. (n=3). FIG. 2B shows
optimization of the ELP and mRNA weight ratio for the
mRNA-lipoplex nanocomplexes in HEK 293 cells. (n=3).
FIG. 2C shows optimization of the ELP and DNA weight
ratio for the DNA-lipoplex nanocomplexes in HEK 293
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cells. (n=3). FIG. 2D shows optimization of the ELP and
mRNA weight ratio for the mRNA-lipoplex nanocomplexes
in NIH 3T3 cells. (n=3). FIG. 2E shows optimization of the
ELP and mRNA weight ratio for the mRNA-lipoplex nano-
complexes in Raw 264.7 cells. (n=3). FIG. 2F shows opti-
mization of the ELP and DNA weight ratio for the DNA-
lipoplex nanocoplexes in B78 melanoma cells. (n=3).
Statistical significance was calculated via one-way ANOVA
with a Tukey post hoc test. ¥P<0.05. **P<0.01. ***P<0.001.
*E*XP<(0.0001. ns, not significant.

[0035] FIG. 3 shows agarose gel electrophoresis of an
illustrative embodiment of an RNP-lipoplex nanocomplexes
at different LNP/RNP weight ratios.

[0036] FIG. 4 shows results of cell viability study of an
illustrative embodiment of DNA-lipoplex in HEK 293 cells
via an MTT assay (n=3). Statistical significance was calcu-
lated via one-way ANOVA with a Tukey post hoc test.
*#P<0.01. ns, no significance.

[0037] FIG. 5 shows effects of GSH concentration in the
cell culture medium on the editing efficiency of an illustra-
tive embodiment of RNP-lipoplex. Statistical significance
was calculated via one-way ANOVA with a Tukey post hoc
test. *¥***¥P<(.0001. ns, no significance.

[0038] FIG. 6 shows intracellular trafficking study of an
illustrative embodiment of an RNP-lipoplex at different time
points after treatments. The Cas9 RNP was labeled with Atto
550-gRNA  (4” column). Cells were stained with
LysoTracker Green DND-26 (3™ column) and Hoechst
33342 (2"? column) for endosomes/lysosomes and nuclei,
respectively. Scale bar: 25 pm.

[0039] FIG. 7A-7E Genome editing mediated by an illus-
trative embodiment of an RNP-lipoplex in Ail4 mice. FIG.
7A is a schematic of the tdTomato locus in the Ail4 mouse
strain. A STOP cassette that consists of three SV40 polyA
sequences prevents downstream expression of tdTomato
(top). tdTomato expression can be induced after removal of
two SV40 polyA sequences using CRISPR-Cas9 ribo-
nucleoprotein containing the sgRNA that targets SV40
PolyA (bottom). FIG. 7B is a schematic illustration of
intramuscular injections on Ail4 mice. FIG. 7C shows
tdTomato expression in tibialis anterior muscles imaged by
IVIS. FIG. 7D shows quantification of tdTomato fluores-
cence intensity (n=3). Statistical significance was calculated
via the t-test. ¥P<0.05. FIG. 7E shows immunofluorescence
staining of tibialis anterior muscle sections from the PBS
and RNP-lipoplex injected mice. Muscle sections were
stained with anti-RFP antibody for tdTomato and DAPI for
nuclei. Scale bar: 100 um for 20x, 50 um for 40x.

[0040] FIGS. 8A-8D. Genome editing mediated by an
illustrative embodiment of RNP/ssODN-lipoplex on mdx
mice. FIG. 8A is a schematic illustration of intramuscular
injections on mdx mice. FIG. 8B shows results of the
four-limb hanging time assay of the PBS injected mdx mice
(n=7), RNP/ssODN-lipoplex injected mdx mice (n=9), and
untreated wild-type mice (n=5). Data were acquired 28 days
after injections. FIG. 8C shows total indel frequency of the
PBS or RNP/ssODN-lipoplex treated tibialis anterior
muscles of mdx mice measured by sanger sequencing (n=3).
FIG. 8D shows immunogenicity of the PBS or RNP/ssODN-
lipoplex treated tibialis anterior muscles of mdx mice.
Expression levels of cytokines were quantified by RT-qPCR
(n=4). Statistical significance was calculated via one-way
ANOVA with a Tukey post hoc test (8C) or by the t-test
(8D). **P<0.01. ***P<0.001. ns, not significant.
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[0041] FIGS. 9A-9B show a four-limb hanging time assay
of the PBS injected mdx mice (n=7), RNP/ssODN-lipoplex-
injected mdx mice (n=9), and untreated wild-type mice
(n=5). Data was acquired 14 days (FIG. 9A) and 21 days
(FIG. 9B) after injections. Statistical significance was cal-
culated via one-way ANOVA with a Tukey post hoc test.
*P<0.05. **P<0.01.

[0042] FIG. 10 shows Immunostaining of dystrophin in
the tibialis anterior muscle sections from the PBS and
RNP/ssODN-lipoplex treated mdx mice and untreated wild-
type mice at different distances from the tendon. Muscle
sections were stained with anti-dystrophin antibody for
dystrophin and DAPI for nuclei. Scale bar: 100 m.

[0043] FIGS. 11A-11B show H&E Staining (FIG. 11A)
and Masson’s staining (FIG. 11B) for the histology analysis
of the tibialis anterior muscle sections from the PBS or
RNP/ssODN-lipoplex treated mdx mice and untreated wild-
type mice. Scale bar: 100 pm.

[0044] FIGS. 12A-12C show in vitro studies of the trans-
fection of an illustrative embodiment of the mRNA-loaded
LNP in NIH 3T3 cells. FIG. 12A shows the results (per-
centage of GFP-positive cells) from a screening of the tail
structures of the lipopeptides (n=3). FIG. 12B shows results
from a study of the disulfide bond function of the lipopep-
tides (n=3). FIG. 12C shows the screening results for the
head structures of the lipopeptides. Statistical significance
was calculated via one-way ANOVA with a Tukey post hoc
test. ****P<0.0001. NS, not significant.

[0045] FIG. 13 shows in vitro studies of the transfection of
an illustrative embodiment of four-lipid LNP formulations in
NIH 3T3 cells. Statistical significance was calculated via
one-way ANOVA with a Tukey post hoc test. ****P<(.
0001.

[0046] FIG. 14 shows in vitro studies of the transfection of
an illustrative example of mRNA-loaded SNP with or with-
out lipopeptide coating in NIH 3T3 cells (n=2). Statistical
significance was calculated via one-way ANOVA with a
Tukey post hoc test. **P<0.01.

[0047] FIG. 15. Schematic illustration of fabrication pro-
cess of lipopeptide-based lipoplexes and solid LNPs.
[0048] FIGS. 16A-16D show optimization of the LNP
formulations including the molar ratio of the lipopeptide
AC18:1-SS-K(R)R for GFP-mRNA or RFP-DNA transfec-
tion in NIH 3T3 cells (n=3). FIG. 16A shows quantification
of the percentage of GFP positive cells. FIG. 16B shows
quantification of the mean fluorescence intensity of the GFP
signal. FIG. 16C shows quantification of the percentage of
RFP positive cells. FIG. 16D shows quantification of the
mean fluorescence intensity of the RFP signal. Statistical
significance was calculated via one-way ANOVA with a
Tukey post hoc test. ¥ P<0.05. **P<0.01. ***P<0.001. ns,
no significance.

[0049] FIGS. 17A-17D show optimization of the LNP
formulations including the molar ratio of the lipopeptide
AC18:1-SS-K(R)R for Cas9-mRNA/sgRNA or RNP editing
in GFP-HEK 293 cells (n=3). The figures show quantifica-
tion of the percentage of GFP negative cells and the mean
fluorescence intensity of the GFP signal for Cas9-mRNA/
sgRNA delivery (FIGS. 17A and 17B) and RNP delivery
(FIGS. 17C and 17D). Statistical significance was calculated
via one-way ANOVA with a Tukey post hoc test. * P<0.05.
*¥#p<0.01. ***P<0.001. ****P<0.0001. ns, no significance.
[0050] FIGS. 18A-18B show optimization of the mRNA
buffer pH for the fabrication of the LNPs based on the
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lipopeptide AC18:1-SS-K(R)R with various formulations
for the delivery of GFP-mRNA in NIH 3T3 cells (n=3). Two
days after the treatment, the GFP fluorescence was measured
by flow cytometry to assay the transfection efficiency. FIG.
18A shows quantification of the percentage of GFP positive
cells. FIG. 18B shows quantification of the mean fluores-
cence intensity (MFI) of the GFP signal. Statistical signifi-
cance was calculated via one-way ANOVA with a Tukey
post hoc test. *P<0.05. ***P<0.001. ****P<0.0001. ns, no
significance.

[0051] FIGS. 19A-19B show comparison of the transfec-
tion efficiency between 98.5% AC18:1-SS-K(R)R LNP with
Dlin-MC3-DMA in NIH 3T3 cells (n=3) (FIG. 19A), and
quantification of the mean fluorescence intensity (MFI) of
the GFP signal (FIG. 19B). Statistical significance was
calculated via one-way ANOVA with a Tukey post hoc test.
*P<0.05. **¥P<0.01. ****P<0.0001.

[0052] FIGS. 20A-20B show stability study of 98.5%
AC18:1-SS-K(R)R LNP (n=3). Two days after the treatment
in NIH 3T3 cells, the gain of GFP fluorescence was mea-
sured by flow cytometry to assay the transfection efficiency.
FIG. 20A shows quantification of the percentage of GFP
positive cells. FIG. 20B shows quantification of the mean
fluorescence intensity (MFI) of the GFP signal. Statistical
significance was calculated via one-way ANOVA with a
Tukey post hoc test. ns, no significance.

[0053] FIGS. 21A-21D show stability study of lyophilized
98.5% AC18:1-SS-K(R)R LNP (n=3). Two days after the
treatment, the GFP fluorescence was measured by flow
cytometry to assay the transfection efficiency. FIG. 21A
shows quantification of the percentage of GFP positive cells.
FIG. 21B shows quantification of the mean fluorescence
intensity (MFI) of the GFP signal. FIG. 21C is a heat map
of the percentage of GFP positive cells and FIG. 21D shows
the MFI in NIH 3T3 cells treated by lyophilized LNPs with
different amounts of sucrose. Statistical significance was
calculated via one-way ANOVA with a Tukey post hoc test.
*¥4P<0.01. ****P<(0.0001. ns, no significance. In each fig-
ure, the treatment conditions as shown from left to right are:
UT, Lipo 2000, 1xPBS fresh LNP, 0.5xPBS fresh LNP,
0.25xPBS fresh LNP, Lyo 0.75 mg/mL 5% sucrose, Lyo 1.5
mg/mL 5% sucrose, Lyo 3 mg/mL 5% sucrose, Lyo 0.75
mg/ml 10% sucrose, and Lyo 1.5 mg/mL 10% sucrose.

[0054] FIGS. 22A-22D show confocal microscopy images
of RPE florets from Ail4 mice treated with (FIG. 22A) PBS,
(FIG. 22B) 98.5% AC18:1-SS-K(R)R LNP (0.75 mg/mL),
(FIG. 22C) 90.5% AC18:1-SS-K(R)R/8% PS LNP (0.75
mg/mL) and (FIG. 22D) Lipoplex (0.5 mg/mL). The RPE
florets were harvested seven days after treatment for Cre
mRNA delivery. The tdTomato signal in the RPE florets was
visualized by CLSM. The experiments were repeated in
quadruplicate, and representative images at two magnifica-
tions are shown here.

[0055] FIGS. 23A-23B show confocal microscopy images
of RPE florets from Ail4 mice treated with (FIG. 23A) PBS
and (FIG. 23B) 50% AC18:1-SS-K(R)R/8% PS (0.75
mg/mL RNP). Ail4 mouse model greatly underreports the
editing efficiency of CRISPR genome editors (e.g., Cas9
RNP or Cas9 mRNA/sgRNA). The RPE florets were har-
vested two weeks after treatment. The tdTomato signal in the
RPE florets was visualized by CLSM. The experiments were
repeated in quadruplicate, and representative images at two
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magnifications are shown here. Note: The Ail4 transgenic
mouse model underreports the CRISPR genome editing
efficiency.

[0056] FIGS. 24A-24C show representative confocal
microscopy images of retinal sections for Cre mRNA deliv-
ery showing tdTomato, stained with visual arrestin (rods,
cones, and outer segments) and DAPI following treatments
with (FIG. 24A) PBS, (FIG. 24B) 98.5% AC18:1-SS-K(R)R
LNP, and (FIG. 24C) 90.5% AC18:1-SS-K(R)R-8% PS Cre
mRNA delivery in Ail4 mice. Pink arrows indicated tdTo-
mato expression in the RPE layer.

DETAILED DESCRIPTION

[0057] In the following detailed description, reference is
made to the accompanying drawings, which form a part
hereof. In the drawings, similar symbols typically identify
similar components, unless context dictates otherwise. The
illustrative embodiments described in the detailed descrip-
tion, drawings, and claims are not meant to be limiting.
Other embodiments may be utilized, and other changes may
be made, without departing from the spirit or scope of the
subject matter presented here.

[0058] The following terms are used throughout as defined
below. All other terms and phrases used herein have their
ordinary meanings as one of skill in the art would under-
stand.

[0059] As used herein and in the appended claims, singu-
lar articles such as “a” and “an” and “the” and similar
referents in the context of describing the elements (espe-
cially in the context of the following claims) are to be
construed to cover both the singular and the plural, unless
otherwise indicated herein or clearly contradicted by con-
text.

[0060] As used herein, “about” will be understood by
persons of ordinary skill in the art and will vary to some
extent depending upon the context in which it is used. If
there are uses of the term which are not clear to persons of
ordinary skill in the art, given the context in which it is used,
“about” will mean up to plus or minus 10% of the particular
term.

[0061] Generally, reference to a certain element such as
hydrogen or H is meant to include all isotopes of that
element. For example, if an R group is defined to include
hydrogen or H, it also includes deuterium and tritium.
Compounds comprising radioisotopes such as tritium, C**,
P32 and S*° are thus within the scope of the present tech-
nology. Procedures for inserting such labels into the com-
pounds of the present technology will be readily apparent to
those skilled in the art based on the disclosure herein.
[0062] In general, “substituted” refers to an organic group
as defined below (e.g., an alkyl group) in which one or more
bonds to a hydrogen atom contained therein are replaced by
a bond to non-hydrogen or non-carbon atoms. Substituted
groups also include groups in which one or more bonds to
a carbon(s) or hydrogen(s) atom are replaced by one or more
bonds, including double or triple bonds, to a heteroatom.
Thus, a substituted group is substituted with one or more
substituents, unless otherwise specified. In some embodi-
ments, a substituted group is substituted with 1, 2, 3, 4, 5, or
6 substituents. Examples of substituent groups include:
halogens (i.e., F, Cl, Br, and I); hydroxyls; alkoxy, alkenoxy,
aryloxy, aralkyloxy, heterocyclyl, heterocyclylalkyl, hetero-
cyclyloxy, and heterocyclylalkoxy groups; carbonyls (0xo);
carboxylates; esters; urethanes; oximes; hydroxylamines;
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alkoxyamines; aralkoxyamines; thiols; sulfides; sulfoxides;
sulfones; sulfonyls; sulfonamides; sulfates; phosphates;
amines; N-oxides; hydrazines; hydrazides; hydrazones;
azides (—N3); amides; ureas; amidines; guanidines; enam-
ines; imides; imines; nitro groups (—NO,); nitriles (—CN);
and the like.

[0063] Substituted ring groups such as substituted cycloal-
kyl, aryl, heterocyclyl and heteroaryl groups also include
rings and ring systems in which a bond to a hydrogen atom
is replaced with a bond to a carbon atom. Therefore,
substituted cycloalkyl, aryl, heterocyclyl and heteroaryl
groups may also be substituted with substituted or unsub-
stituted alkyl, alkenyl, and alkynyl groups as defined below.

[0064] Alkyl groups include straight chain and branched
chain alkyl groups having (unless indicated otherwise) from
1 to 12 carbon atoms, and typically from 1 to 10 carbons or,
in some embodiments, from 1 to 8, 1 to 6, or 1 to 4 carbon
atoms. Alkyl groups may be substituted or unsubstituted.
Examples of straight chain alkyl groups include groups such
as methyl, ethyl, n-propyl, n-butyl, n-pentyl, n-hexyl, n-hep-
tyl, and n-octyl groups. Examples of branched alkyl groups
include, but are not limited to, isopropyl, iso-butyl, sec-
butyl, tert-butyl, neopentyl, isopentyl, and 2,2-dimethylpro-
pyl groups. Representative substituted alkyl groups may be
substituted one or more times with substituents such as those
listed above, and include without limitation haloalkyl (e.g.,
trifluoromethyl), hydroxyalkyl, thioalkyl, aminoalkyl, alky-
laminoalkyl, dialkylaminoalkyl, amidinealkyl, guanidineal-
kyl, alkoxyalkyl, carboxyalkyl, and the like.

[0065] Alkenyl groups include straight and branched
chain alkyl groups as defined above, except that at least one
double bond exists between two carbon atoms. Alkenyl
groups may be substituted or unsubstituted. Alkenyl groups
have from 2 to 12 carbon atoms, and typically from 2 to 10
carbons or, in some embodiments, from 2 to 8, 2 to 6, or 2
to 4 carbon atoms. In some embodiments, the alkenyl group
has one, two, or three carbon-carbon double bonds.
Examples include, but are not limited to vinyl, allyl,
—CH—CH(CH,), —CH—C(CH,),, —C(CH,)—CH,,
—C(CH;)—CH(CH,), —C(CH,CH;)—CH,, among oth-
ers. Representative substituted alkenyl groups may be
mono-substituted or substituted more than once, such as, but
not limited to, mono-, di- or tri-substituted with substituents
such as those listed above for alkyl.

[0066] Aryl groups are cyclic aromatic hydrocarbons that
do not contain heteroatoms. Aryl groups herein include
monocyclic, bicyclic and tricyclic ring systems. Aryl groups
may be substituted or unsubstituted. Thus, aryl groups
include, but are not limited to, phenyl, azulenyl, heptalenyl,
biphenyl, fluorenyl, phenanthrenyl, anthracenyl, indenyl,
indanyl, pentalenyl, and naphthyl groups. In some embodi-
ments, aryl groups contain 6-14 carbons, and in others from
6 to 12 or even 6-10 carbon atoms in the ring portions of the
groups. In some embodiments, the aryl groups are phenyl or
naphthyl. The phrase “aryl groups” includes groups contain-
ing fused rings, such as fused aromatic-aliphatic ring sys-
tems (e.g., indanyl, tetrahydronaphthyl, and the like). Rep-
resentative substituted aryl groups may be mono-substituted
(e.g., tolyl) or substituted more than once. For example,
monosubstituted aryl groups include, but are not limited to,
2-, 3-, 4-, 5-, or 6-substituted phenyl or naphthyl groups,
which may be substituted with substituents such as those
listed above.
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[0067] Aralkyl groups are alkyl groups as defined above in
which a hydrogen or carbon bond of an alkyl group is
replaced with a bond to an aryl group as defined above.
Aralkyl groups may be substituted or unsubstituted. In some
embodiments, aralkyl groups contain 7 to 16 carbon atoms,
7 to 14 carbon atoms, or 7 to 10 carbon atoms. Substituted
aralkyl groups may be substituted at the alkyl, the aryl or
both the alkyl and aryl portions of the group. Representative
aralkyl groups include but are not limited to benzyl and
phenethyl groups and fused (cycloalkylaryl)alkyl groups
such as 4-indanylethyl. Representative substituted aralkyl
groups may be substituted one or more times with substitu-
ents such as those listed above.

[0068] Heterocyclyl groups include aromatic (also
referred to as heteroaryl) and non-aromatic carbon-contain-
ing ring compounds containing 3 or more ring members, of
which one or more is a heteroatom such as, but not limited
to, N, O, and S. In some embodiments, the heterocyclyl
group contains 1, 2, 3 or 4 heteroatoms. In some embodi-
ments, heterocyclyl groups include mono-, bi- and tricyclic
rings having 3 to 16 ring members, whereas other such
groups have 3 to 6, 3 to 10, 3 to 12, or 3 to 14 ring members.
Heterocyclyl groups encompass aromatic, partially unsatu-
rated and saturated ring systems, such as, for example,
imidazolyl, imidazolinyl and imidazolidinyl groups. The
phrase “heterocyclyl group” includes fused ring species
including those comprising fused aromatic and non-aro-
matic groups, such as, for example, benzotriazolyl, 2,3-
dihydrobenzo[1,4]dioxinyl, and benzo[1,3]dioxolyl. The
phrase also includes bridged polycyclic ring systems con-
taining a heteroatom such as, but not limited to, quinuclidyl.
However, the phrase does not include heterocyclyl groups
that have other groups, such as alkyl, oxo or halo groups,
bonded to one of the ring members. Rather, these are
referred to as “substituted heterocyclyl groups”. Heterocy-
clyl groups include, but are not limited to, aziridinyl, aze-
tidinyl, pyrrolidinyl, imidazolidinyl, pyrazolidinyl, thiazo-
lidinyl, tetrahydrothiophenyl, tetrahydrofuranyl, dioxolyl,
furanyl, thiophenyl, pyrrolyl, pyrrolinyl, imidazolyl, imida-
zolinyl, pyrazolyl, pyrazolinyl, triazolyl, tetrazolyl, oxa-
zolyl, oxadiazolonyl (including 1,2,4-oxazol-5(4H)-one-3-
yl), isoxazolyl, thiazolyl, thiazolinyl, isothiazolyl,
thiadiazolyl, oxadiazolyl, piperidyl, piperazinyl, morpholi-
nyl, thiomorpholinyl, tetrahydropyranyl, tetrahydrothiopy-
ranyl, oxathiane, dioxyl, dithianyl, pyranyl, pyridyl, pyrim-
idinyl, pyridazinyl, pyrazinyl, triazinyl, dihydropyridyl,
dihydrodithiinyl, dihydrodithionyl, homopiperazinyl, quinu-
clidyl, indolyl, indolinyl, isoindolyl, azaindolyl (pyrrolo-
pyridyl), indazolyl, indolizinyl, benzotriazolyl, benzimida-
zolyl, benzofuranyl, benzothiophenyl, benzthiazolyl,
benzoxadiazolyl, benzoxazinyl, benzodithiinyl, benzox-
athiinyl, benzothiazinyl, benzoxazolyl, benzothiazolyl, ben-
zothiadiazolyl, benzo[1,3]dioxolyl, pyrazolopyridyl, imida-
zopyridyl (azabenzimidazolyl), triazolopyridyl,
isoxazolopyridyl, purinyl, xanthinyl, adeninyl, guaninyl,
quinolinyl, isoquinolinyl, quinolizinyl, quinoxalinyl, qui-
nazolinyl, cinnolinyl, phthalazinyl, naphthyridinyl, pteridi-
nyl, thianaphthyl, dihydrobenzothiazinyl, dihydrobenzo-
furanyl, dihydroindolyl, dihydrobenzodioxinyl,
tetrahydroindolyl, tetrahydroindazolyl, tetrahydrobenzimi-
dazolyl, tetrahydrobenzotriazolyl, tetrahydropyrrolopyridyl,
tetrahydropyrazolopyridyl, tetrahydroimidazopyridyl, tetra-
hydrotriazolopyridyl, and tetrahydroquinolinyl groups. Rep-
resentative substituted heterocyclyl groups may be mono-
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substituted or substituted more than once, such as, but not
limited to, pyridyl or morpholinyl groups, which are 2-, 3-,
4-, 5-, or 6-substituted, or disubstituted with various sub-
stituents such as those listed above.

[0069] Heteroaryl groups are aromatic carbon-containing
ring compounds containing 5 or more ring members, of
which, one or more is a heteroatom such as, but not limited
to, N, O, and S. Heteroaryl groups include, but are not
limited to, groups such as pyrrolyl, pyrazolyl, triazolyl,
tetrazolyl, oxazolyl, isoxazolyl, thiazolyl, pyridinyl,
pyridazinyl, pyrimidinyl, pyrazinyl, thiophenyl, benzothi-
ophenyl, furanyl, benzofuranyl, indolyl, azaindolyl (pyrro-
lopyridinyl), indazolyl, benzimidazolyl, imidazopyridinyl
(azabenzimidazolyl), pyrazolopyridinyl, triazolopyridinyl,
benzotriazolyl, benzoxazolyl, benzothiazolyl, benzothiadi-
azolyl, imidazopyridinyl, isoxazolopyridinyl, thianaphthyl,
purinyl, xanthinyl, adeninyl, guaninyl, quinolinyl, isoquino-
linyl, tetrahydroquinolinyl, quinoxalinyl, and quinazolinyl
groups. Heteroaryl groups include fused ring compounds in
which all rings are aromatic such as indolyl groups and
include fused ring compounds in which only one of the rings
is aromatic, such as 2,3-dihydro indolyl groups. Although
the phrase “heteroaryl groups” includes fused ring com-
pounds, the phrase does not include heteroaryl groups that
have other groups bonded to one of the ring members, such
as alkyl groups. Rather, heteroaryl groups with such substi-
tution are referred to as “substituted heteroaryl groups.”
Representative substituted heteroaryl groups may be substi-
tuted one or more times with various substituents such as
those listed above.

[0070] Heterocyclylalkyl groups are alkyl groups as
defined above in which a hydrogen or carbon bond of an
alkyl group is replaced with a bond to a heterocyclyl group
as defined above. Substituted heterocyclylalkyl groups may
be substituted at the alkyl, the heterocyclyl or both the alkyl
and heterocyclyl portions of the group. Representative het-
erocyclyl alkyl groups include, but are not limited to,
morpholin-4-yl-ethyl, furan-2-yl-methyl, imidazol-4-yl-
methyl, pyridin-3-yl-methyl, tetrahydrofuran-2-yl-ethyl,
and indol-2-yl-propyl. Representative substituted heterocy-
clylalkyl groups may be substituted one or more times with
substituents such as those listed above.

[0071] Heteroaralkyl groups are alkyl groups as defined
above in which a hydrogen or carbon bond of an alkyl group
is replaced with a bond to a heteroaryl group as defined
above. Substituted heteroaralkyl groups may be substituted
at the alkyl, the heteroaryl or both the alkyl and heteroaryl
portions of the group. Representative substituted heteroaral-
kyl groups may be substituted one or more times with
substituents such as those listed above.

[0072] Groups described herein having two or more points
of attachment (i.e., divalent, trivalent, or polyvalent) within
the compound of the present technology are designated by
use of the suffix, “ene.” For example, divalent alkyl groups
are alkylene groups, divalent alkenyl groups are alkenylene
groups, and so forth. Substituted groups having a single
point of attachment to a compound or polymer of the present
technology are not referred to using the “ene” designation.
Thus, e.g., chloroethyl is not referred to herein as chloro-
ethylene.

[0073] Alkoxy groups are hydroxyl groups (—OH) in
which the bond to the hydrogen atom is replaced by a bond
to a carbon atom of a substituted or unsubstituted alkyl
group as defined above. Alkoxy groups may be substituted
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or unsubstituted. Examples of linear alkoxy groups include
but are not limited to methoxy, ethoxy, propoxy, butoxy,
pentoxy, hexoxy, and the like. Examples of branched alkoxy
groups include but are not limited to isopropoxy, sec-butoxy,
tert-butoxy, isopentoxy, isohexoxy, and the like. Examples
of cycloalkoxy groups include but are not limited to cyclo-
propyloxy, cyclobutyloxy, cyclopentyloxy, cyclohexyloxy,
and the like. Representative substituted alkoxy groups may
be substituted one or more times with substituents such as
those listed above.

[0074] The term “amide” (or “amido”) includes C- and
N-amide groups, i.e., —C(O)NR"'R"?, and —NR"'C(O)R"?
groups, respectively. R”* and R7? are independently hydro-
gen, or a substituted or unsubstituted alkyl, alkenyl, cycloal-
kyl, aryl, aralkyl, heterocyclylalkyl or heterocyclyl group as
defined herein. Amido groups therefore include but are not
limited to carbamoyl groups (—C(O)NH,) (also referred to
as “carboxamido groups™) and formamido groups (—NHC
(O)H). In some embodiments, the amide is —NR”*C(0)—
(C,_s alkyl) and the group is termed “alkanoylamino.”
[0075] The term “amidine” refers to —C(NR®*")NR®**R*’
and —NR¥C(NR®**)R®, wherein R®’, R®®, and R® are each
independently hydrogen, or a substituted or unsubstituted
alkyl, cycloalkyl, alkenyl, aryl aralkyl, heterocyclyl or het-
erocyclylalkyl group as defined herein. It will be understood
that amidines may exist in protonated forms in certain
aqueous solutions or mixtures and are examples of charged
functional groups herein.

[0076] The term “amine” (or “amino”) as used herein
refers to —NR7°R7° groups, wherein R”® and R”® are inde-
pendently hydrogen, or a substituted or unsubstituted alkyl,
alkenyl, cycloalkyl, aryl, aralkyl, heterocyclylalkyl or het-
erocyclyl group as defined herein. In some embodiments, the
amine is NH,, alkylamino, dialkylamino, arylamino, or
alkylarylamino. In other embodiments, the amine is NH,,
methylamino, dimethylamino, ethylamino, diethylamino,
propylamino, isopropylamino, phenylamino, or benzy-
lamino. It will be understood that amines may exist in
protonated forms in certain aqueous solutions or mixtures
and are examples of charged functional groups herein.
[0077] The term “amino acid” as used herein refers to
alpha-amino acids and includes proteinogenic amino acids
(e.g., glycine, leucine, phenylalanine, histidine, arginine,
lysine, and the like) as well as non-proteinogenic amino
acids (e.g., ornithine, D-arginine, ethylglycine, and the like).
An “amino acid residue” as this term is used herein refers to
an amino acid covalently linked to one or more amino acids
via a peptide and/or isopeptide bond(s).

[0078] The term “carboxyl” or “carboxylate” as used
herein refers to a—COQOH group or its ionized salt form. As
such, it will be understood that carboxyl groups are
examples of charged functional groups herein.

[0079] The term “ester” as used herein refers to
—COOR° and —C(0)O-G groups. R”° is a substituted or
unsubstituted alkyl, cycloalkyl, alkenyl, aryl, aralkyl, het-
erocyclylalkyl or heterocyclyl group as defined herein. G is
a carboxylate protecting group. As used herein, the term
“protecting group” refers to a chemical group that exhibits
the following characteristics: 1) reacts selectively with the
desired functionality in good yield to give a protected
substrate that is stable to the projected reactions for which
protection is desired; 2) is selectively removable from the
protected substrate to yield the desired functionality; and 3)
is removable in good yield by reagents compatible with the
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other functional group(s) present or generated in such pro-
jected reactions. Carboxylate protecting groups are well
known to one of ordinary skill in the art. An extensive list
of protecting groups for the carboxylate group functionality
may be found in Protective Groups in Organic Synthesis,
Greene, T. W.; Wuts, P. G. M., John Wiley & Sons, New
York, NY, (3¢ Edition, 1999). Which can be added or
removed using the procedures set forth therein and which is
hereby incorporated by reference in its entirety and for any
and all purposes as if fully set forth herein.

[0080] The term “guanidine” refers to —NRZ°C(NR®")
NR®?R??, wherein R®°, R°!, R° and R®? are each indepen-
dently hydrogen, or a substituted or unsubstituted alkyl,
cycloalkyl, alkenyl, aryl aralkyl, heterocyclyl or heterocy-
clylalkyl group as defined herein. It will be understood that
guanidines may exist in protonated forms in certain aqueous
solutions or mixtures and are examples of charged func-
tional groups herein.

[0081] The term “hydroxyl” as used herein can refer to
—OH or its ionized form, —O~. A “hydroxyalkyl” group is
a hydroxyl-substituted alkyl group, such as HO—CH,—.
[0082] The term “imidazolyl” as used herein refers to an
imidazole group or the salt thereof. An imidazolyl may be
protonated in certain aqueous solutions or mixtures, and is
then termed an “imidazolate.”

[0083] The term “phosphate” as used herein refers to
—OPO,H, or any of its ionized salt forms, —OPO,HR®* or
—OPO,R*R® wherein R* and R®® are independently a
positive counterion, e.g., Na*, K*, ammonium, etc. As such,
it will be understood that phosphates are examples of
charged functional groups herein.

[0084] The term “pyridinyl” refers to a pyridine group or
a salt thereof. A pyridinyl may be protonated in certain
aqueous solutions or mixtures, and is then termed a “pyri-
dinium group”.

[0085] The term “sulfate” as used herein refers to
—OSO0,H or its ionized salt form, —OSO,R®® wherein R®°
is a positive counterion, e.g., Na*, K*, ammonium, etc. As
such, it will be understood that sulfates are examples of
charged functional groups herein.

[0086] The term “thiol” refers to —SH groups, while
“sulfides” include —SR®® groups, “sulfoxides” include
—S(O)R®! groups, “sulfones” include —SO,R®** groups,
and “sulfonyls” include —SO,OR®. R®¥, R®! and R*? are
each independently a substituted or unsubstituted alkyl,
cycloalkyl, alkenyl, aryl aralkyl, heterocyclyl or heterocy-
clylalkyl group as defined herein. In some embodiments the
sulfide is an alkylthio group, —S-alkyl. R®* includes H or,
when the sulfonyl] is ionized (i.e., as a sulfonate), a positive
counterion, e.g., Na*, K*, ammonium or the like. As such, it
will be understood that sulfonyls are examples of charged
functional groups herein.

[0087] Urethane groups include N- and O-urethane
groups, ie., —NR7’C(O)OR™ and —OC(O)NR7*R™*
groups, respectively. R’ and R™ are independently a sub-
stituted or unsubstituted alkyl, alkenyl, alkynyl, cycloalkyl,
aryl, aralkyl, heterocyclylalkyl, or heterocyclyl group as
defined herein. R”> may also be H.

[0088] As used herein, “ionizable functional group” refers
to a functional group that is partially or completely proto-
nated at physiological pH and therefore is positively
charged.

[0089] An “isopeptide bond” as used herein refers to an
amide bond between an amino/carboxyl group in a sidechain
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of an amino acid residue and the carboxyl/alpha-amino
group of another amino acid residue. For example an amide
bond between the 6-amino group of lysine and the carboxyl
group of argininie is an isopeptide bond.

[0090] A “peptide bond” as used herein refers to an amide
bond between the carboxyl of one amino acid residue and
the alpha-amino group of another amino acid residue.

[0091] As used herein, “ribonucleoprotein” or “RNP”
refers to a complex between an RNA-binding protein and
RNA in which the RNA binds specifically (as opposed to
non-specific binding) to the protein. Examples of ribo-
nucleoproteins include CRISPR-associated proteins, e.g.,
Cas9, Casl2, Casl3, Casl4 and Cas®.

[0092] As used herein, “Cas9” and “Cas9 polypeptide”
refer to the Cas9 proteins and variants thereof that, when
complexed with RNA (i.e, sgRNA, or crRNA and
tracrRNA), have nuclease activity. Likewise, “Cas12” refers
to the Casl2 proteins and variants thereof, that, when
complexed with crRNA, have nuclease activity. “Cas13”
refers to the Cas13 proteins and variants thereof, that have
nuclease activity when complexed with RNA (i.e., crRNA).
“Cas14” refers to the Casl4 proteins and variants thereof
that, when complexed with RNA (i.e., sgRNA, or crRNA
and tracrRNA), have nuclease activity. “Cas®” refers to the
Cas® proteins and variants thereof having nuclease activity,
when complexed with crRNA. The variants may include
deletions or additions, such as, e.g., addition of one, two, or
more nuclear localization sequences (such as from JoeSV40
and others known in the art), e.g., 1,2, 3,4, 5,6,7,8,9, 10
such sequences or a range between and including any two of
the foregoing values.

[0093] Inany embodiments the Cas9 polypeptide is a Cas9
protein found in a type II CRISPR-associated system. Suit-
able Cas9 polypeptides that may be used in the present
technology include, but are not limited to Cas9 protein from
Streptococcus pyogenes (SpCas9), F. novicida (FnCas9), S.
aureus (SaCas9), S. thermophiles (St1Cas9), N. meningitidis
(NmeCas9), and variants thereof. In any embodiments, the
Cas9 polypeptide is a wild-type Cas9, a nickase, or com-
prises a nuclease inactivated (dCas9) protein.

[0094] In any embodiments the Casl2 polypeptide is a
Cas12 protein found in a type V CRISPR-associated system.
Suitable Cas12 polypeptides that may be used in the present
technology include, but are not limited to Casl2 protein
from Lachnospiraceae bacterium MA2020 (LbCasl2a),
Acidaminococcus sp. BV3L6 (AsCasl2a), Bacillus hisaishi
(BhCas12b), and variants thereof. In any embodiments, the
Casl2 polypeptide is a wild-type Casl2, a nickase, or
comprises a nuclease inactivated (dCas12) protein.

[0095] In any embodiments the Casl3 polypeptide is a
Casl3 protein found in a type VI CRISPR-associated sys-
tem. Suitable Casl13 polypeptides that may be used in the
present technology include, but are not limited to Casl3
protein from Leptotrichia wadei (LwaCasl3a), Prevotella
sp. P5-125 (PspCasl3b), Ruminococcus flavefaciens
(RfxCas13d), and variants thereof. In any embodiments, the
Casl3 polypeptide is a wild-type Casl3, a nickase, or
comprises a nuclease inactivated (dCas13) protein.

[0096] In any embodiments the Casl4 polypeptide is a
Casl4 protein found in a type Il CRISPR-associated system.
Suitable Cas14 polypeptides that may be used in the present
technology include, but are not limited to Casl4 protein
from uncultivated archaea, and variants thereof. In any
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embodiments, the Cas14 polypeptide is a wild-type Casl4,
a nickase, or comprises a nuclease inactivated (dCasl4)
protein.

[0097] In any embodiments the Cas® polypeptide is a
Cas® protein found in a type II CRISPR-associated system.
Suitable Cas® polypeptides that may be used in the present
technology include, but are not limited to Cas® protein from
biggiephage clade and variants thereof. In any embodiments,
the Cas® polypeptide is a wild-type Cas®, a nickase, or
comprises a nuclease inactivated (dCas®) protein.

[0098] Cas9, Casl2, Casl3, Casl4, and Cas® polypep-
tides also include fusion proteins containing such Cas9,
Casl2, Casl3, Casl4, and Cas® proteins and variants
thereof. The fused proteins may include those that modify
the epigenome or control transcriptional activity. In any
embodiments, the Cas9 polypeptide is a fusion protein
comprising dCas9. In any embodiments, the Casl2 poly-
peptide is a fusion protein comprising dCasl2. In any
embodiments, the Casl3 polypeptide is a fusion protein
comprising dCas13. In any embodiments, the Cas14 poly-
peptide is a fusion protein comprising dCasl4. In any
embodiments, the Cas® polypeptide is a fusion protein
comprising dCas®. In any embodiments, the fusion protein
comprises a transcriptional activator (e.g., VP64), a tran-
scriptional repressor (e.g., KRAB, SID) a nuclease domain
(e.g., Fokl), base editor (e.g., adenine base editors, ABE), a
recombinase domain (e.g., Hin, Gin, or Tn3), a deaminase
(e.g., a cytidine deaminase or an adenosine deaminase) or an
epigenetic modifier domain (e.g., TET1, p300).

[0099] In any embodiments, Cas9, Cas12, Casl3, Casl4,
and Cas® includes variants with at least 85% sequence
identity, at least 90% sequence identity, at least 95%
sequence identity, or even 96%, 97%, 98%, or 99% sequence
identity to the wild type Cas9, Casl2, Casl3, Casl4, or
Cas®, respectively. Accordingly, a wide variety of CasX
(e.g., X=9, 12, 13, 14, ®) RNPs or CasX and guide RNA
(e.g., sgRNA, crRNA, or tracrRNA+crRNA) encoded plas-
mids, or CasX encoded mRNA with guide RNA (e.g.,
sgRNA, crRNA, or tracrRNA+crRNA) may be used as
formation of the present LNPs is not sequence dependent so
long as the biomeluecules can be encapsulated by the LNP
and/or electrostatically bound to the LNP of the present
technology. Other suitable Cas systems may be found in
Karvelis, G. et al. “Harnessing the natural diversity and in
vitro evolution of Cas9 to expand the genome editing
toolbox,” Current Opinion in Microbiology 37: 88-94
(2017); Komor, A. C. et al. “CRISPR-Based Technologies
for the Manipulation of Eukaryotic Genomes,” Cell 168:20-
36 (2017); and Murovec, J. et al. “New variants of CRISPR
RNA-guided genome editing enzymes,” Plant Biotechnol. J.
15:917-26 (2017), each of which is incorporated by refer-
ence herein in their entirety. Other suitable Cas12 proteins
may be found in Makarova, Kira S., et al. “Evolutionary
classification of CRISPR-Cas systems: a burst of class 2 and
derived variants.” Nature Reviews Microbiology 18.2
(2020): 67-83; Strecker, Jonathan, et al. “Engineering of
CRISPR-Cas12b for human genome editing.” Nature
Comm. 10.1 (2019): 1-8; and Yan, Winston X., et al.
“Functionally diverse type V CRISPR-Cas systems.” Sci-
ence 363.6422 (2019): 88-91, each of which is incorporated
by reference herein in their entirety. Other suitable Cas13
proteins may be found in O’Connell, Mitchell R. “Molecular
mechanisms of RNA targeting by Cas13-containing type VI
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CRISPR-Cas systems.” J. Mol. Biol. 431.1 (2019): 66-87,
each of which is incorporated by reference herein in their
entirety.

[0100] “Molecular weight” as used herein with respect to
polymers refers to number-average molecular weights (M,,)
and can be determined by techniques well known in the art
including gel permeation chromatography (GPC). GPC
analysis can be performed, for example, on a D6000M
column calibrated with poly(methyl methacrylate) (PMMA)
using triple detectors including a refractive index (RI)
detector, a viscometer detector, and a light scattering detec-
tor, and N,N'-dimethylformamide (DMF) as the eluent.
“Molecular weight” in reference to small molecules and not
polymers is actual molecular weight, not number-average
molecular weight.

[0101] A “cell penetrating peptide” (CPP), also referred to
as a “protein transduction domain” (PTD), a “membrane
translocating sequence,” and a “Trojan peptide”, refers to a
short peptide (e.g., from 4 to about 40 amino acids) that has
the ability to translocate across a cellular membrane to gain
access to the interior of a cell and to carry into the cells a
variety of covalently and noncovalently conjugated cargoes,
including the present nanoparticles, including with their
payloads. CPPs are typically highly cationic and rich in
arginine and lysine amino acids. Examples of such peptides
include TAT cell penetrating peptide (GRKKRRQRRRPQ);
MAP (KLALKLALKALKAALKI.A); Penetratin or
Antenapedia PTD (RQIKWFQNRRMKWKK); Penetratin-
Arg: (RQIRTWFQNRRMRWRR); antitrypsin (358-374):
(CSIPPEVKFNKPFVYLI); Temporin L: (FVQWFSKFL-
GRIL-NH2); Maurocalcine: GDC(acm) (LPHLKLC);
pVEC (Cadherin-5): (LLIILRRRIRKQAHAHSK); Calci-
tonin: (LGTYTQDFNKFHTFPQTAIGVGAP); Neurturin:
(GAAEAAARVYDLGLRRLRQRRRLRRERVRA); Pen-
etratin: (RQIKIWFQNRRMKWKKGG); TAT-HA2 Fusion
Peptide: (RRRQRRKKRGGDIMGEWGNEIFGA-
IAGFLG); TAT (47-57) Y(GRKKRRQRRR); SynB1 (RG-
GRLSYSRRRFSTSTGR); SynB3  (RRLSYSRRREF);
PTD-4 (PIRRRKKLRRL); PTD-5 (RRQRRTSKLMKR);
FHV Coat-(35-49) (RRRRNRTRRNRRRVR); BMV Gag-
(7-25) KMTRAQRRAAARRNRWTAR); HTLV-II Rex-(4-
16) (TRRQRTRRARRNR); HIV-1 Tat (48-60) or D-Tat
(GRKKRRQRRRPPQ); R9-Tat (GRRRRRRRRRPPQ);
Transportan (GWTLNSAGYLLGKINLKALAALAKKIL
chimera); SBP or Human P1 (MGLGLHLLV-
LAAALQGAWSQPKKKRKYV); FBP (GALFLGWL-
GAAGSTMGAWSQPKKKRKYV); MPG (ac-GALFLGFL-
GAAGSTMGAWSQPKKKRKV-cya (wherein cya is
cysteamine)); MPG(ANLS) (ac-GALFLGFL-
GAAGSTMGAWSQPKSKRKV-cya); Pep-1 or Pep-1-
Cysteamine (ac-KETWWETWWTEWSQPKKKRKV-cya);
Pep-2 (ac-KETWFETWFTEWSQPKKKRKV-cya); Peri-
odic sequences, Polyarginines (RxN (4<N<17) chimera);
Polylysines (KxN (4<N<17) chimera); (Raca)6R; (Rabu)
6R; (RG)6R; (RM)6R; (RT)6R; (RS)6R; R10; (RA)6R; and
R7.

[0102] A “dye” refers to small organic molecules having a
molecular weight (actual, not number average) of 2,000 Da
or less or a protein which is able to emit light. Non-limiting
examples of dyes include fluorophores, chemiluminescent or
phosphorescent entities. For example, dyes useful in the
present technology include but are not limited to cyanine
dyes (e.g., Cy2, Cy3, Cy5, Cy5.5, Cy7, and sulfonated
versions thereof), fluorescein isothiocyanate (FITC),
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ALEXA FLUOR® dyes (e.g., ALEXA FLUOR®© 488, 546,
or 633), DYLIGHT® dyes (e.g., DYLIGHT® 350, 405,
488, 550, 594, 633, 650, 680, 755, or 800) or fluorescent
proteins such as GFP (Green Fluorescent Protein).

[0103] The phrase “lipid nanoparticle” (LNP) refers to a
particle with a sub-micron hydrodynamic diameter (as mea-
sured by DLS) and comprising one or more of the herein-
disclosed lipopeptides, including disulfide-containing lipo-
peptides and/or lipopeptides without disulfides, and
optionally PEG-lipids, and/or structural lipids, and/or phos-
pholipids. The LNPs may be liposomes, e.g., a liposome
containing or comprising a payload (referred to herein as a
lipoplex) or a solid LNP lacking a lipid bilayer. The present
LNPs are capable of binding and/or complexing and/or
encapsulating, and/or otherwise carrying and delivering
nucleotides, nucleic acids and/or gene-editing systems to
cells.

[0104] The phrase “PEG-lipid” refers to a molecule that
comprises a polyethylene glycol group covalently bound to
a lipid group, e.g., a fatty acid or ester of a fatty acid such
as a glyceryl mono- or di-ester of a fatty acid. Examples of
the PEG-lipid include PEG-DSPE, PEG-DOPS, PEG-DMG,
or the like.

[0105] The phrase “phospholipid” refers to a molecule that
comprises a phosphate group covalently bound to lipid tails
derived from fatty acids. Examples of the phospholipid
include DSPC, and/or DOPE and/or the like.

[0106] The phrase “structural lipid” refers to the choles-
terol or its analogues, which contains a central sterol nucleus
made of four hydrocarbon rings, a hydroxyl group, and a
linear or branched hydrocarbon tail. In any embodiments,
structural lipid may be cholesterol and/or (3-sitosterol, and/or
the like.

[0107] The phrase “targeting ligand” refers to a ligand that
binds to “a targeted receptor” that distinguishes the cell
being targeted from other cells. The ligands may be capable
of binding due to expression or preferential expression of a
receptor for the ligand, accessible for ligand binding, on the
target cells. Examples of such ligands include GE11 peptide,
anti-EGFR nanobody, ¢cRGD ((cyclo (RGDfC)), KE108
peptide, octreotide, glucose, all-trans-retinoic acid (ATRA),
RVG peptide (YTIWMPENPRPGTPCDIFTN-
SRGKRASNG), mannose, galactose, rabies virus glycopro-
tein (RVGQG) peptide, mannitol, folic acid, prostate-specific
membrane antigen (PSMA) aptamer, TRC105, a human/
murine chimeric IgGI monoclonal antibody, cholera toxin B
(CTB), hyaluronic acid, and N-acetylgalactosamine (Gal-
NAc). Additional examples of such ligands include Ritux-
imab, Trastuzumab, Bevacizumab, Alemtuzumab, Panitu-
mumab, RGD, DARPins, RNA aptamers, DNA aptamers,
analogs of folic acid and other folate receptor-binding mol-
ecules, lectins, other vitamins, amino acids, peptide ligands
identified from library screens, tumor-specific peptides,
tumor-specific aptamers, tumor-specific carbohydrates,
tumor-specific monoclonal or polyclonal antibodies, Fab or
scFv (i.e., a single chain variable region) fragments of
antibodies such as, for example, an Fab fragment of an
antibody directed to EphA2 or other proteins specifically
expressed or uniquely accessible on metastatic cancer cells,
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small organic molecules derived from combinatorial librar-
ies, growth factors, such as EGF, FGF, insulin, and insulin-
like growth factors, and homologous polypeptides, soma-
tostatin and its analogs, transferrin, lipoprotein complexes,
bile salts, selecting, steroid hormones, Arg-Gly-Asp con-
taining peptides, microtubule-associated sequence (MTAS),
various galectins, d-opioid receptor ligands, cholecystokinin
A receptor ligands, ligands specific for angiotensin AT1 or
AT?2 receptors, peroxisome proliferator-activated receptor y
ligands, P-lactam antibiotics, small organic molecules
including antimicrobial drugs, and other molecules that bind
specifically to a receptor preferentially expressed on the
surface of targeted cells or on an infectious organism, or
fragments of any of these molecules. In certain embodi-
ments, hybrid targeting ligands may be presented on the
LNP. For example, the RVG peptide and glucose can be
presented on the LNP simultaneously.

[0108] The phrase “a targeted receptor” refers to a recep-
tor expressed by a cell that is capable of binding a cell
targeting ligand. The receptor may be expressed on the
surface of the cell. The receptor may be a transmembrane
receptor. Examples of such targeted receptors include
EGFR, a, 35 integrin, somatostatin receptor, folate receptor,
prostate-specific membrane antigen, CD105, mannose
receptor, estrogen receptor, and GM1 ganglioside.

[0109] In one aspect, the present technology provides a
compound of Formula I,

[0110] a stereoisomer thereof, and/or a pharmaceuti-
cally acceptable salt thereof,

[0111] wherein

[0112] X' and X? are independently absent or selected
from unsubstituted C, ¢ alkylene or C,_¢ alkenylene;

[0113] X3 is selected from unsubstituted C,_, alkylene
or C, ¢ alkenylene;

[0114] Y' and Y? are each independently absent, C(O)
O, or C(O)NH;

[0115] Y? is absent, C(O), C(0)O, or C(O)NH;

[0116] Y*is C(O)O, or C(O)NH;

[0117] R' and R? are independently selected from
unsubstituted Cg ,, alkyl or Cq_,, alkenyl groups;

[0118] R and R* are independently absent or selected
from an amino acid residue, a peptide or isopeptide
comprising 2-10 amino acid residues, or a C,_,, alkyl
group, each of which is optionally substituted with 1, 2,
or 3 ionizable functional groups such that at least one
ionizable functional group is present on at least one of
R? and R*, provided that Y is absent when R® is an
amino acid, peptide, or isopeptide, and Y* is absent
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when R* is an amino acid, peptide, or isopeptide; and

further provided that if one of R® and R* is absent, the

other is present; and

[0119] n and p are each independently 1, 2, 3, 4, or 5.

[0120] In any embodiments of the compounds disclosed
herein (including but not limited to compounds of Formula
I or any of those below), R®> and R* are independently
selected from an amino acid, a peptide or isopeptide com-
prising 2, 3, or 4 amino acid residues. In any embodiments,
Y3 is absent and R? is an amino acid residue bearing one or
two ionizable functional groups, e.g., amine and guanideine.
In any embodiments Y is absent and R> is arginine (linked
via a peptide bond to its carbonyl group). In any embodi-
ments, R? is absent and R* is present. In any embodiments
R* is present and R* is absent. In any embodiments, R* and
R* are present and independently selected from an amino
acid residue, a peptide or isopeptide comprising 2-10 amino
acid residues, or a C,_;, alkyl group, each of which is
optionally substituted with 1, 2, or 3 ionizable functional
groups. In any embodiments, at least one of R® and R* is
substituted with an ionizable functional group.
[0121] In some embodiments, the present technology pro-
vides a compound of Formula IA,

IA
0
.
HN
R! X! § ﬁ R*
\le \II\I/\M; \S 7 X3/ \"/ >
z,XZ o]
Y
|
RZ
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[0124] X3 is selected from unsubstituted C, 4 alkylene
or C,_, alkenylene;

[0125] Y and Y? are each independently selected from
C(0)O or C(O)NH;

[0126] R' and R* are independently selected from
unsubstituted Cy_,, alkyl or Cq_,, alkenyl groups;

[0127] R?and R* are independently selected from C,_,,
alkyl groups substituted with 1, 2, or 3 ionizable
functional groups; and

[0128]

[0129] In any embodiments, the compound of Formula I
may be a compound of Formula II,

n and p are each independently 1, 2, 3, 4, or 5.

I

O
0 0 HN)I\R3
H H
X! S N R*
le\g/ \HI\N/M \S/\% \'H\Xs \"/
NH (6] (@]

wherein the variables X', X?, R', R?, R?>, R*, n and p may
have any of the values disclosed herein, e.g., as disclosed
above in Formula 1.

[0130] In any embodiments, the compound of Formula II
may be a compound of Formula I1A,

A

(6] NH

0 0
JI\ X! S % g § NH,
P 2,
NS NN N x7 x5 \H/
RZ\”/ NH 0

¢}

a stereoisomer thereof, and/or a pharmaceutically acceptable
salt thereof,

[0122] wherein

[0123] X' and X? are independently absent or selected
from unsubstituted C,_¢ alkylene or C, 4 alkenylene;

[0131] wherein

[0132] X*and X° are independently selected from C,
alkylene or C,_ alkenylene groups and the remaining
variables may have any of the values disclosed herein,
including but not limited to the those disclosed for
Formula I above.
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[0133] In any embodiments, the compound of Formula I
may be a compound of Formula III,

11T

RZ/O\"/ 0
(6]
[0134] In any embodiments of the compounds disclosed

herein (including but not limited to compounds of Formulas
I, 1A, II, TIA, 111, IV, IVA, and IVB), X' and X* are
independently selected from unsubstituted C,_, alkylene or
C,_, alkenylene. In any embodiments, X' and X* are each
butylene.

[0135] In any embodiments of the compounds disclosed
herein (including but not limited to compounds of Formulas
L, 1A, 1L, TIA, TII, TV, IVA, and IVB), R! and R? may be

11
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independently selected from unsubstituted C,, ,, alkyl or
C .., alkenyl groups. In any embodiments, R* and R* may
be independently selected from unsubstituted C, 4, alkyl or
C6.40 alkenyl groups. In any embodiments, R* and R* are
independently a C,; alkyl group or a C,g alkenyl group
having 1 or 2 carbon-carbon double bonds.

[0136] In any embodiments of the compounds disclosed
herein (including but not limited to compounds of Formulas
L, 1A, 11, 1IA, III, IV, IVA, and IVB), R® and R* may be
independently selected from C,_, alkyl groups substituted
with 1, 2, or 3 ionizable functional groups. In any embodi-
ments, R®> and R* may be substituted with 1 or 2 ionizable
functional groups. The ionizable functional groups may be
independently selected from NH,, NHR, NR,, guanidine,
imidazole, or amidine, wherein each R is independently an
unsubstituted C, ¢ alkyl, phenyl, or benzyl group. In any
embodiments, the ionizable functional group may be gua-
nidine or amidine. In any embodiments, at least one ioniz-
able functional group of R® and/or R* is guanidine. In any
embodiments, R* and R* may be each substituted with an
NH, group and a guanidine group.

[0137] In any embodiments of the compounds disclosed
herein (including but not limited to compounds of Formulas
1, II, ITA, and III), the compound is selected from the group
consisting of



Oct. 3, 2024

US 2024/0327457 Al

12

Y

o]
H
N S
THN /\/\J\Z/m\/\ /m\/\
O O NH

NH

HN

HN

N°H

dT1-do




Oct. 3, 2024

US 2024/0327457 Al

13

ACDI-SS-1:810
THN

A

HN NH

N°H

HN (0] (@) NH
\=/ m S \/\:/
N ﬂ ﬂ /\/m e /\/Z o
“HN 0

NH

Y

HN
(0]
H
N S
N /\/\/1;/%\/\ /m\/\
O O NH

N°H

HN J\ NH
TN
panunuod-

/\J_\/\/\/\/\/\/\/\

o}



Oct. 3, 2024

US 2024/0327457 Al

14

HN

HN

N°H

N°H

ACDI-SS1O

VCDH-SS-810

panunuod-



Oct. 3, 2024

US 2024/0327457 Al

15

g-SS-¥10

THN
THN m m S \/\C/
/__\ NN W N\ N PN
HN (6]

AA-SS+10
HN NH

N

b
O (0]
Nuéu\rﬁm m/\/m\m/\/z\/o¥_/ N P P PN
(6]
HN
A

YHN NH

panunuod-



US 2024/0327457 Al

[0138] In another aspect, the present technology provides
a compound of Formula IV,

v
Y3
N RS
R! X! § P
Nol” \N/\W NG
X 0
»
L
0139] a stereoisomer thereof, and/or a pharmaceuti-
p

cally acceptable salt thereof,
[0140] wherein
[0141] X' and X? are independently absent or selected
from unsubstituted C, ¢ alkylene or C, _; alkenylene;
[0142] X3 is selected from unsubstituted C,_, alkylene
or C,_4 alkenylene;
[0143] Y and Y? are each independently absent, C(O)
O, or C(O)NH;
[0144] Y? is absent, C(O), C(0)O, or C(O)NH;
[0145] Y*is C(O)O, or C(O)NH;
[0146] R' and R? are independently selected from
unsubstituted Cq ,, alkyl or Cq ,, alkenyl groups;
[0147] R? and R* are independently absent or selected
from an amino acid residue, a peptide or isopeptide
comprising 2-10 amino acid residues, or a C,_,, alkyl
group, each of which is optionally substituted with 1, 2,
or 3 ionizable functional groups such that at least one
ionizable functional group is present on at least one of
R? and R*, provided that Y is absent when R? is an
amino acid, peptide, or isopeptide, and Y* is absent
when R* is an amino acid, peptide, or isopeptide; and
further provided that if one of R® and R* is absent, the
other is present; and
[0148] mis 1,2,3,4,56,7,8,9,10or 11.
[0149] In any embodiments of the compounds disclosed
herein (including but not limited to compounds of Formula
IV), R? and R* are independently selected from an amino
acid, a peptide or isopeptide comprising 2, 3, or 4 amino acid
residues. In any embodiments, Y> is absent and R> is an
amino acid residue bearing one or two ionizable functional
groups, e.g., amine and guanideine. In any embodiments Y>
is absent and R® is arginine (linked via a peptide bond to its
carbonyl group). In any embodiments, R> is absent and R*
is present. In any embodiments R* is present and R* is
absent. In any embodiments, R® and R* are present and
independently selected from an amino acid residue, a pep-
tide or isopeptide comprising 2-10 amino acid residues, or a
C, .1, alkyl group, each of which is optionally substituted
with 1, 2, or 3 ionizable functional groups. In any embodi-
ments, at least one of R® and R* is substituted with an
ionizable functional group. In any embodiments, m is 1, 2,
3, 4, or 5. In any embodiments, m is 1, 2 or 3.
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[0150] In some embodiments, the present technology pro-
vides a compound of Formula IVA,

IVA
(@]

HNJ\RS

RI/OYO
X! § § R*
\TAMM/\/ X3/ \ﬂ/
2/O X5 (0] O
R \ﬂ/

(0]

[0151] a stereoisomer thereof, and/or a pharmaceuti-
cally acceptable salt thereof,
[0152] wherein
[0153] X' and X? are independently absent or selected
from unsubstituted C, 4 alkylene or C,_¢ alkenylene;
[0154] X3 is selected from unsubstituted C, 4 alkylene
or C,_¢ alkenylene;
[0155] Y'and Y? are each independently selected from
C(0)O or C(O)NH;
[0156] R' and R are independently selected from
unsubstituted Cg_,, alkyl or Cq_,, alkenyl groups;
[0157] R?and R* are independently selected from C,_,,
alkyl groups substituted with 1, 2, or 3 ionizable
functional groups; and
[0158] mis1,2,3,4,56,7,8,9, 10 or 11.
[0159] In some embodiments, the present technology pro-
vides a compound of Formula IVB,

VB
NH
N X4
-2 I \NJI\NHZ
H
Rl/o\(O N7 N0 NH,
X1 H H H
SN N XVNTNHZ
|
e ,OTXZ 0 ) NH
O
wherein
[0160] X*and X> are independently selected from C,

alkylene or C,_¢ alkenylene groups and the remaining
variables may have any of the values disclosed herein,
including but not limited to the those disclosed for
Formula IV above.
[0161] In any embodiments of the compounds disclosed
herein (including but not limited to compounds of Formulas
1V, IVA, and IVB), the compound is selected from the group
consisting of
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NH,
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NH,

C18:1-DH-K(R)R

17

C14-DH-K®)R

Oct. 3, 2024



US 2024/0327457 Al

[0162] In still another aspect, the present technology pro-
vides lipid nanoparticles (LNP) including any of the com-
pounds (e.g., lipopeptides of any one of Formula 1, II, ITA,
and/or III) disclosed herein. The LNP may be a lipoplex, a
solid LNP, or the like. The nanoparticle may include at least
50 mol % of the lipids making up the nanoparticle, such as
50 mol % to 99.5 mol % of the lipids. For example, the
nanoparticle may include of of about 50, 55, 60, 65, 70, 75,
80, 85, 90, 91, 92, 93, 94, 95, 95.5, 96, 96.5, 97, 97.5, 98,
98.5, 99, or 99.5 mol % or a range between and including
any of the forgoing. For example, the LNP (e.g., lipoplex or
solid LNP) may include 80 mol % to 99 mol % of a
compound (e.g., a lipopeptide of Formula I) disclosed
herein. In any embodiments the LNP may include about 98.5
mol % of a compound disclosed herein such as a compound
of Formula I.

[0163] In any embodiments, the LNP (including lipoplex
or solid LNP) may further include a PEG-lipid. In any
embodiments, the PEG-lipid may be selected from any
suitable PEG-lipid such as, but not limited to In any embodi-
ments, the PEG-lipid may be 1,2-distearoyl-sn-glycero-3-
phosphoethanolamine-N-[carbonyl-methoxy(polyethylene
glycol)] (PEG-DSPE), 1,2-dioleoyl-sn-glycero-3-phospho-
L-serine-[carbonyl-methoxy(polyethylene glycol)] (PEG-
DOPS), 1,2-dipalmitoylphosphatidylcholine-[carbonyl-
methoxy(polyethylene glycol)] (PEG-DPPC), and the like.
In any embodiments, the LNP may further include PEG-
DSPE and/or PEG-DMG. The weight ratio of lipopeptide
(e.g., of any one of Formula I, II, IIA, and/or III) to
PEG-lipid may be from 100:1 to 1:1. For example, the
weight ratio may be any of 100:1, 99:1, 98:1, 95:1, 90:1,
85:1, 80:1, 75:1, 70:1, 65:1, 60:1, 50:1, 45:1, 40:1, 35:1,
30:1, 25:1, 23:1, 22:1, 21:1, 20:1, 19:1, 18:1, 17:1, 16:1,
15:1, 12:1, 10:1, 9:1, 5:1, 4:1, 3:1, 2:1, or 1:1 or a range
between and including any two of the foregoing values such
as 50:1 to 2:1, or 25:1 to 5:1, or 24:1 to 9:1.

[0164] The PEG group in a PEG lipid is a hydrophilic
polymer comprising repeating ethylene oxide subunits. The
PEG polymeric chains (i.e., PEG groups) may be attached
directly or through a linker to the lipid group. Each PEG
terminates in one of various groups that, e.g., may be
selected from a targeting ligand, OH, O—(C, _¢)alkyl, NH,,
COOH, maleimide, CPP, biotin or a dye. In some embodi-
ments the PEG terminates in OH, NH,, or O—(C,_)alkyl,
and in still others the PEG terminates in in an OC, _; alkyl
group. In still other embodiments, the PEG terminates in a
targeting ligand. The targeting ligand may be selected from
the group consisting of a cofactor, carbohydrate, peptide,
antibody, nanobody, or aptamer. In other embodiments, the
targeting ligand is selected from the group consisting of folic
acid, mannose, GE11, cRGD, KE108, octreotide, TAT cell
penetrating peptide, PSMA aptamer, TRC105, 7D12 nano-
body, all-trans retinoic acid (ATRA), 11-cis-retinal (11cRal),
CTB, and N-acetylgalactosamine (GalNAc).

[0165] Typically, each PEG group in a PEG lipid has 11 to
115 repeat units or a molecular weight of about 500 to about
5,000 Da. Suitable molecular weights for each PEG group of
the PEG-lipid include about 500, about 1,000, about 1,500,
about 2,000, about 2,500, about 3,000, about 4,000, about
5,0000 Da, or a range between and including any two of the
foregoing values (e.g., about 500 to about 3,500 Da or about
1,500 to about 2,500 Da). In any embodiments, the PEG
group has a molecular weight of about 2,000 Da.
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[0166] In any embodiments, the LNP may further include
a structural lipid, e.g., cholesterol and/or {3-sitosterol.

[0167] In any embodiments, the LNP may further include
a phospholipid. In any embodiments, the phospholipid may
be DSPC (1,2-distearoyl-sn-glycero-3-phosphocholine),
DSPE (1,2-distearoyl-sn-glycero-3-phosphocholine), DPPC
(1,2-dipalmitoylphosphatidyl-choline), DOPS (1,2-dio-
leoyl-sn-glycero-3-phospho-L-serine), DOPE (1,2-dioleoyl-
sn-glycero-3-phosphoethanolamine) or a mixture of any two
or more thereof. In any embodiments, the phospholipid may
be DSPC, DOPS and/or DOPE.

[0168] In any embodiments, the present LNP may include
apayload to be delivered into a cell. The payload may be any
suitable biomacromolecule, including any described herein,
and is typically for therapeutic use. The biomacromolecule
may be encapsulated by the LNP and/or electrostatically
bound to the LNP. For example, the payload may be selected
from DNA, RNA, a nucleotide (e.g., NAD* or NADH), a
polypeptide (e.g., an enzyme or other proteins), a ribo-
nucleoprotein complex (RNP), or a combination of any two
or more thereof. In any embodiments, the payload may be
selected from the group consisting of RNP, plasmid DNA
(pDNA), single-stranded donor oligonucleotide (ssODN),
antisense oligonucleotides (ASO), NAD*, NADH, comple-
mentary (cDNA), messenger RNA (mRNA), small interfer-
ing RNA (siRNA), microRNA (miRNA), short hairpin RNA
(shRNA), single guide RNA (sgRNA), transfer RNA
(tRNA), ribozymes, and combinations of two or more
thereof. In any embodiments, the payload may be Cas9 RNP,
Cas9 RNP+ssODN, where ssODN serves as a repair tem-
plate, RNP+donor DNA up to 2 kb, and other Cas9-based
protein/nucleic acid complexes. It will be appreciated that
with the present nanoparticles, Cas9 or RNP need not be
conjugated to any repair template as either may simply be
mixed with the desired polynucleic acid instead during the
nanoparticle formation process. NLS peptides may be used
to direct biomacromolecules to the nucleus if desired. For
example, polynucleic acids as described herein as well as
proteins such as Cas9 or RNP+donor DNA complexes may
be covalently tagged (i.e., conjugated) with NLS peptides
using techniques well known in the art. Likewise, the
biomolecule (e.g., biomacromolecule) may be tagged with a
mitochondrial localization signal peptide to direct the bio-
molecule to the mitochongdria if desired. In any embodi-
ments, the payload may be a mixture of RNAs, e.g., an
mRNA for a Cas polypeptide and an sgRNA. Thus, in some
embodiments, the payload is a mixture of Cas9 mRNA and
an sgRNA, or a Cas12 mRNA and an sgRNA, or a Cas13
mRNA and an sgRNA, or a Casl4 mRNA and an sgRNA,
or a Cas® mRNA and an sgRNA. In any embodiments, they
payload may be a plasmid encoding a Cas polypeptide and
an sgRNA, e.g., a plasmid encoding Cas9, Cas12, Casl3,
Casl4, or Cas® and an sgRNA. In any embodiments, the
payload may be selected from a plasmid or mRNA of
transcription activator-like effector nucleases (TALEN).

[0169] The present LNPs may have a payload loading
content of from about 1 wt % to about 30 wt %, e.g., about
1 wt %, about 5 wt %, about 10 wt %, about 12 wt %, about
15 wt %, about 16 wt %, about 17 wt %, about 18 wt %,
about 19 wt %, about 20 wt %, about 21 wt %, about 22 wt
%, about 23 wt %, about 24 wt %, about 25 wt %, about 30
wt % or a range between and including any two of the
foregoing values. Thus, in any embodiments, the loading
content of the LNP may be, e.g., from about 5 wt % to about
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25 wt %, about 10 wt % to about 25 wt %, or about 15 or
18 wt % to about 22 or 24 wt %. Loading efficiency of the
present LNPs with payloads described herein is high. In any
embodiments, the loading efficiency may be greater than
80%, greater than 85%, or even greater than 90%, e.g., 80%,
85%, 90%, 95%, 99% or a range between and including any
two of the foregoing values.

[0170] In any embodiments, the biomolecule (e.g.,
biomacromolecule) may be tagged with an imaging agent,
e.g., a dye as described herein. Alternatively, an imaging
agent may be incorporated into a lipid in the LNP. The
imaging agent (e.g., dye) may be attached to a lipid in the
LNP via covalent bonds. By way of a non-limiting example,
the bonds may be amide bonds, N—C bonds, imino bonds
and the like.

[0171] In any embodiments, the present compositions and
may further include one or more of a targeting ligand, a CPP,
biotin, or an imaging agent attached to the surface of the
LNP. The targeting ligands and other groups to be attached
typically have a reactive group such as an electrophile or
active ester or the like which can react with, e.g., a nucleo-
philic group on the PEG-lipid such as, but not limited to
amino groups. Other amide-bond forming methods or click
chemistry may be used join the targeting ligand, CPP, biotin
or imaging agent to the nanoparticle.

[0172] The present LNPs may be roughly sphere-shaped
or may have a more elongated shape. Nevertheless, the
“average diameter” of the present LNPs means the average
hydrodynamic diameter and ranges from about 50 nm to
about 800 nm. Thus, the present LNPs may have an average
hydrodynamic diameter of 50, 75, 100, 125, 150, 175, 200,
225, 250, 300, 350, 400, 450, 500, 600, 700, or 800 nm or
a range between and including any two of the foregoing
values. In any embodiments herein, the LNPs may have an
average hydrodynamic diameter of 100 to 800 nm or even
100 nm to 500 nm. When filled or complexed with a
payload, the average hydrodynamic diameter is typically a
littler larger then the unfilled/uncomplexed LNP, e.g.,
10-100 nm larger.

[0173] In the present technology, the surface of the LNPs
may also be charged (measured as zeta potential), so long as
the net charge is not too great, e.g., =40 mV to +40 mV,
preferably from -30 mV to +30 mV. Nanoparticle surface
potential may be measured by DLS in an applied electric
field at any suitable voltage (e.g., 40 V; the measured surface
potential will be independent of the exact voltage used) at
0.1 mg/mL, pH 7.4, 25° C. Examples of the surface potential
of the present LNPs include -40, -30, -25, -20, -15, -10,
=5, 45, +15, 420, +25, +30, or +40 mV, or a range between
and including any two of the foregoing values. Thus, e.g.,
the surface potential may be, e.g., =20 to +20 mV, -10 to
+10, or -5 to +5 mV. In any embodiments, the zeta potential
of the LNP filled/complexed with a payload, is closer to
neutral than the empty/unfilled/uncomplexed LNP, e.g.,
about +20 to about +30 mV for LNP filled/complexed to
RNP or about +15 mV to about +22 mV for filled/complexed
to RNP/ssODN versus about +35 to about +40 for empty/
uncomplexed LNP.

[0174] The disulfide-containing lipopeptides of the pres-
ent technology may also be used to improve the efficiency
and efficacy of other nanoparticles, including inorganic
nanoparticles (e.g., gold nanoparticles®, iron oxide nanopar-
ticle**, silica nanoparticles®, and the like), organic nanopar-

ticles (e.g., polymeric nanoparticles made of polyester®® 7,
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polyamides®® 2°, polyanhydrides®® ', and the like), metal-
organic frameworks (e.g., ZIF-8 nanoparticles®® and the
like). In some embodiments, a compound of the present
technology (e.g., a compound of Formula I) coats an exterior
surface of an inorganic nanoparticle, e.g., those found in any
of WO 2021/236629, US 2022-0105202, U.S. Pat. No.
10,821,082, WO 2015/075942, US 2018/0185281, the con-
tents of each of which are incorporated by reference in their
entirety herein and for all purposes. In any embodiments, the
inorganic nanoparticle is a silica nanoparticle (SNP). In any
embodiments, the SNP comprises crosslinked polysiloxanes
comprising siloxy subunits having one or more of the
structures of Formulas 1V, IVA, or IVB:

av)

ore IVA)
O—Si
OR®
(IVB)

wherein

[0175] R! at each occurrence is independently selected
from the group consisting of C, ;, alkyl and C, ;,
alkenyl groups, optionally substituted with a substitu-
ent selected from the group consisting of halogen and
NR',, wherein each occurrence of R' is independently
selected from H or a C,_,, alkyl group, or two R'
groups, together with the N atom to which they are
attached, form a pyrrolidine or piperidine ring;

[0176] R*and R” at each occurrence in the polysiloxane
are independently selected from a bond to a Si of
another polysiloxane chain or C,_¢ alkyl groups, and

[0177]

[0178] In any embodiments of present technology herein,
the SNPs comprise crosslinked polysiloxanes comprising
siloxy subunits having the structure of Formula 1. In any
embodiments the SNPs comprise crosslinked polysiloxanes
comprising siloxy subunits having the structure of Formula
II. In any embodiments the SNPs comprise crosslinked
polysiloxanes comprising siloxy subunits having the struc-
ture of Formula III. In any embodiments the SNPs comprise
crosslinked polysiloxanes comprising siloxy subunits hav-
ing the structures of Formulas IV and IVA, or Formulas IVA
and IVB, or Formulas IV and IVB, or Formulas IV, IVA, and
IVB.

[0179] In any embodiments of present technology herein,
the crosslinks between polysiloxanes in the SNP comprise
disulfide linkages. In any embodiments, the exterior surface
of the SNP comprises the silica network. In any embodi-
ments, the exterior surface of the SNP comprises surface-
modifying groups attached to and surrounding the silica
network, wherein the surface-modifying groups comprise

R¢ is selected from C,_¢ alkenyl groups.
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polyethylene glycol (PEG), polysarcosine, polyzwitterion,
polycation, polyanion, or combinations of two or more
thereof.

[0180] In any embodiments, the polysiloxanes of SNPs
comprising the plurality of siloxy subunits having the struc-
ture (IVA)

.
.

OR®

may include a first portion of siloxy subunits wherein R* and
R? are independently selected from C,_ alkyl groups, and a
second portion of siloxy subunits wherein one of R* and R”
is independently selected from C, 4 alkyl groups at each
occurrence, and one of R* and R? is a bond to a Si of another
polysiloxane chain. In any embodiments, the polysiloxanes
comprising the plurality of siloxy subunits having the struc-
ture (IVA), may include a portion of the siloxy subunits
wherein each of R* and R” is a bond to a Si of another
polysiloxane chain. It will be appreciated that when R® or R?
is a bond to a Si of another polysiloxane chain, the siloxy-
subunit is branched, forming a crosslink to another polysi-
loxane chain. In any embodiments, the plurality of siloxy
subunits may be derived from tetraethoxysilane, i.e., these
monomers are precursors which polymerize to form the
siloxy subunits.

[0181] In any embodiment of any of the SNPs herein,
including any siloxy subunits disclosed herein, such as, but
not limited to siloxy subunits of structures (IV), (IVA), or
(IVB), R* at each occurrence may be independently selected
from a bond to a Si of another polysiloxane chain or a C, ¢
alkyl group.

[0182] In any embodiment of the present SNPs including
a siloxy subunit of structure (IV), R’ at each occurrence may
independently be selected from the group consisting of C,_;,
alkyl and C,_| , alkenyl groups, optionally substituted with a
substituent selected from the group consisting of halogen
and NR'?, wherein each occurrence of R! is independently
selected from H or a C,_,, alkyl group.

[0183] Inany embodiments, R’ at each occurrence may be
independently selected from the group consisting of C,_,,
alkyl and C,_,, alkenyl groups, optionally substituted with a
substituent selected from the group consisting of halogen
and NR'?, wherein the two R' groups, together with the N
atom to which they are attached, form a pyrrolidine or
piperidine ring. In any embodiments, R’ at each occurrence
may be a C,_, alkyl group, optionally substituted with a
halogen or NR'2 substituent. In any embodiments, R’ at each
occurrence may be a C,_, alkenyl group. In any embodi-
ments, R’ at each occurrence may be independently selected
from methyl, propyl, 3-chloropropyl, 3-aminopropyl, 3-di-
methylaminopropyl, and vinyl. In any embodiments, the
siloxy subunits of structure (I) may be derived from one or
more of triethoxymethylsilane, triethoxypropylsilane, tri-
ethoxy-3-chloropropylsilane,  triethoxy-3-aminopropylsi-
lane, triethoxy-3-dimethylaminopropylsilane, triethoxyoc-
tylsilane, or triethoxyvinylsilane.

[0184] SNPs of the present technology are multifunc-
tional. The SNPs may include weakly basic groups, disulfide
linkages, and/or surface-modifying groups. In any embodi-
ments, the weakly basic groups are absent. In any embodi-
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ments in which the weakly basic groups are present, they
may include heteroaryl groups having a pka of about 4.5 to
about 7.2, e.g., about 4.5, about 5, about 5.5, about 6, about
6.3, about 6.5, about 6.7, about 7, about 7.2 or a range
between and including any two of the foregoing values. For
example, the weakly basic groups may include imidazolyl,
pyridinyl, picolinyl, lutidinyl, indolinyl, tetrahydroquinoli-
nyl, or quinolinyl groups or a combination of two or more
of the foregoing groups. In any embodiments, the weakly
basic groups may include an imidazolyl group and/or pyridi-
nyl group. In any embodiments, each weakly basic group is
attached to a siloxy subunit and includes one of the follow-
ing Formulas A, B, or C:

wherein
[0185] t at each occurrence is independently 0, 1, 2 or
3
[0186] one of T and U is NH and the other is CH,;
[0187] oneof V, W, X,Y, Zis N and the rest are selected

from CH or CCH;.

[0188] In any embodiments, the polysiloxanes may
include siloxy subunits having the structures (IVC) or
(IVD),

ope Ive)
Lol
S
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wherein

[0189] R“ at each occurrence is independently selected
from C, ¢ alkyl groups or a bond to a Si of another
polysiloxane chain;

[0190] L is a bond or is a linking group selected from
—C(O)NH—, —O—, —NH—, —C(O)—, or —C(0O)
O; and
[0191] Z is at each occurrence independently a picoli-
nyl, lutidinyl, indolinyl, tetrahydroquinolinyl, quinoli-
nyl, imidazolyl, or pyridinyl group.
[0192] In any embodiments, the polysiloxanes may
include siloxy subunits having the structure (IVD). In any
embodiments, L may be —C(O)NH—. In any embodiments,
7 may be imidazolyl. In any embodiments, the weakly basic
groups may, e.g., comprise a siloxy subunit derived from
N-(3-(triethoxysilyl)propyl)-1H-imidazole-2-carboxamide
(TESPIC).
[0193] In any embodiments of the SNPs herein, the poly-
siloxanes may further include silyloxy subunits having
structure (IVE):

(IVE)
OR?

O0—Si

wanrdnnane
"
wanrdnnane

wherein

[0194] R“ at each occurrence is independently selected
from a bond to a Si of another polysiloxane chain or a
C,.;, alkyl group; and

[0195] R” at each occurrence is a moiety comprising a
weakly basic group.

[0196] In any embodiments, the moiety of R” may have a
molecular weight of up to 300 Da and comprise any of the
weakly basic groups disclosed herein. For example, the
weakly basic group of R” may be selected from imidazolyl,
pyridinyl, tetrahydroquinolinyl, or indolinyl groups, or a
combination any two or more thereof. In any embodiments,
R” at each occurrence may independently have the structure
—(CH,),,-L-Z, wherein L is a bond or is a linking group
selected from —C(O)NH—, —O—, —NH—, —C(O)—, or
—C(0)0; Z is at each occurrence is independently a picoli-
nyl, lutidinyl, indolinyl, tetrahydroquinolinyl, quinolinyl,
imidazolyl, or pyridinyl group; andn is 0, 1, 2, 3, or 4. In any
embodiments, R” may have the structure (D):

)

H
N,

N
[0197] The polysiloxanes that make up the silica network
are crosslinked, not only by siloxy linkages, but including by
disulfide linkages. For example, the polysiloxanes may

include a plurality of crosslinking siloxy subunits having the
structure (V)

21
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W

OR4 OR4

0—Si—L!—§—§—12—5i

OR? OR4

wherein L' and L? at each occurrence in the polysiloxanes
are independently a C,_, alkylene group; R¥ at each occur-
rence in the polysiloxanes is the same or different and is
independently selected from a bond to another polysiloxane
chain or C, 4 alkyl groups. In any embodiments R may be
the same at each occurrence, e.g., ethyl. In any embodi-
ments, each of L' and L?> may be ethylene, propylene, or
butylene at each occurrence. In any embodiments, each of
L' and L? may be propylene, at each occurrence. The
disulfide bonds are sensitive to the levels of glutathione
(GSH) naturally found in cells. While not wishing to be
bound by theory, when SNPs enter a cell, the GSH in the cell
is believed to reduce the disulfide bonds in the silica
network, causing the silica network to fall apart and release
any encapsulated or associated biomolecule (e.g., biomac-
romolecule) into the cytosol of the cell.

[0198] SNPs of the present technology include an exterior
surface comprising surface-modifying groups attached to
and surrounding the silica network. The surface-modifying
groups may comprise polyethylene glycol (PEG), polysar-
cosine, polyzwitterion, polycation, polyanion, or combina-
tions of two or more thereof. In any embodiments, the
surface-modifying groups may comprise polyethylene gly-
col (PEG), polysarcosine, polyzwitterion or combinations of
two or more of thereof, or PEG, polysarcosine, polycation,
polyanion, polyzwitterion or combinations of two or more of
thereof. In any embodiments, the surface-modifying groups
may include PEG and/or polysarcosine. The surface-modi-
fying groups may further be conjugated to one or more of
targeting ligands, biotin, CPP, imaging agents, or dyes.

[0199] PEG is a hydrophilic polymer comprising repeat-
ing ethylene oxide subunits and may be used as a surface-
modifying group of the present SNPs. The PEG polymeric
chains may be attached directly or through a linker to the
polysiloxanes of the silica network. Each PEG terminates in
one of various groups that, e.g., may be selected from a
targeting ligand, OH, O—(C,_¢)alkyl, NH,, CPP, biotin or a
dye. In some embodiments the PEG terminates in OH or
O—(C,_g)alkyl, and in still others the PEG terminates in in
an OC, _; alkyl group. In still other embodiments, the PEG
terminates in a targeting ligand. The targeting ligand may be
selected from the group consisting of a cofactor, carbohy-
drate, peptide, antibody, nanobody, or aptamer. For example,
the targeting ligand maybe selected from the group consist-
ing of glucose, RVG peptide, folic acid, mannose, GE11,
cRGD, KE108, octreotide, PSMA aptamer, TRC105, 7D12
nanobody, all-trans retinoic acid (ATRA), 11-cis-retinal
(11cRal), CTB, N-acetylgalactosamine (GalNAc) and com-
binations of two or more thereof. In other embodiments, the
targeting ligand is selected from the group consisting of folic
acid, mannose, GE11, cRGD, KE108, octreotide, TAT cell
penetrating peptide, PSMA aptamer, TRC105, 7D12 nano-
body, all-trans retinoic acid (ATRA), 11-cis-retinal (11cRal),
CTB, and N-acetylgalactosamine (GalNAc). In any embodi-
ments, the targeting ligand is selected from glucose, RVG
peptide, or both.
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[0200] In any embodiments of the SNP, the polysiloxanes
may comprise a plurality of siloxy subunits having the
structure (VI):

e
s 13

Re

wherein R at each occurrence is selected from a bond to Si
from another polysiloxane chain or a C, 4 alkyl group, and
R at each occurrence is surface-modifying group, optionally
including a C,_¢ linker group connecting the surface-modi-
fying group to the Si atom to which R® is attached. In certain
embodiments, the C, ¢ linker group is present and connected
to the surface-modifying group directly or via an amine,
ether, amide, ester, urethane, urea, imine, or sulfide group.
For example, the C,-6 linker group may be —NHC(O)
NH—(C,_s alkylene)-, —NHC(O)—(C,s alkylene)-,
—C(O)NH—(C,_5 alkylene)-, —NH-—(C,_s alkylene)-,
—O0—(C,_5 alkylene)-, —S—(C,_5 alkylene)-, —OC(O)
NH—(C,_s alkylene)-, or —NHC(O)O—(C,_; alkylene)-. In
any embodiments, the surface-modifying groups may com-
prise PEG attached to a siloxy subunit having the structure
(VID):

OR?

bt
€

VANIANNAS

RS

wherein R at each occurrence is selected from a bond to Si
from another polysiloxane chain or a C, 4 alkyl group, and
R’ has the structure (E1) or (E2):

St

wherein X is O, NH, or CH,0O, and R is selected from the
group consisting of H, a C,  alkyl, targeting ligand, a
cell-penetrating peptide (CPP), and an imaging agent. In any
embodiments, the silica network may comprise two or more
(e.g., 2,3, 4, or 5) different siloxy subunits of structure (VII).
For example in some embodiments, the silica network
comprises siloxy subunits of structure (VII) wherein X is
NH and R is a C, 4 alkyl and siloxy subunits of structure
(VID) wherein X is NH and R is a targeting ligand. In any
embodiments, two or more distinct targeting ligands (e.g.,
glucose and RVG peptide) may be used (i.e., on two different
siloxy subunits of structure (VII). In any embodiments, the
surface-modifying groups may comprise PEG attached to a

ED

E2)
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siloxy subunit having the structure, —O—Si(R®),—,
wherein R# at each occurrence is independently selected
from OR® or R’ as defined herein.

[0201] In the present technology, the surface of the SNPs
may be charged due to the presence of surface-modifying
groups that include ionizable functional groups on the SNP
surface and/or in the SNP surface layer, provided the net
charge is as described herein. For example, in any embodi-
ments, the polysiloxanes of the silica network may comprise
a plurality of siloxy subunits having the structure (VIII):

(VIID)

wherein R? at each occurrence in the polysiloxane is a bond
to Si from another polysiloxane chain or a C,_g alkyl group,
and R** at each occurrence is a C,_, , alkyl group, e.g., aC,_¢
alkyl group, substituted with a charged functional group.
The charged functional groups may include positively and/
or negatively charged functional groups, or ionizable func-
tional groups that provide positively and/or negatively
charged groups.

[0202] Inany embodiments, the surface-modifying groups
may include positively charged functional groups. In any
embodiments, the positively charged functional groups may
include an ionizable group selected from amine, amidine,
guanidine, pyridinyl or combinations of two or more thereof.
For example, R°* may be an amino-(C,_, alkyl) group such
as an amino propyl group. The surface-modifying groups
may also include a cationic polymer or CPP. For example,
the cationic polymer may be selected from the group con-
sisting of polyethyleneimine (PEI), polylysine, polyarginine,
and polyamidoamine (PAMAM). In any embodiments, the
CPP may be selected from any of those disclosed herein.
[0203] Inany embodiments, the surface-modifying groups
may include negatively charged groups. In any embodi-
ments, the negatively charged groups may include ionizable
functional groups selected from carboxyl, sulfonyl, sulfate,
phosphate, or combinations thereof. In any embodiments, R®
may be a carboxyl-(C,_, alkyl) group. The surface-modify-
ing groups may also include an anionic polymer. In any
embodiments, the anionic polymer may be selected from the
group consisting of poly(glutamic acid) and poly(acrylic
acid).

[0204] Inany embodiments, the surface-modifying groups
may include positively charged functional groups and nega-
tively charged groups, i.e., a polyzwitterion. The polyzwit-
terion may include any combination of the positively and
negatively charged groups disclosed herein. In any embodi-
ments, the surface-modifying group may be a polyzwitterion
selected  from  poly(carboxybetaine  methacrylate)
(PCBMA), poly(sulfobetaine methacrylate) (PSBMA), poly
(2-methacryloyloxyethyl phosphorylcholine) (PMPC), and
combinations of two or more thereof.

[0205] In any embodiments of any of the aspects of the
present technology (including but not limited to the first,
second or third aspects), the silica network of the SNPs
comprises siloxy subunits having structure (I). In some such
embodiments, the siloxy subunits having structure (IV)
comprise 1 to 80 mol % of the silica network, including for
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example, 1 mol %, 2 mol %, 5 mol %, 10 mol %, 15 mol %,
20 mol %, 25 mol %, 30 mol %, 35 mol %, 40 mol %, 45
mol %, 50 mol %, 55 mol %, 60 mol %, 65 mol %, 70 mol
%, 75 mol %, or 80 mol % or a range between and including
any two of the foregoing values. Additional examples of the
present SNPs may therefore include from 10 mol % to 70
mol % or from 20 mol % to 60 mol %. In some embodiments
of'the first, second or third aspects of the present technology,
no siloxy subunits of structures (II) or (III) are included in
the silica network of the SNPs.

[0206] In any embodiments of any of the aspects of the
present SNPs, the siloxy subunits having structures (IVA) or
(IVB) comprise 1 to 80 mol % of the silica network,
including for example, 1 mol %, 2 mol %, 5 mol %, 10 mol
%, 15 mol %, 20 mol %, 25 mol %, 30 mol %, 35 mol %,
40 mol %, 45 mol %, 50 mol %, 55 mol %, 60 mol %, 65
mol %, 70 mol %, 75 mol %, or 80 mol % or a range between
and including any two of the foregoing values.

[0207] In any embodiments of any of the aspects of the
present SNPs, the molar percentage of disulfide-containing
crosslinker (e.g., having the structure (V)) to the total siloxy
subunits may range from 20 mol % to 99 mol %, including
for example, 20 mol %, 30 mol %, 40 mol %, 50 mol %, 60
mol %, 70 mol %, 80 mol %, 85%, 90%, 95%, 96%, 97%,
98%, 99%, or a range between and including any two of the
foregoing values, e.g., 20 mol % to 80 mol % or 20 mol %
to 90 mol %. The molar ratio of siloxy subunits bearing
weakly basic groups (e.g., having any of structures (IVA),
(IVB), or (IVC)) to total siloxy subunits of the silica network
may range from 0 mol % to 40 mol %, e.g., 0 mol %, 5 mol
%, 10 mol %, 15 mol %, 20 mol %, 30 mol %, 40 mol %
or a range between and including any two of the foregoing
values. The molar ratio of siloxy subunits bearing surface-
modifying groups (e.g., having structure IVA or IVB) to the
total organosilica precursors may range from 10 mol % to 50
mol %, e.g., 10 mol %, 15 mol %, 20 mol %, 30 mol %, 40
mol %, or 50 mol % or a range between and including any
two of the foregoing values.

[0208] In the present technology, the surface of the SNPs
may also be charged (measured as zeta potential), so long as
the net charge is not too great, e.g., —45 mV to +45 mV,
preferably from -30 mV to +30 mV. Nanoparticle surface
potential may be measured by DLS in an applied electric
field at any suitable voltage (e.g., 40 V; the measured surface
potential will be independent of the exact voltage used) at
0.1 mg/mL, pH 7.4, 25° C. Examples of the surface potential
of the present SNPs include —45, -30, -25, -20, -15, -10,
=5, 45, +15, 420, 425, +30, or +45 mV, or a range between
and including any two of the foregoing values. Thus, e.g.,
the surface potential may be, e.g., =20 to +20 mV, -10 to
+10, or =5 to +5 mV. In any embodiments, where the surface
of the SNP bears charged functional groups, the net charge
is or is about 0 mV, e.g., due to a polyzwitterion with an
equal number of positively and negatively charged groups.
[0209] In another aspect, the present technology provides
methods of delivering a payload to a target cell, e.g., a
mammalian cell, for any suitable purpose, e.g., gene editing,
gene silencing, therapy, etc. The methods include exposing
the mammalian cell to an effective amount of any of the
herein-described LNP. By an effective amount is meant an
amount sufficient to produce a detectable or measurable
amount of infiltration of the LNP into the target cell and/or
produce a detectable or measurable effect in said cell. In any
embodiments of the methods, the mammalian cell may be
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selected from a kidney cell, fibroblast cell, monocyte/mac-
rophage cell, or melanoma cell. The methods include both in
vitro and in vivo methods. For example, the methods may
include exposing an effective amount of any of the herein-
described LNP to tissue culture. In any embodiments, the
cell may be exposed to the LNP via any rout of adminis-
tration described herein. In any embodiments, the payload is
any of those described herein, including but not limited to
RNP, plasmid DNA (pDNA), single-stranded donor oligo-
nucleotide (ssODN), antisense oligonucleotides (ASO),
NAD*, NADH, complementary DNA (cDNA), messenger
RNA (mRNA), small interfering RNA (siRNA), microRNA
(miRNA), short hairpin RNA (shRNA), guide RNA (gRNA)
(including, e.g., trans-activating CRISPR RNA (tracrRNA)/
CRISPR RNA (crRNA) complex, tracrRNA, crRNA, single
guide RNA (sgRNA)), transfer RNA (tRNA), ribozymes,
and combinations of two or more thereof. In any embodi-
ments, the payload is Cas9 RNP or Cas9 RNP+ssODN. In
any embodiments, the payload is a Cas9 RNP, Cas12 RNP,
Casl3 RNP, Casl4 RNP, or Cas® RNP, each optionally in
combination with an ssODN. In any embodiments, the
payload is Cas9 RNP or Cas9 RNP+ssODN. In any embodi-
ments, the payload is mRNA for a Cas polypeptide and a
gRNA (as disclosed herein). In any embodiments, the pay-
load is Cas9 mRNA, Cas12 mRNA, Casl3 mRNA, Casl4
mRNA, or Cas® mRNA, each optionally in combination
with an sgRNA, or the payload is a combination of any two
or more thereof.

[0210] In another aspect, the present technology provides
methods of treating a condition or disorder in a subject that
may be ameliorated by any of the types of payloads dis-
closed herein. In any embodiments, the methods include
administering to the subject an effective amount of a LNP as
as disclosed herein, i.e., a therapeutically effective amount to
ameliorate or cure the condition or disorder. For example,
the methods may include administering any of the herein-
described LNPs to a subject in need thereof (i.e., a subject
in need of the biomolecule (e.g., biomacromolecule) to be
delivered by the nanoparticle). As used herein, a “subject” is
a mammal, such as a cat, dog, rodent, cow, pig or primate.
In some embodiments, the subject is a human. In some
embodiments, the payload is any of those described herein,
including but not limited to RNP, pDNA, ssODN, ASO,
NAD", NADH ¢DNA, mRNA, siRNA, miRNA, shRNA,
gRNA (including, e.g., tracrRNA, crRNA, tracrRNA/
crRNA complex, and sgRNA), tRNA, ribozymes, and com-
binations of two or more thereof. In any embodiments, the
payload is a Cas9 RNP, Cas12 RNP, Cas13 RNP, Casl4
RNP, or Cas® RNP, each optionally in combination with an
ssODN, In any embodiments, the payload is Cas9 RNP or
Cas9 RNP+ssODN. In any embodiments, the payload is
mRNA for a Cas polypeptide and a gRNA (as disclosed
herein). In any embodiments, the payload is Cas9 mRNA,
Casl2 mRNA, Casl3 mRNA, Casl4 mRNA, or Cas®
mRNA, each optionally in combination with a gRNA (as
disclosed herein), or the payload is a combination of any two
or more thereof.

[0211] The compositions described herein can be formu-
lated for various routes of administration, for example, by
parenteral, intravitreal, intrathecal, intracerebroventricular,
rectal, nasal, vaginal administration, direct injection into the
target organ, or via implanted reservoir. Parenteral or sys-
temic administration includes, but is not limited to, subcu-
taneous, intravenous, intraperitoneal, and intramuscular
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injections. The following dosage forms are given by way of
example and should not be construed as limiting the instant
present technology.

[0212] Injectable dosage forms generally include solutions
or aqueous suspensions which may be prepared using a
suitable dispersant or wetting agent and a suspending agent
so long as such agents do not degrade the LNPs described
herein. Injectable forms may be prepared with acceptable
solvents or vehicles including, but not limited to sterilized
water, phosphate buffer solution, Ringer’s solution, 5%
dextrose, or an isotonic aqueous saline solution.

[0213] Besides those representative dosage forms
described above, pharmaceutically acceptable excipients
and carriers are generally known to those skilled in the art
and are thus included in the instant present technology. Such
excipients and carriers are described, for example, in “Rem-
ingtons Pharmaceutical Sciences” Mack Pub. Co., New
Jersey (1991), which is incorporated herein by reference.
Exemplary carriers and excipients may include but are not
limited to USP sterile water, saline, buffers (e.g., phosphate,
bicarbonate, etc.), tonicity agents (e.g., glycerol),

[0214] Specific dosages may be adjusted depending on
conditions of disease, the age, body weight, general health
conditions, sex, and diet of the subject, dose intervals,
administration routes, excretion rate, and combinations of
drug conjugates. Any of the above dosage forms containing
effective amounts are well within the bounds of routine
experimentation and therefore, well within the scope of the
instant present technology. By way of example only, such
dosages may be used to administer effective amounts of the
present LNPs (loaded with a biomolecule) to the patient and
may include 0.1, 0.2, 0.3, 0.4, 0.5, 0.75, 1.0, 1.5, 2.0, 2.5,
3.0,4.0,5.0,6.0,7.0,8.0,9.0, 10, 11, 12, 13, 14, 15 mg/kg
or a range between and including any two of the forgoing
values such as 0.1 to 15 mg/kg. Such amounts may be
administered parenterally as described herein and may take
place over a period of time including but not limited to 5
minutes, 10 minutes, 20 minutes, 30 minutes, 45 minutes, 1
hour, 2 hours, 3 hours, 5 hours, 10 hours, 12, hours, 15
hours, 20 hours, 24 hours or a range between and including
any of the foregoing values. The frequency of administration
may vary, for example, once per day, per 2 days, per 3 days,
per week, per 10 days, per 2 weeks, or a range between and
including any of the foregoing frequencies. Alternatively,
the compositions may be administered once per day on 2, 3,
4,5, 6 or 7 consecutive days. A complete regimen may thus
be completed in only a few days or over the course of 1, 2,
3, 4 or more weeks.

[0215] The examples herein are provided to illustrate
advantages of the present technology and to further assist a
person of ordinary skill in the art with preparing or using the
nanoparticles compositions of the present technology. To the
extent that the compositions include ionizable components,
salts such as pharmaceutically acceptable salts of such
components may also be used. The examples herein are also
presented in order to more fully illustrate the preferred
aspects of the present technology. The examples should in
no way be construed as limiting the scope of the present
technology, as defined by the appended claims. The
examples can include or incorporate any of the variations or
aspects of the present technology described above. The
variations or aspects described above may also further each
include or incorporate the variations of any or all other
variations or aspects of the present technology.
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EXAMPLES

Materials and General Procedures

[0216] Materials and Instrumentation. Cystamine dihydro-
chloride, L-lysine methyl ester dihydrochloride (H-Lys-
OMe-2HCl), Na-Boc-Nw-(2,2.4,6,7-pentamethyl-dihyd-
robenzo furan-5-sulfonyl)-L-arginine (Boc-Arg(Pbf)-OH),
N,N-diisopropylethylamine (DIEA), triethylamine (TEA),
Cholesterol and Di-tert-butyl dicarbonate (Boc anhydride)
were purchased from Chem Impex International; Boc-Arg
(Pb1)-OH also purchased from Alfa Aesar. H-Arg(Pbf)-OMe
hydrochloride and Boc-cystamine were purchased from Asta
Tech. Tetradecyl acrylate and stearyl acrylate were pur-
chased from TCI America. Acryloyl chloride, boc-hexane-
diamine, sucrose, sodium chloride (NaCl), sodium hydrox-
ide (NaOH), hydrochloric acid (HCl, 37% in H,O), sodium
bicarbonate (NaHCO;), dimethylformamide (DMF), and
trifluoroacetic acid (TFA) were purchased from Sigma
Aldrich. 1-Ethyl-3-(3-dimethylaminopropyl) carbodiimide
(EDC), 1-hydroxybenzotriazole hydrate (HOBT), hexafluo-
rophosphate benzotriazole tetramethyl uronium (HBTU),
and magnesium sulfate (MgSO,) were purchased from Oak-
wood Chemical. Oleic acid was purchased from TCI
America. Oleyl alcohol, methanol (MeOH), ethanol (EtOH),
dichloromethane (DCM), ethyl acetate, hexane, tetrahydro-
furan (THF), chloroform, and solvents for purification were
purchased from Fisher Chemical, and ultrapure water was
supplied by Milli-Q system (MilliporeSigma). 1,2-Dis-
tearoyl-sn-glycero-3-phosphoethanolamine-N-[carbonyl-
methoxy(polyethylene glycol)-2000] (DSPE-PEG2000),
1,2-dioleoyl-sn-glycero-3-phospho-L-serine (DOPS), and
1,2-distearoyl-sn-glycero-3-phosphocholine (DSPC) were
purchased from Avanti Polar Lipids. 1,2-dimyristoyl-rac-
glycero-3-methoxypolyethylene  glycol-2000  (DMG-
PEG2k) and 240-Ethyl cholesterol were purchased from
Cayman Chemical. Slide-A-Lyzer Mini Dialysis Units,
Molecular weight cutoff (MWCO) 20 kDa, were purchased
from Fisher Scientific. SNLS-Cas9-sNLS nuclease was pur-
chased from Aldevron. The sgRNAs, ssODN and all the
primers for sequencing and RT-qPCR were customized from
Integrated DNA Technologies. mCherry-mRNA, GFP
mRNA, Cas9 mRNA, and Cre mRNA were purchased from
TriLink BioTechnologies. 1M Citrate buffer (pH 3), 1M
Tris-HCI buffer (pH 7.5), cell culture media and supple-
ments were purchased from Thermo Fisher Scientific. The
cell viability assay reagent, 3-(4,5-dimethylthiazol-2-y1)-2,
5-diphenyltetrazolium bromide (MTT) was purchased from
Thermo Fisher Scientific. All antibodies for immunostaining
and Masson’s Trichrome Stain Kit were purchased from
Abcam. Hematoxylin and eosin reagents were purchased
from VWR. Q5 High-Fidelity 2x Master Mix (#M0492) and
PCR & DNA Cleanup Kit (#11030) were purchased from
New England Biolabs. RNA extraction kit was purchased
from Thermo Fisher Scientific. All the reagents for RT-
gqPCR were purchased from Bio-Rad Laboratories. Nuclear
magnetic resonance (NMR) spectroscopy was performed on
an Avance 400 (Bruker Corporation, USA).

[0217] Cell culture. HEK 293 cells and GFP-HEK 293
cells were cultured in a 6-well culture plate (Falcon) with the
Dulbecco’s Modified Eagle Medium supplemented with
10% (v/v) fetal bovine serum (Thermo Fisher Scientific) and
1% (v/v) Penicillin-Streptomycin (Thermo Fisher Scien-
tific). Cells were kept in an incubator (Thermo Fisher
Scientific) at 37° C. with 5% carbon dioxide atmosphere at
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100% humidity. NIH 3T3 cells (a mouse embryonic fibro-
blast cell line) were purchased from ATCC (USA) and
cultured with DMEM medium (Gibco, USA) with 10% (v/v)
fetal bovine serum (FBS, Gibco, USA) and 1% (v/v) peni-
cillin-streptomycin (Gibco, USA)

[0218] In vitro gene editing study. GFP-HEK 293 cells
were seeded in a 96-well culture plate (Falcon) at the density
of 5,000 cells per well 24 h before treatment. Cas9 nuclease
was complexed with GFP-sgRNA (Table 1, molar ratio of
Cas9:sgRNA=1:1) designed for GFP knock-down to form
RNP. The RNP solution was mixed with different amounts
of Empty-LNP to form RNP-LNP with various LNP and
RNP weight ratios. The solutions were further diluted by
PBS and the final RNP concentration in each formulation
was 30 ng/L. The final solution (10 pl.) was added to each
well. The dose of RNP was kept as 300 ng/well. Commer-
cially available transfection reagent, Lipofectamine 2000
was used as a control, and payload-Lipofectamine 2000
complexes were prepared following manufacturer’s guid-
ance. 0.5 pL. Lipofectamine 2000 (Thermo Fisher Scientific)
and 300 ng RNP were each diluted to 5 uLL with Opti-MEM
medium (Thermo Fisher Scientific), respectively. Then,
these two solutions were combined and incubated for 5 min.
This L solution was then added to each well. To study the
GSH responsive behavior, the normal culture medium was
replaced the culture medium with a GSH concentration
ranging from 0 to 10 mM before adding the RNP-LNP. Cells
were harvested and resuspended in 500 pulL PBS 96 hours
post-treatment. The editing efficiency was analyzed by flow
cytometry by quantifying the ratio of GFP-negative cells
(Attune NxT, Thermo Fisher Scientific) with FlowJo.

TABLE 1

Protospacers of sgRNAs (5' to 3').

GFP GCACGGGCAGCTTGCCGG
SV40 PolyA (Ail4) AAGTAAAACCTCTACAAATG
DMD TCTTTGAAAGAGCAATAAAR

[0219] Gel electrophoresis study. Gels were cast using 2%
w/v agarose solution in tris-acetate-ethylenediaminetet-
raacetic acid buffer containing SYBR Safe Green Gel Stain.
RNP-LNPs with different weight ratios were prepared as
previously described and were loaded with an equivalent
dosage of 3 ug RNP per well in the gel. Electrophoresis was
conducted with a voltage at 110 V for 30 minutes.

[0220] Intracellular trafficking study. 1 pl Atto550
tractrRNA (200 M) was mixed with 1 ul. crRNA (200 uM)
and incubated at room temperature for 5 minutes. 3.2 pl
Cas9 protein (10 mg/ml.) was added to the above mixture
and incubated for another 5 minutes to form ATTO-labeled
RNP. The RNP-LNP was formed with the same method
described previously. HEK 293 cells were treated with
RNP-LNP at a dose of 300 ng/well. At certain time points
(i.e., 2, 4 and 6 h), cells were washed with 1xDPBS three
times and treated with Hoechst 33342 (10 pg/mL) for 10
minutes to stain the nuclei. Subsequently, cells were washed
with I1xDPBS three times and treated with LysoTracker
Green DND-26 (10 pM) to stain endosomes/lysosomes.
Cells were imaged using an AR1 confocal microscope.

[0221] In vitro DNA plasmid and mRNA transfection
study. HEK 293, NIH 3T3, RAW 264.7 or B78 cells were
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seeded in a 96-well culture plate (Falcon) at the density of
10,000 cells per well 24 h before treatment. Empty-LNP
solution was mixed with RFP-plasmid or RFP-mRNA at
different weight ratios by using the same preparation pro-
cedures for RNP-LNP. The dose of RFP-plasmid or RFP-
mRNA was fixed at 200 ng/well. For lipofection, 0.5 pL
Lipofectamine 2000 and 200 ng FRP-plasmid or RFP-
mRNA were used for each well. The preparation method
was similar as described above. After 48 hours, the cells
were harvested with 0.25% trypsin-EDTA (Gibco, USA) and
resuspended with 300 plL of DMEM. The mRNA transfec-
tion efficiencies were obtained with a flow cytometer and
analyzed with Flow Jo 7.6. For in vitro transfection of the
additional lipopeptide formulations, NIH 3T3 cells were
transfected with GFP-mRNA-loaded LNPs with a mRNA
dosage of 200 ng/well. For lipofection, 0.5 ul. Lipo-
fectamine 2000 and 200 ng GFP-mRNA were used for each
well. Transfection efficiency was analyzed 48 h post-treat-
ment as described above. For in vitro transfection of mRNA-
loaded SNP with lipopepetide coating, NIH 3T3 cells were
transfected with GFP-mRNA-loaded SNP (prepared as
described in W02021/236629) with or without lipopeptide
coating at an mRNA dosage of 200 ng/well. An untreated
group was used as the negative control group. Transfection
efficiency was analyzed 48 h post-treatment as described
above.

[0222] Cell viability assay. HEK 293 cells were seeded in
a 96-well culture plate at the density of 10,000 cells/well 24
h before treatment. Cells were treated with 200 ng per well
of DNA, which was complexed with either Lipofectamine
2000 (5 mg/L) or LNP with a concentration ranging from 5
mg/L. to 20 mg/L.. 48 h after treatment, the media was
removed and media containing 500 pg/mL MTT (Thermo
Fisher, USA) was added and incubated for 4 h. Then the
media was aspirated carefully, and the purple precipitate was
dissolved in 150 pL of DMSO. The absorbance at 560 nm
was measured with a microplate reader (GloMax® Multi
Detection System, Promega, USA). The cell viability was
calculated by comparing the absorbance of treatment groups
with the control groups.

[0223] Animals. All animal experiments were approved by
the UW-Madison Institutional Animal Care and Use Com-
mittee. All the mice were obtained from The Jackson Labo-
ratory. B6.Cg-Gt(ROSA)26Sor ™ HCAG-tdlomato)zefy pice
(Ail4 mice, #007914) of 4 weeks old were used to test in
vivo gene editing efficiency of RNP-LNP. Male C57BL/
10ScSn-Dm“™*/J mice (mdx mice, #001801) were specially
fed (LabDiet® 5K52) and used to test RNP/ssODN-LNP
targeting the DMD gene. C57BL/6] mice (#000664) were
used as a positive control without treatment.

[0224] In vivo gene editing in Ail4 mice. Cas9 nuclease
was complexed with Ail4-sgRNA (Table 1, molar ratio of
Cas9:sgRNA=1:1) designed for the excision of SV40 polyA
blocks to form RNP. RNP-LNP (w/w=4:1) was prepared as
described above. 40 pl. RNP-LNP (RNP concentration 0.6
ng/L) and 40 pL PBS was intramuscularly injected into the
tibialis anterior muscle of Ail4 mice (n=3) on the left leg
and right leg, respectively. After 14 days, mice were euthan-
ized, and tibialis anterior muscles were isolated and imaged
by IVIS. Thereafter the muscles were saved at —80° C. for
further analysis.

[0225] In vivo gene editing in mdx mice. Cas9 nuclease
was complexed with DMD-sgRNA targeting exon 23 in the
DMD gene (Table 1) and further mixed with ssODN (Table
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2, molar ratio of Cas9:sgRNA:ssODN=1:1:1). RNP/ssODN-
LNP was prepared as described above. Mdx mice were
intramuscularly injected with PBS (negative control, n=8) or
RNP/ssODN-LNP (containing 0.6 pg/I. RNP and 0.18 pg/I.
ssODN, n=9) in tibialis anterior muscles (20 puL), gastroc-
nemius muscles (20 pL) and triceps brachii muscles (40 pL).
C57BL/6 wild type mice (n=5) without injection were used
as the positive control. The hanging time of the mice was
tested weekly to monitor their muscle strength. After 35
days, mice were euthanized, and the injected muscles were
isolated. Muscles were collected either for section or frozen
by liquid nitrogen and stored at —80° C. for further analysis.

TABLE 2

Sequences of ssODN (5' to 3').

DMD TGATATGAATGAAACTCATCAAATATGCGTGTTAGTGT
AAATGAACTTCTATTTAATTTTGAGGCTCTGCAAAGTTC
TTTAAAGGAGCAGCAGAATGGCTTCAACTATCTGAGTG
ACACTGTGAAGGAGATGGCCAAGAAAGCACCTTCAGAA
ATATGCCAGAAATATCTGTCAGAATTT

[0226] Hanging time assay. Three weeks after injection,
four-limb hanging time assays were performed weekly for
RNP/ssODN-LNP or PBS-treated mdx mice and wild-type
mice. In brief, a grid was placed 25 cm above a cage to
challenge mice and soft bedding was placed at the bottom
for protection. The time of a mouse hanging on the grid
before falling was recorded. The test ended when a mouse
can hang over 600 s and the hanging time was recorded as
600 s. Tests were repeated 3 times for representative hanging
time.

[0227] Ex vivo imaging assay. tdTomato expression level
in tibialis anterior muscles of Ail4 mice was measured by in
vivo imaging system (IVIS) by using the excitation wave-
length of 554 nm and emission wavelength at 581 nm.
[0228] Muscle tissue section. The muscles were fixed in
4% paraformaldehyde (PFA) at 4° C. for 24 h, then switched
to PBS solution containing 30% sucrose at 4° C. for 72 h.
Thereafter, the tissues were embedded in Tissue-Tek® Opti-
mal Cutting Temperature (OCT) Compound (Sakura
Finetek, USA), and frozen in dry ice. The blocks were
sectioned using a cryostat machine (CM1900, Leica Bio-
systems, USA) with the thickness of 5 m and mounted on
microscope slides.

[0229] Immunostaining of muscle sections. For Immunos-
taining of tdTomato, the slices were first washed with PBS
to remove OCT and incubated in a blocking solution (10%
goat serum and 0.3% Triton X-100 in PBS) at room tem-
perature for 1 h. The slices were then incubated with a rabbit
anti-RFP primary antibody (ab152123, 1:1000, Abcam,
USA) for 1 h followed by incubation with a secondary
antibody (ab150080, 1:1000, Abcam, USA) for another hour
at room temperature. The slides were washed with PBS for
three times and were subsequently stained with DAPI for 5
minutes at room temperature followed by washing in PBS
for three times. Thereafter, the slides were covered with
microscope cover glasses. For immunostaining of dystro-
phin, the muscle sections went through the same procedures
by using a dystrophin primary antibody (sc-47760, 1:100,
Santa Cruz Biotechnology) and a secondary antibody
(ab150080, 1:1000, Abcam, USA).

[0230] Masson’ staining. Masson Staining was conducted
by using a Trichrome Stain Kit (ab150686, Abcam, USA)
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following the manufacturer’s instruction. Muscle sections
were washed with PBS to remove OCT and re-fixed in
Bouin’s solution at 60° C. for 1 h and washed with running
tap water. The slices were incubated in the mixture of
Hematoxylin solution A&B for 5 min and washed with
running tap water. Then the slices were stained with Bie-
brich Scarlet-Acid Fuchsin Solution for 5 min and differen-
tiated by phosphotungstic phosphomolybdic acid for 10 min
following incubation with Aniline Blue for up to 15 min and
washing with DI water. Thereafter slices were dehydrated by
95% ethanol, 100% ethanol, and 100% Xylene (5 s for each)
and finally mounted with optical resin glue and observed
under an optical microscope.

[0231] H&E staining. H&E staining was performed by
using the hematoxylin and eosin reagents following the
manufacture’s instruction. Muscle sections were washed
with PBS to remove OCT and incubated in hematoxylin
solution (#3801579, VWR) for 2 min and then differentiated
in 1% hydrochloric alcohol solution for 10-15 s to stain the
nuclei. Then, the slices were further incubated with eosin
solution (#3801619, VWR) for 30 s to stain the cell cytosol.
Washing with DI water was applied after each step. Slices
were dehydrated in 100% alcohol for 10 min twice and
incubated in 100% Xylene for 10 min twice and finally
mounted by optical resin glue and observed under an optical
microscope.

[0232] Sanger sequencing. To prepare the samples for
Sanger sequencing, genomic DNA was extracted, amplified,
and purified with commercially available kits following the
manufacturers’ protocols. Briefly, genomic DNA extraction
was performed on skeletal muscles from RNP/ssODN-LNP-
treated and PBS-treated mdx mice with Monarch® Genomic
DNA Purification Kit (#3010, New England Biolabs). The
DNA of the interested region was amplified by PCR with
designed primers (Table 3) and Q5® High-Fidelity 2x
Master Mix (#M0492, New England Biolabs). The PCR
products were purified with Monarch@ PCR & DNA
Cleanup Kit (#T1030, New England Biolabs). For each
sample, 20 ng of the above PCR product was mixed with 25
pmol forward primer (Table 3) and diluted to 15 plL by
ultrapure water. The samples were sequenced by GENEWIZ
and analyzed by SnapGene Viewer v5.3 and TIDE web tool
(http://shinyapps.datacurators.nl/tide/).

TABLE 3
Sequences of primers (5' to 3') for PCR an
RT-gPCR.
DMD Forward:
GAGAAACTTCTGTGATGTGAGGACATATAAAG
Reverse:

CAATATCTTTGAAGGACTCTGGGTAAAATATC

GAPDH Forward: TGAGGCCGGTGCTGAGTATGTCG
Reverse: CCACAGTCTTCTGGGTGGCAGTG
IFN-y Forward: CAGCAACAGCAAGGCGAAAAAGG
Reverse: TTTCCGCTTCCTGAGGCTGGAT
IL-1a Forward: CGAAGACTACAGTTCTGCCATT
Reverse: GACGTTTCAGAGGTTCTCAGAG
IL-1 B Forward: TGGACCTTCCAGGATGAGGACA
Reverse: GTTCATCTCGGAGCCTGTAGTG
IL-6 Forward: CTGCAAGAGACTTCCATCCAG

Reverse: AGTGGTATAGACAGGTCTGTTGG
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TABLE 3-continued

Sequences of primers (5' to 3') for PCR an
RT-gPCR.
IL-9 Forward: TCCACCGTCAAAATGCAGCTGC

Reverse: CCGATGGAAAACAGGCAAGAGTC

IL-10 Forward: CGGGAAGACAATAACTGCACCC
Reverse: CGGTTAGCAGTATGTTGTCCAGC

TNF-a Forward: GGTGCCTATGTCTCAGCCTCTT
Reverse: GCCATAGAACTGATGAGAGGGAG

NF-kB Forward: CTGGCAGCTCTTCTCAAAGC
Reverse: TCCAGGTCATAGAGAGGCTCA

[0233] In vivo immunogenicity assay. The skeletal
muscles from RNP/ssODN-LNP or PBS-treated mdx mice
were stored in RN Alater solution (Thermo Fisher Scientific)
at —20° C. before RNA extraction. The muscles were lysed
and homogenized in TRIzol™ Reagent (Thermo Fisher
Scientific) and phase separation was conducted by adding
chloroform to the mixtures. RNA in the aqueous phase was
precipitated with isopropanol, washed with 75% ethanol at
4° C., and resuspended in ultrapure water following the
manufacturer’s protocol. cDNA was synthesized using
iScript™ Reverse Transcription Supermix via PCR (Bio-
Rad Laboratories, Inc.) following the manufacturer’s proto-
col. Quantitative RT-PCR (CFX96, Bio-Rad Laboratories,
Inc.) was performed with 10 pL samples containing 5 L Taq
Universal SYBR Green Supermix (Bio-Rad Laboratories,
Inc.), 10 ng cDNA templates, and 0.5 pM customized
primers (Table 3)

[0234] Statistical Analysis. Data were presented as the
meanzstandard deviation (SD). Comparisons among groups
were analyzed by the t-test or one-way ANOVA with
Tukey’s post hoc test. The value of P<0.05 was considered
as significantly different (*P<0.05, **P<0.01, ***P<0.001,
*#*¥P<0.0001).
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Example 1—Preparation of Lipopeptides with
Disulfide Linkages
[0235]
Scheme 1 - Synthesis of Boc-Cystamine (Compound 1)
Boc
S NI anhydride
2 o —_—
N NS NN 2HCL A MeOH,
0° C.

0
S )k J<
N N \s/\g 0

Boc-cystamine (Compound 1)

[0236] Synthesis of Boc-cystamine (Compound 1). Cys-
tamine dihydrochloride (1.03 g, 4.4 mmol) was added to a
round bottom flask and dissolved in 20 mI. MeOH. TEA (2.2
ml, 16 mmol) was added to the above solution under
stirring and the mixture was cooled down to 0° C. in an ice
bath. Boc anhydride (1.02 g, 4.4 mmol) dissolved in 10 mL
MeOH was added dropwise to the flask and the reaction was
proceeded at 0° C. for 45 minutes under stirring. The solvent
was removed by rotary evaporation. The product was dis-
solved in 30 m[. DCM and washed with saturated NaHCO;
solution. The organic layer was collected and dried by
anhydrous MgSO,, overnight, filtered, and concentrated by
rotary evaporation. The product was further purified by
column chromatography (MeOH/DCM=1:15) on silica gel
to obtain Compound 1. "H NMR (400 MHz, CDCl,): § 1.45
(s, 9H, Boc  group); d 277 (t, 4H,
NH,CH,CH,SSCH,CH,NH—); & 3.02 (t, 2H,
NH,CH,CH,SSCH,CH,NH—); & 345 (&, 2H,
NH,CH,CH,SSCH,CH,NH—).

Scheme 2 - Synthesis of Boc-Arg(Pbf)2-Lys-OMe (Compound 2)

o MH o EDC, HORT,
0
Vi DIEA
S\\ B ———
N N OH + HN - DCM, rt., N,
H H 0”7 2HCI 48h
HN 0
NH,

Boc-Arg(Pbf)-OH

H-Lys-OMe+2HCI
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-continued
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[0237] Synthesis of (Boc-Arg(Pbf)),-Lys-OMe (Com-
pound 2). H-Lys-OMe-2HCI (0.35 g, 1.5 mmol), Boc-Arg
(Pb1)-OH (2 g, 3.8 mmol), EDC (1.16 g, 6.0 mmol) and
HOBT (0.51 g, 3.8 mmol) were added to a round bottom
flask. 30 mL. DCM was added into above flask in nitrogen
atmosphere and then DIEA (5.3 mL, 30 mmol) was slowly
injected into the flask. The reaction was kept at room
temperature for 48 hours with magnetic stirring. The solvent
was removed by rotary evaporation. The resulting product
was dissolved in 30 mI. DCM and washed with saturated
NaCl solution, 1 M HCI solution, and saturated NaHCO,
solution, sequentially. The organic layer was collected and

HN, NH

O,

\\S _ NH
\\O

(Boc-Arg(Pbf)),-Lys-OMe (Compound 2)

dried by anhydrous MgSO, overnight, filtered, and concen-
trated by rotary evaporation. The product was further puri-
fied by column chromatography (MeOH/ethyl acetate/
DCM=1:2:6) to give Compound 2. 'H NMR (400 MHz,
CDCl,): & 1.38 (s, 18H, Boc group); 6 1.46 (s, 12H, Pbf
group); & 1.53-1.92 (m, 14H, —CH,CH,CH,C(NH—)
CO—, —CH,CH,C(NH—)CO—); d 2.09 (s, 6H, Pbf
group); 0 2.50 (s, 6H, Pbf group); 8 2.57 (s, 6H, Pbf group);
8 2.95 (s, 4H, Pbf group); & 3.09-3.37 (m, 6H, —CH,NHC
(NH)NH, —CH,NHCO—); & 3.70 (s, 3H, methyl easter
group); & 4.15-4.47 (m, 3H, —CONHCH(CH,—)CO—).

Scheme 3 - Synthesis of OL,-Lys-OMe (Compound 3)

O
W/V\/\)J\ *
OH

oleic acid

EDC, HOBT,
O DIEA
—_—
N _~ 2HCL DCM, 1, N,
Y 481
NH,
H-Lys-OMe+2HCI
0
H
o
0 NH

OL,-Lys-OMe (Compound 3)
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[0238] Synthesis of OL,-Lys-OMe (Compound 3). H-Lys-
OMe-2HCI (0.35 g, 1.5 mmol), EDC (1.16 g, 6.0 mmol) and
HOBT (0.51 g, 3.8 mmol) were added to a round bottom
flask. Oleic acid (1.45 mL, 4.6 mmol) in 30 mL chloroform
was added into the above flask in a nitrogen atmosphere and
then DIEA (5.3 mL, 30 mmol) was added dropwise. The
reaction was kept at room temperature for 48 hours with
magnetic stirring. The solvent was removed by rotary evapo-
ration. The resulting product was dissolved in 30 mL. DCM
and washed with saturated NaCl solution, 1 M HCI solution,
and saturated NaHCO; solution, sequentially. The organic
layer was collected and dried over anhydrous MgSO, over-
night, filtered, and concentrated by rotary evaporation. The
product was further purified by column chromatography
(ethyl acetate/hexane from 1:5 to 1:1) on silica gel to give
compound 3. *H NMR (400 MHz, CDCl,): § 0.88 (t, 6H,
terminal methyl group); & 1.22-1.37 (m, 42H, CH,(CH,)
+«CH,CH=CHCH,(CH,),CH,—,
—CONHCH,CH,CH,CH,—); & 1.47-189 (m, 8H,
—CONHCH,CH,CH,CH,—, —NHCOCH,CH,—); 9
2.01 (q, 8H, CH;(CH,)sCH,CH=CHCH,(CH,),CH,—); 8
2.16 (t, 2H, —NHCOCH,CH,—); & 2.23 (t, 2H,
—NHCOCH,CH,—); d 3.23 (, 2H,
—CONHCH,CH,CH,CH,—); 8 3.74 (s, 3H, methyl easter
group); 0 4.59 (t, 1H, —CONHCH(CH,—)CO—); 8 5.34
(dt, 4H, CH;(CH,)s,CH,CH=CHCH,(CH,),CH,—).
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(IM, 20 mL) was added dropwise into the water solution
until pH=3. The product was extracted by DCM, dried by
MgSO, overnight, and concentrated by rotary evaporation.
Compound 4 was obtained without further purification.

[0240] Synthesis of OL,-Lys-Cystamine-Boc (Compound
5). Compound 4 (0.8 g, 1.2 mmol) and Compound 1 (300
mg, 1.2 mmol) were dissolved in 20 mLL DCM. The DCM
solution was injected into a round bottom flask containing
EDC (0.45 g, 2.4 mmol) and HOBT (0.32 g, 2.4 mmol) in
nitrogen atmosphere. DIEA (1.9 mL, 12 mmol) was slowly
injected into the flask. The reaction was proceeded at room
temperature for 48 hours with magnetic stirring. The solvent
was removed by rotary evaporation. The resulting product
was dissolved in 30 mL. DCM and washed with saturated
NaCl solution, 1 M HCI solution, and saturated NaHCO,
solution, sequentially. The organic layer was dried over
anhydrous MgSO, overnight, filtered, and concentrated by
rotary evaporation. The final product was further purified by
column chromatography (ethyl acetate/chloroform from 1:5
to 1:1) on silica gel to give Compound 5. 'H NMR (400
MHz, CDCl,): 8 0.88 (t, 6H, terminal methyl group); d
1.22-137 (m, 42H, CH;(CH,);CH,CH=—CHCH,(CH,)
4CH,—, —CONHCH,CH,CH,CH,—); 6 1.45 (s, 9H, Boc
group); & 1.47-1.89 (m, 8H, —CONHCH,CH,CH,CH,—,

Scheme 4 - Synthesis of OL;-Lys-Cystamine-Boc (Compound 5)

NaOH/MeOH

Compound 3
r.t.
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§ EDC, HOBT,
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OL,-Lys-cystamine-Boc (Compound 5)

[0239] Synthesis of Compound 4. Conjugation of the
linker to the hydrophobic tail. To deprotect the carboxyl
group, Compound 3 (1 g, 1.45 mmol) was dissolved in 20
mlL 1 M NaOH MeOH solution at room temperature under
stirring. The reaction was monitored by thin-layer chroma-
tography (TLC). After the spot of compound 3 disappeared
from the TLC plate, the solvent was evaporated and then the
crude product was re-dissolved in 20 mL water. HCI solution

—NHCOCH,CH,—); & 201 (q 8H, CH,(CH,)
«CH,CH=CHCH,(CH,),CH,—); & 2.15 (t, 2H,
—NHCOCH,CH,—); 8 2.23 (t, 2H, —NHCOCH,CH,—);
8 2.70-3.63 (m, 10H, —NHCH,CH,SSCH,CH,NH—,
—CONHCH,CH,CH,CH,—); 8 4.42 (t, 1H, —CONHCH
(CH,)CO—); & 534 (dt, 4H, CH3(CH,)
«CH,CH=CHCH,(CH,),CH,—).



Scheme 5-Synthesis of guanidium-rich lipopeptide GD-LP.

S
O)\NH 0
O\\ ﬁ ﬁwﬁwl\
i OH
ST
NH 0 0 NH

(6]
NaOH/MeOH NH
Compound 2 —_— )\
r.t.
(6] (6]
HN NH
\ NH
N\
\O
@]
Compound 6
(6]
% S NH;
2
/\/\/\/\M N/\/ \S /\/
H
TFA/DCM ©
Compound 5 _—

NH
It /\/\/\/E/WW(

O

Compound 7

0¢

IV LSYLTE0/¥T0T SN

¥T0T ‘€ 10



Compound 6

+

Compound 7

HBTU, HOBT, DIEA
—_—

DMEF, r.t., Na, 48 b

-continued

Compound 8

GD-LP

Tz

NH,

Tz

TFA/DCM

r.t., overnight

NH

NH,

3

IV LSYLTE0/¥T0T SN

¥T0T ‘€ 10



US 2024/0327457 Al

[0241] Synthesis of Compound 6. Compound 2 (1 g, 0.85
mmol) was deprotected with NaOH using the same proce-
dures described in the synthesis of Compound 4. Compound
6 was used without further purification.

[0242] Synthesis of Compound 7. Compound 5 (0.77 g,
0.85 mmol) was dissolved in the mixture of 0.5 m[. DCM
and 0.5 mL TFA in a nitrogen atmosphere and the solution
was stirred for 4 hours. The product was concentrated by
rotary evaporation and precipitated in diethyl ether to give
Compound 7. Compound 7 was used without further puri-
fication.

[0243] Synthesis of Compound 8. Compound 6 (470 mg,
0.59 mmol) and Compound 7 (686 mg, 0.59 mmol) were
dissolved in 20 mI. DMF and injected into a round bottom
flask containing HBTU (334 mg, 0.88 mmol) and HOBT
(119 mg, 0.88 mmol) in a nitrogen atmosphere. DIIEA (0.72
ml, 4.4 mmol) was slowly injected into the flask. The
reaction was kept at room temperature for 24 hours with
magnetic stirring. The solvent was removed by rotary evapo-
ration. The product was dissolved in 30 mL. DCM and
washed with saturated NaCl solution, 1 M HCI solution, and
saturated NaHCOj solution, sequentially. The organic layer
was collected and dried by anhydrous MgSO, overnight,
filtered, and concentrated by rotary evaporation. The final
product was further purified by column chromatography
(MeOH/ethyl acetate/DCM=1:10:10) on silica gel to give
compound 8. 'H NMR (400 MHz, DMSO-d,): 8 0.81 (t, 6H,
terminal methyl group); & 1.14-1.29 (m, 42H, CH3(CH,)
«CH,CHCHCH,(CH,),CH,—,
—CONHCH,CH,CH,CH,—); 6 1.33 (s, 18H, Boc group);
o 1.46 (s, 12H, Pbf group); & 1.42-1.81 (m, 22H,
—CH,CH,CH,C(NH—)CO—, —CH,CH,C(NH—)CO—,
—CONHCH,CH,CH,CH,—, —NHCOCH,CH,—); 9
1.94 (q, 8H, CH3(CH,),CH,CH—CHCH,(CH,),CH,—); 8
202 (s, 6H, Pbf group); o 208 (1, 2H,
—NHCOCH2CH,—); 8 2.15 (t, 2H, —NHCOCH2CH2-); 6
2.44 (s, 6H, Pbf group); 8 2.51 (s, 6H, Pbf group); § 2.75 (t,
4H, —NHCH,CH,SSCH,CH,NH—); & 2.88 (s, 4H, Pbf
group); § 3.05-3.62 (m, 12H, —CH,NHC(NH)NH,
—CH,NHCO—, CONHCH,CH,CH,CH,—,
—NHCH,CH,SSCH,CH,NH—); d 4.03-4.45 (m, 4H,
—CONHCH(CH,—)CO—); 9 5.27 (dt, 4H, CH3(CH,)
+«CH,CHCHCH,(CH,),CH,—).

[0244] Synthesis of GD-LP. To expose amine and gua-
nidium groups, Compound 8 (200 mg, 100 umol) was
dissolved in the mixture of 0.5 mL. DCM and 0.5 mL TFA
and the solution was stirred overnight in a nitrogen atmo-
sphere. The product was concentrated by rotary evaporation
and precipitated in diethyl ether to give GD-LP. *"H NMR
(400 MHz, CD;0D): 8 0.92 (t, 6H, terminal methyl group);
0 1.14-1.46 (m, 42H, CH;(CH,),CH,CH=CHCH,(CH,)
4CH,—, —CONHCH,CH,CH,CH,—); & 1.46-1.86 (m,

22H, —CH,CH,CH,C(NH—)CO—, —CH,CH,C(NH—)
CcoO— — CONHCH,CH,CH,CH,—,

—NHCOCH,CH,—); & 204 (q, 8H, CH3(CH,)
sCH,CH—=CHCH,(CH,),CH,—); & 219 (t 2H,
—NHCOCH2CH,—); §2.28 (t, 2H, —NHCOCH2CH2-);
2.86 (t, 4H, —NHCH,CH,SSCH,CH,NH—); § 3.12-3.79
(m, 12H, —CH,NHC(NH)NH, —CH,NHCO—,
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CONHCH,CH,CH,CH,—,
— NHCH,CH,SSCH,CHNH—); & 3.85-441 (m, 4H,
— CONHCH(CH,—)CO—); & 536 (dt, 4H, CH3(CH,)
«CH,CHCHCH,(CH,),CH,—).

Example 2—Preparation of Lipoplex Incorporating
Positively Charged Lipopeptides

[0245] Preparation of Lipoplex. The empty liposomal par-
ticles (ELP) were prepared by self-assembly of GD-LP. 4.75
mg GD-LP and 0.25 mg DSPE-PEG2000 were dissolved in
25 ul. DMF. The weight percent ratio of GD-LP/DSPE-
PEG2000 was 95/5. Then the solution was added to 1 mL
sodium acetate buffer (pH=5.2) under sonication. Another
30 s of sonication was applied to yield ELP. RNP solution (1
mg/mL, molar ratio of Cas9:sgRNA=1:1) was prepared by
mixing Cas9 nuclease and sgRNA in PBS and incubated at
room temperature for 5 min. The ELP solution was mixed
with RNP solution in PBS to form RNP loaded lipoplexes
(RNP-lipoplexes). RNP-lipoplex was incubated for another
5 min before use. DNA and mRNA loaded lipoplexes were
prepared in the same way by using DNA and mRNA instead
of RNP, respectively. Furthermore, pre-mixed RNP and
ssODN were mixed simultaneously with ELP, yielding
RNP/ssODN loaded lipopeptide-based lipoplex (RNP/
ssODN-lipoplex) to enable precise gene editing via the
homology-directed repair (HDR) process.

[0246] Characterization of LNP. The hydrodynamic diam-
eters and zeta potentials of various lipoplexes were mea-
sured by ZetaSizer Nano ZS90 (Malvern Panalytical Ltd)
and analyzed using Zetasizer software v7.01. The morphol-
ogy of lipoplexes were characterized by transmission elec-
tron microscopy (FEI Tecnai 12, 120 keV) and analyzed by
Imagel. The size of ELP was found to be 198.5 nm (FIG.
1A) with a high positive surface charge of +37.4 mV (FIG.
1B) due to the protonated amine and guanidinium groups.
The zeta potential of the RNP (Cas9 protein and sgRNA
were first pre-mixed at a molar ratio of 1 to 1) was 18.3 mV.
Following complexation of the ELP with Cas9 RNP, the
mean particle size increased from 198.5 to 231.3 nm (FIG.
1A) and zeta potential dropped from +37.4 to +26.2 mV
compared with ELP (FIG. 1B), indicating the successful
loading of RNP on ELP. The morphology studied by trans-
mission electron microscopy (TEM) showed that RNP-
lipoplex has a spherical shape (FIG. 1C). RNP/ssODN-
lipoplex had a relatively bigger size (249.3 nm) and lower
zeta potential (17.1 mV, FIGS. 1A-1B) attributed to more
anionic payload absorbed on the lipoplex surface.

Example 3—Biological Activity Results for
Guanidinium Lipoplexes

Lipoplex-Mediated In Vitro Genome Editing and
Transfection
[0247] The in vitro genome editing effects of the

lipoplexes of Example 2 were studied using human embry-
onic kidney (HEK 293) cells. Green fluorescent protein
(GFP)-expressing HEK 293 cells were treated with ELP
complexed with Cas9 RNP targeting the GFP gene cassette.
Successful delivery of RNP will result in GFP gene knock-
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down and subsequently suppress GFP expression which can
be quantified by flow cytometry. Firstly, the optimized
weight ratio of RNP-lipoplex was screened by complexing
ELP with RNP in different weight ratios. The gene editing
efficiencies of RNP-LNP formulations with ELP/RNP
weight ratios ranging from 4 to 12 were significantly higher
than Lipofectamine 2000 (FIG. 2A). The binding ability of
ELP with RNP was also verified by gel electrophoresis (FIG.
3). The RNP mobility in the RNP-lipoplex nanocomplexes
was completely retarded at an ELP/RNP weight ratio of 4,
indicating efficient RNP complexation with the lipopeptide.
Considering the high loading content and efficient gene
editing observed, RNP-lipoplex with a weight ratio of 4:1
was selected for following experiments. GD-LP provides
plenty of guanidinium residues on the surface of ELP,
leading to a high RNP loading content of up to 20% via
multivalency interactions between guanidinium groups and
the anionic sidechains of proteins and phosphate backbone
of sgRNA from the RNP payloads. Significantly improved
gene editing efficiency in the RNP delivery may also be
attributed to the bidentate hydrogen bond formation between
guanidium groups and cell-surface anions from phospholip-
ids, fatty acids, proteins, and HSPGs.'® We tested the trans-
fection efficiency of the lipoplexes prepared in Example 2 by
delivering red fluorescence protein (RFP)-mRNA and RFP-
plasmid DNA in HEK 293 cells. Lipoplex achieved a similar
transfection efficiency with Lipofectamine 2000 (FIGS.
2B-2C). However, lipoplex exhibited significantly higher
transfection efficiency than Lipofectamine 2000 for the
delivery of RFP-mRNA in NIH 3T3 cells (FIG. 2D) and
RAW 264.7 cells (FIG. 2E) and for the delivery of RFP-
plasmid DNA in B78 melanoma cells (FIG. 2F).

[0248] Cytotoxicity of lipoplex was evaluated via an MTT
(3-(4,5-dimethylthiazol-2-y1)-2,5-diphenyltetrazolium bro-
mide) cell-proliferation assay in HEK 293 cells. Cells were
treated with different concentrations of lipoplex (5-20
pg/mL) or lipofectamine 2000 (5 ug/ml.). No obvious cyto-
toxicity of lipoplex was detected in a wide range of con-
centrations of lipoplex, which reveals the excellent biocom-
patibility of this lipoplex (FIG. 4). However, compared with
the untreated group, a decline in cell viability was detected
in the cells treated with Lipofectamine 2000, indicating
severe cytotoxicity.

[0249] A disulfide bond was integrated into the lipopep-
tide to facilitate payload release in the cytosol with a high
GSH concentration (1-10 mM)."! Meanwhile, the RNP-li-
poplex nanocomplexes were expected to remain stable in the
extracellular spaces (GSH concentration, 0.001-0.02 mM)*®
before cell internalization. To study the GSH-responsive
behavior, RNP-lipoplex was incubated with GFP-HEK cells
in culture medium with a GSH concentration ranging from
0 to 10 mM. As shown in FIG. §, the editing efficiency was
not affected at GSH concentrations of 0.1 mM or lower,
indicating that RNP-lipoplex was stable at a GSH concen-
tration up to 0.1 mM. A significant decrease in the editing
efficiency was observed at a GSH concentration of 1 mM or
higher, suggesting that the RNP-lipoplex nanocomplexes
were disrupted before cell internalization. This study
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showed that the RNP-lipoplex nanocomplexes were stable at
extracellular spaces, but could break down and release
payloads effectively in the GSH-rich cytosol.

[0250] The intracellular trafficking of Cas9 RNP delivered
by lipoplex was studied by confocal laser scanning micros-
copy (CLSM, FIG. 6). After the cells were incubated with
RNP-lipoplex, the Atto550-labeled RNP was mainly co-
localized with endo/lysosomes 2 and 4 hours post treatment,
indicating the internalization of RNP-lipoplex via endocy-
tosis. After 6 hours of incubation, more RNPs were found in
the cytosol, not overlapping with endo/lysosomes, indicat-
ing successful endosomal escape induced by the lipopeptide.
Overlapping of Cas9 RNPs with cell nuclei was also
observed at 6 hours post-treatment, demonstrating the
nuclear transportation of RNP via the nuclear localization
signal (NLS) tags on the RNP.

In Vivo Genome Editing on Ail4 Mice Via Intramuscular
Injection of RNP-LNP

[0251] After confirming the gene delivery capability of
LNP in vitro, we next tested the gene editing efficiency of
RNP-lipoplex in vivo. Transgenic Ail4 mice have a LoxP-
flanked STOP cassette preventing transcription of a reporter
protein (i.e., tdTomato) driven by a CAG promoter.* *°
tdTomato can be induced via RNP-mediated excision of the
STOP cassette (FIG. 7A). Thus, the editing efficiency in
Ail4 mice can easily be observed and measured by tdTo-
mato fluorescence. RNP-lipoplex and PBS were injected
into the left and right tibialis anterior muscles of each
mouse, respectively. Mice were sacrificed after 14 days.
Their tibialis anterior muscles were isolated (FIG. 7B) and
imaged by an In Vivo Imaging System (IVIS) to visualize
and quantify the tdTomato expression. The tdTomato fluo-
rescence intensity of the muscle treated with RNP-lipoplex
was two folds of the PBS treated counterpart (FIG. 7C-7D).
Furthermore, the immunofluorescence staining of the tibialis
anterior muscle sections demonstrated strong tdTomato
expression after treatment with RNP-lipoplex (FIG. 7E).
The pattern of more tdTomato positive cells in the center of
the muscle than in surrounding regions might be attributed
to the diffusion of RNP-lipoplex from injection site to
adjacent myofibers. Overall, the abundant tdTomato expres-
sion induced by RNP-lipoplex in Ail4 mice demonstrated
efficient in vivo genome editing in the muscles via lipoplex-
mediate RNP delivery.

Therapeutic Effects of RNP/ssODN-Lipoplex in Mdx Mice
by Intramuscular Injection

[0252] Encouraged by the successful genome editing in
Ail4 mice, we next explored the therapeutic effect for
treating genetic muscular disease by RNP/ssODN-lipoplex-
mediated gene editing. DMD is a genetic disease character-
ized by progressive muscle degeneration resulting from
mutations in the DMD gene coding for the dystrophin
protein.>° The mdx mice were designed to carry a nonsense
point mutation (C to T transition) in exon 23 that aborted
full-length dystrophin expression.?’ Delivery of RNP
together with a repair template targeting this region could
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disrupt the point mutation or correct the gene via NHEJ or
HDR? 22 processes. Therefore, the dystrophin expression
can be recovered to restore the muscle strength. Four-week-
old male mdx mice were intramuscularly injected with
RNP/ssODN-lipoplex in the tibialis anterior, gastrocnemius,
and triceps brachii muscles on both the left and right sides
(FIG. 8A). mdx mice injected with PBS and wild-type mice
without injections were used as a negative control and
positive control, respectfully. Four-limb hanging tests were
performed weekly to monitor the muscle strength in mdx
mice and wild-type mice. RNP/ssODN-lipoplex treated mdx
mice showed a continuously improved hanging time perfor-
mance over 2 to 4 weeks post-injection, indicating accumu-
lative therapeutic benefit from gene editing (FIG. 8B, FIG.
9). Remarkably, 4 weeks post-injection, over half of the
mice (5 out of 9) treated with RNP/ssODN-lipoplex showed
comparable hanging time (over 10 min) with wild-type
mice, indicating great relief from muscle weakness. The rest
of the lipoplex-treated mice also benefited from RNP/
ssODN-lipoplex treatment with better hanging time perfor-
mance than the PBS-treated group (FIG. 8B). Sanger
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verified by immunostaining. Immunostaining of dystrophin
was performed on tissue sections collected at different
distances from the tendon in the tibialis anterior from
RNP/ssODN-lipoplex treated mdx mice (FIG. 10). The
images by CLSM showed that the restored dystrophin
expression was most abundant in the center part of muscle
tissue surrounding the injection site (middle of the skeletal
muscle, FIG. 10). Also, expression of dystrophin can be
observed about 2 mm away from the injection site which
was attribute to the diffusion of lipoplex. In addition, the
Hematoxylin and eosin stain (H&E) staining and Masson’s
staining were performed to verify the reduction of fibrosis in
three types of muscles (i.e., tibialis anterior, gastrocnemius
and triceps brachii) treated by RNP/ssODN-lipoplex. The
fibrosis level was reduced significantly in all three types of
muscles treated by RNP/ssODN-lipoplex in comparison
with the PBS group (FIGS. 11A-11B).

Example 4—Preparation of Additional Lipopeptides
with Disulfide Linkages

[0254]

Scheme 6 - Synthesis of Oleyl acrylate

Oleyl alcohol

(0] TEA

sequencing revealed 3.5% of indels in the targeted region of
genomic DNA from the lipoplex-injected muscles (FIG.
8C). To test if there is severe immune response from
intramuscular administration of RNP/ssODN-lipoplex, a
panel of inflammatory cytokines were studied by quantita-
tive reverse transcription PCR (RT-qPCR) comparing with
the PBS-treated group (negative control, FIG. 8D). For most
of'the tested cytokines (except IL-6 and TNF-a), the average
mRNA levels increased after RNP/ssODN-lipoplex treat-
ment, but there was no statistical difference compared with
the PBS control. The level of IL.-6 increased 50% showing
a significant difference compared with the PBS control
group, while the level of TNF-o exhibited a 5.3-fold
increase. The increase in TNF-o. and IL-6 in the RNP/
ssODN-lipoplex treated group may be attributed to the
clearance of the RNP/ssODN-LNP by immune cells (e.g.,
macrophage) in muscles.” #

[0253] To demonstrate the outcome of therapeutic genome
editing at a protein level, restored dystrophin expression was

Oleyl acrylate

[0255] Oleyl alcohol (1.90 g, 7.08 mmol) and TEA (1.23
g, 12.16 mmol) were added to a round bottom flask and
dissolved in 20 mL. DCM. The mixture was cooled down to
0° C. in an ice bath. Acryloyl chloride (1.00 g, 11.05 mmol)
was dissolved in 10 mL. DCM and added dropwise to the
above solution and the reaction proceeded at 0° C. for 3
hours under stirring. The mixture was washed with 20 mL
DI water three times. The organic layer was collected, dried
by anhydrous MgSO, overnight, filtered, and concentrated
by rotary evaporation. The product was further purified by
column chromatography (Hexane/DCM=1/1, v/v) on silica
gel. "H NMR (400 MHz, CD,0D): § 0.87 (t, 3H, terminal
methyl group); & 1.21-143 (m, 22H, CH,(CH,)
+«CH,CH=—CHCH,(CH,)sCH,CH,0COCH=—CH,); & 1.66
(m, 2H, —CH,CH,0COCH=CH,); 9 2.02 (q, 4H,
—CH,CH—CHCH,—); d 4.15 (, 2H,
—CH,OCOCH=CH,); d 5.35 (m, 2H,
—CH,CH=CHCH,—); & 5.83-6.38 (m, 3H, acrylate
group).
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Scheme 7 - Synthesis of Boc-Arg(Pbf)-Arg(Pbf)-OH
O O
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Boc-Arg(Pbf)-Arg(Pbf)-OMe Boc-Arg(Pbf)Arg(Pbf)-OH
[0256] Synthesis of Boc-Arg(Pbf)-Arg(Pbf)-OH. H-Arg (NH)NH—); 8 2.09 (s, 6H, Pbf group); 8 2.50 (s, 6H, Pbf

(Pb1)-OMe-HC1 (0.91 g, 1.9 mmol), Boc-Arg(Pbf)-OH (1 g,
1.9 mmol), EDC (0.58 g, 3.0 mmol), and HOBT (0.26 g, 1.9
mmol) were added to a round bottom flask. DCM (30 mL)
was added into the flask in a nitrogen atmosphere and then
DIIEA (2.7 mL, 15 mmol) was slowly injected into the flask.
The reaction was kept at 20° C. for 48 hours with magnetic
stirring. The solvent was removed by rotary evaporation.
The resulting product was dissolved in 30 m[L DCM and
washed with saturated NaCl solution, 1 M HCI solution, and
saturated NaHCO; solution, sequentially. The organic layer
was collected and dried by anhydrous MgSO, overnight,
filtered, and concentrated by rotary evaporation. The product
was further purified by column chromatography (MeOH/
DCM=1/10, v/v) to give Boc-Arg(Pbf)-Arg(Pbf)-OMe. 'H
NMR (400 MHz, CDCl;): 6 1.38 (s, 9H, Boc group); 8 1.45
(s, 12H, Pbf group); 6 1.53-1.92 (m, 8H, —CH,CH,CH,NH

group); 0 2.57 (s, 6H, Pbf group); 8 2.95 (s, 4H, Pbf group);
0 3.08-3.29 (m, 4H, —CH,CH,CH,NH(NH)NH—); 3 3.70
(s, 3H, methyl easter group); & 4.25-446 (m, 2H,
—CONHCH—).

[0257] To deprotect the carboxyl group, Boc-Arg(Pbf)-
Arg(Pbf)-OMe (1 g, 1.05 mmol) was dissolved in 20 mL 1
M NaOH MeOH solution at 20° C. under stirring. The
reaction was monitored by thin-layer chromatography
(TLC). After the spot of (Boc-Arg(Pb{f))2-Lys-OMe disap-
peared from the TLC plate, the solvent was evaporated and
then the crude product was re-dissolved in 20 mL water. HCI
solution (1M, 20 mL) was added dropwise into the water
solution until pH=3. The product was extracted by DCM,
dried by MgSO, overnight, and concentrated by rotary
evaporation. Boc-Arg(Pbf)-Arg(Pbf)-OH was used without
further purification.
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Scheme 8 - Synthesis of C18:1-SS-NH,
e}
Q 70°C.
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[0258] Synthesis of C18:1-SS-NH,. Oleyl acrylate (2.00 [0259] C18:1-SS-Boc (1.00 g, 1.11 mmol) was dissolved

g, 6.20 mmol) and Boc-cystamine (0.65 g, 2.58 mmol) were
added to a round bottom flask. The reaction mixture was
stirred at 70° C. for 3 days. The product was further purified
by column chromatography (MeOH/DCM=1/10, v/v) to

in the mixture of 0.5 m[. DCM and 0.5 mL TFA in a nitrogen
atmosphere, and the solution was stirred for 4 hours. The
product was concentrated by rotary evaporation and precipi-
tated in diethyl ether to give C18:1-SS-NHS,.

Scheme 9 - Synthesis of C18:1-DH-NH,

O X
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give C18:1-SS-Boc. "H NMR (400 MHz, CDCI3): 3 0.88 (1, [0260] Synthesis of C18:1-DH-NH,. For the lipopeptide

6H, terminal methyl group); 6 1.18-1.37 (m, 44H, CH,(CH,,)
«CH,CH—CHCH,(CH,);CH,—); & 1.45 (s, 9H, Boc
group); O 1.54-1.68 (m, 12H, —CH,CH,0CO—,
—CH,CH=CHCH,—); d 2.33-2.49 (m, 10H, —CH,O
(CO)CH,—, —CH,N(CH,—)CH,—); § 2.70-2.83 (m, 6H,
—CH,N(CH,—)CH,CH,SSCH,CH,NH—); 8 3.11 (t, 4H,
—CH,0C0O—); & 4.05 (dt, 4H, —CH,CH=CHCH,—).

without the disulfide bond, Oleyl acrylate (2.00 g, 6.20
mmol) and Boc-hexanediamine (0.56 g, 2.58 mmol) were
added to a round bottom flask. The reaction mixture was
stirred at 70° C. for 3 days. The product was further purified
by column chromatography (MeOH/DCM=1/10, v/v) to
give C18:1-DH-Boc. 'H NMR (400 MHz, CDCl,): § 0.88 (t,
6H, terminal methyl group); & 1.18-1.37 (m, 50H, CH3
(CH,)sCH,CH=CHCH,(CH,)sCH,—, —CH,N(CH,—)
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CH,CH,CH,CH,CH,CH,NH—); & 1.45 (s, 9H, Boc
group); O 1.54-1.68 (m, 14H, —CH,CH,0CO—,
—CH,CH—=CHCH,—, —CH,N(CH,—)
CH,CH,CH,CH,CH,CH,NH—); § 2.33-2.49 (m, 10H,
—CH,O(CO)CH,—, —CH,N(CH,—)CH,); 4 2.90 (m, 2H,
—CH,N(CH,—)CH,CH,CH,CH,CH,CH,NH—); § 3.11
(t, 4H, —CH,0CO—); & 405 (dt, 4H,
—CH,CH—=CHCH,—).
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[0261] C18:1-DH-NH, was obtained by deprotection of
the Boc group with the same procedures described in the
synthesis of C18:1-SS-NH,.

[0262] Other linker-tail conjugates (shown in Scheme 10
below) were synthesized by Michael addition between cor-
responding acrylate tails and linkers with the same proce-
dures described for the synthesis of C18:1-SS-NH, or C18:
1-DH-NH,.

Scheme 10-Structures of Linker-Tail Conjugates
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C14-DH-NH,

o}

[0263] Additional lipopeptides (Scheme 11) were synthe-
sized as described below.
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Scheme 12 - Synthesis of C18:1-SS-K(R)R

_ O
T
= O\H/\/N\/\S/S\/\NHZ ’

O

C18: 1-SS-NH2

<
0 HN/&O
8 P4
HO \s/
/
HN 0 0 NH ©O

HBTU, HOBT
fo) DIEA, DCM
B ——t
HN
o/go
/}\ HN. NH
T,
HN\S//
V4
(@)
O
(Boc-Arg(Pbf)))2-Lys-OH
— Oh
O. Q N S
— \n/\/ NN IS
O
C18:1-SS-Lys-Arg(Pbf))2-Boc
OJ<
O HN/KO
& NS
/\N)W \’H\/\/ \n/ ~d
H ”
HN_ O o] NH O
S TFA, DCM
—_—



US 2024/0327457 Al Oct. 3, 2024
43
-continued
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[0264] Synthesis of C18:1-SS-K(R)R. C18:1-SS-NH,
(500 mg, 0.63 mmol) and (Boc-Arg(Pbf)),-Lys-OH (729
mg, 0.63 mmol) were dissolved in 5 mI. DMF and injected
into a round bottom flask containing HBTU (288 mg, 0.76
mmol) and HOBT (103 mg, 0.76 mmol) in a nitrogen
atmosphere. DIEA (414 mg, 3.2 mmol) was slowly injected
into the flask. The reaction was kept at 20° C. for 24 hours
with magnetic stirring. The solvent was removed by rotary
evaporation. The product was dissolved in 30 mL. DCM and
washed with saturated NaCl solution, 1 M HCl solution, and
saturated NaHCOj; solution, sequentially. The organic layer
was collected and dried by anhydrous MgSO, overnight,
filtered, and concentrated by rotary evaporation. The final
product was further purified by column chromatography
(MeOH/Ethyl acetate/DCM=1/10/10, v/v/v) on silica gel to
give C18:1-SS-Lys-Arg(Pbf)),-Boc. '"H NMR (400 MHz,
CDCI3): 4 0.88 (t, 6H, terminal methyl group); & 1.18-1.37
(m, 44H, CH;(CH,)sCH,CH—CHCH,(CH,)sCH,—); 9
1.38 (s, 18H, Boc group); & 1.46 (s, 12H, Pbf group);
1.53-1.92 (m, 26H, —CH,CH,0CO—,

—CH,CH=CHCH,, —CH,CH,CH,C(NH—)CO—,
—CH,CH,C(NH—)CO—); d 2.09 (s, 6H, Pbf group); d
2.33-2.49 (m, 10H, —CH,O(CO)CH,—, —CH,N(CH,—)
CH,—); 8 2.50 (s, 6H, Pbf group); 8 2.57 (s, 6H, Pbf group);
d 2.70-2.83 (m, 6H, —CH,N(CH,—)
CH,CH,SSCH,CH,NH—); & 2.95 (s, 4H, Pbf group); 8
3.09-3.37 (m, 4H, —CH,0CO—, —CH,NHC(NH)NH,
—CH,NHCO—); 6 4.05 (dt, 4, —CH,CH—CHCH,—); §
4.15-4.47 (m, 3H, —CONHCH(CH,—)CO—).

[0265] To expose amine and guanidium groups, C18:1-
SS-Lys-Arg(Pbf)),-Boc (200 mg, 103 pmol) was dissolved
in the mixture of 0.5 mL. DCM and 0.5 mL TFA and the
solution was stirred overnight in a nitrogen atmosphere. The
product was concentrated by rotary evaporation and precipi-
tated in diethyl ether to give C18:1-SS-K(R)R.

[0266] C18-SS-K(R)R, C14-SS-K(R)R, C18:1-DH-K(R)
R, C14-DH-K(R)R were synthesized by reacting the corre-
sponding linker-tail conjugates to (Boc-Arg(Pbt)),-Lys-OH
with the same procedures described in the synthesis of
C18:1-SS-K(R)R.

Scheme 13 - Synthesis of C14-SS-RR

C14-SS-NH,
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[0267] Synthesis of C14-SS-RR. C14-SS-NH, (434 mg,
0.63 mmol) and Boc-Arg(Pbf)-Arg(Pbf)-OH (589 mg, 0.63
mmol) were dissolved in 5 mL. DMF and injected into a
round bottom flask containing HBTU (288 mg, 0.76 mmol)
and HOBT (103 mg, 0.76 mmol) in a nitrogen atmosphere.
DIEA (414 mg, 3.2 mmol) was slowly injected into the flask.
The reaction was kept at 20° C. for 24 hours with magnetic
stirring. The solvent was removed by rotary evaporation.
The product was dissolved in 30 m[L DCM and washed with
saturated NaCl solution, 1 M HCI solution, and saturated
NaHCOj; solution, sequentially. The organic layer was col-
lected and dried by anhydrous MgSO,, overnight, filtered,
and concentrated by rotary evaporation. The final product
was further purified by column chromatography (MeOH/
Ethyl acetate/DCM=1/10/10, v/v/v) on silica gel to give
C14-SS-Arg(Pbf)-Arg(Pbf)-Boc. 'H NMR (400 MHz,

CDCl,): & 0.88 (t, 6H, terminal methyl group); 8 1.18-1.37
(m, 44H, CH;(CH,)sCH,CH—CHCH,(CH,)sCH,—); &
1.38 (s, 9H, Boc group); & 1.45 (s, 12H, Pbf group); d
1.53-192 (m, 12H, —CH,CH,CH,NH(NH)NH—,
—CH,CH,0C0O—); 3 2.09 (s, 6H, Pbf group); § 2.33-2.49
(m, 10H, —CH,O(CO)CH,—, —CH,N(CH,—)CH,—); d
2.50 (s, 6H, Pbf group); 6 2.57 (s, 6H, Pbf group); 6 2.95 (s,
4H, Pbf group); & 3.08-3.29 (m, 4H, —CH,CH,CH,NH
(NH)NH—); & 3.38-3.50 (m, 6H, —CH,N(CH,—)
CH,CH,SSCH,CH,NH—); 8 4.08 (t, 4H, —CH,0CO—);
0 4.25-4.46 (m, 2H, —CONHCH—).

[0268] To expose amine and guanidium groups, C14-SS-
Arg(Pbf)-Boc (200 mg, 167 pumol) was dissolved in a
mixture of 0.5 mI. DCM and 0.5 mL TFA and the solution
was stirred overnight in a nitrogen atmosphere. The product
was concentrated by rotary evaporation and precipitated in
diethyl ether to give C14-SS-R.

Scheme 14 - Synthesis of C14-SS-R.
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[0269] Synthesis of C14-SS-R. C14-SS-NH, (434 mg,
0.63 mmol) and Boc-Arg(Pbf)-OH (332 mg, 0.63 mmol)
were dissolved in 5 m[L DMF and injected into a round
bottom flask containing HBTU (288 mg, 0.76 mmol) and
HOBT (103 mg, 0.76 mmol) in a nitrogen atmosphere.
DIEA (414 mg, 3.2 mmol) was slowly injected into the flask.
The reaction was kept at 20° C. for 24 hours with magnetic
stirring. The solvent was removed by rotary evaporation.
The product was dissolved in 30 m[. DCM and washed with
saturated NaCl solution, 1 M HCI solution, and saturated
NaHCOj; solution, sequentially. The organic layer was col-
lected and dried by anhydrous MgSO, overnight, filtered,
and concentrated by rotary evaporation. The final product
was further purified by column chromatography (MeOH/
Ethyl acetate/DCM=1/10/10, v/v/v) on silica gel to give
C14-SS-Arg(Pbf)-Boc. '"H NMR (400 MHz, CDCl,): § 0.88
(t, 6H, terminal methyl group); & 1.18-1.37 (m, 44H, CH,
(CH,)sCH,CH=CHCH,(CH,);CH,—); 8 1.38 (s, 9H, Boc
group); & 1.45 (s, 6H, Pbf group); 6 1.53-1.92 (m, 8H,
—CH,CH,CH,NH(NH)NH—, —CH,CH,0CO—);  2.09
(s, 3H, Pbf group); 6 2.33-2.49 (m, 10H, —CH,O(CO)
CH,—, —CH,N(CH,—)CH,—); 8 2.50 (s, 3H, Pbf group);
d 2.57 (s, 3H, Pbf group); 6 2.95 (s, 2H, Pbf group); d
3.08-3.29 (m, 2H, —CH,CH,CH,NH(NH)NH—); & 4.25-
4.46 (m, 1H, —CONHCH—).

[0270] To expose amine and guanidium groups, C14-SS-
Arg(Pbf)-Boc (200 mg, 167 umol) was dissolved in the
mixture of 0.5 mI. DCM and 0.5 mL TFA and the solution
was stirred overnight in a nitrogen atmosphere. The product
was concentrated by rotary evaporation and precipitated in
diethyl ether to give C14-SS-R.

Example 5—LNP Fabrication Using Additional
Ionizable Lipopeptides

[0271] RNA-loaded solid lipid nanoparticles (LNP) were
fabricated using the ethanol dilution method by microfluid-
ics. Each lipopeptide from Example 4 was dissolved in a
mixture of ethanol/THF (1/1, v/v) to obtain a 10 mg/mL
stock solution. Each stock solution of lipopeptide was then
mixed with DSPE-PEG2000 (90/10, mol/mol) in ethanol to
reach a final concentration of 4 mg/ml of total lipids.

mRNA was dissolved in 10 mM citrate buffer (pH 4.0) to
reach a final concentration of 0.133 mg/mL. The two solu-
tions were rapidly mixed at an aqueous-to-ethanol ratio of
3/1 by volume under a total flow rate of 0.8 mL/min in
microfluidics to obtain the LNP termed by the leading
lipopeptide. The resulting LNPs were dialyzed (Slide-A-
Lyzer Mini Dialysis Units, MWCO 20 kDa) against 1xPBS
for 2 h. mRNA concentration was diluted with PBS to 20
ng/uL. for in vitro transfection study.

Characterization

[0272] The hydrodynamic diameter and zeta potential of
the LNPs were characterized by a dynamic light scattering
(DLS) spectrometer (Malvern Zetasizer Nano ZS) as in
Example 2.

TABLE 4

The hydrodynamic diameters and Zeta-potentials of LNPs

Formulation Size (nm) Zeta potential (mV)
AC18:1-SS-K(R)R (GD-LP) 1509 4.14
C14-SS-K(R)R 131.7 2.21
C18-SS-K(R)R 149.0 4.66
C18:1-SS-K(R)R 1384 3.12
C14-DH-K(R)R 144.0 2.23
C18:1-DH-K(R)R 153.6 2.29
C14-SSR 1614 -0.17
C14-SS-RR 160.9 0.22

[0273] The hydrodynamic diameters of mRNA-loaded

LNPs, as measured by dynamic light scattering (DLS), were
between 120 to 170 nm (Table 4). Zeta-potential measure-
ments indicated that the mRNA-loaded LNPs had a neutral
to slight positive surface charge (Table 4). Compared with
nanocomplexes with the liposomal structure formed by
AC18:1-SS-K(R)R (described in Examples 1-3), the “solid”
LNPs fabricated by microfluidics have a smaller particle size
and reduced surface charge that is even more favorable for
in vivo applications.

Example 6—Biological Activity Results for
Additional LNPs

[0274] A series of lipopeptide derivatives developed from
AC18:1-SS-K(R)R with different tail structures were syn-
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thesized. The hydrophobic segments of the new lipopeptides
were synthesized by Michael addition between the fatty
acrylate and the disulfide linker to simplify the synthetic
route. Amide bonds in AC18:1-SS-K(R)R were replaced by
ester bonds in new lipopeptides (i.e., C18:1-SS-K(R)R) to
enhance biocompatibility. The transfection study showed
that the saturation degree and the tail length had minimal
impact on the transfection performance (FIG. 12A).

[0275] The disulfide linker plays an important role in the
lipopeptides. The disulfide bond remains stable in the extra-
cellular glutathione (GSH, 0.001-0.02 mM) and can be
degraded in the cytosol where the concentration of GSH is
high (2-10 mM), thereby leading to rapid release of the
payload mRNA. For instance, LNPs formed by the lipopep-
tides containing the disulfide bond (C18:1-SS-K(R)R, C14-
SS-K(R)R) exhibited a significantly higher transfection effi-
ciency than the lipopeptides without the disulfide linker
(C18:1-DH-K(R)R, C14-DH-K(R)R, FIG. 12B), indicating
payload release into the cytosol was facilitated by the
GSH-triggered disulfide bond degradation.

[0276] The oligopeptide for the head structure is another
critical factor for the lipopeptide, as the head structure offers
the positive charge for mRNA binding via electrostatic
interaction and helps LNPs to penetrate the cell membrane
through the bidentate hydrogen bonds formation between
guanidium groups and cell-surface anions. The replacement
of the Y-shape lysine-arginine oligopeptide by single argi-
nine (C14-SS-R) or arginine dipeptide (C14-SS-RR) elimi-
nated the transfection ability of the lipopeptides (FIG. 12C),
indicating the Y-shape lysine-arginine oligopeptide is the
key factor for the transfection performance of this series of
lipopeptides.

Example 7—LNP Fabrication Using Helper Lipids

[0277] Two four-lipid formulations of LNPs of the present
technology were prepared. Each lipopeptide (shown in Table
2) was mixed with helper lipids (cholesterol, 24a-ethyl-
cholesterol, and distearoylphosphatidylcholine (DSPC)) in
ethanol at a mol/mol ratio of 50/10/38.5/1.5 lipopeptide/
DSPC/Cholesterol/DSPE-PEG2000, to reach a final concen-
tration of 4 mg/mlL of the total lipids. mRNA was dissolved
in 10 mM citrate buffer (pH 4.0) to reach a final concentra-
tion of 0.133 mg/mL.. The two solutions were rapidly mixed
at an aqueous-to-ethanol ratio of 3/1 by volume under a total
flow rate of 0.8 mL/min in microfluidics to obtain the LNP
termed by the leading lipopeptide. The resulting LNPs were
dialyzed (Slide-A-Lyzer Mini Dialysis Units, MWCO 20
kDa) against 1xPBS for 2 h. mRNA concentration was
diluted with PBS to 20 ng/ul. for in vitro transfection
studies.

[0278] The hydrodynamic diameter and zeta potential of
the LNPs were characterized as in Example 5. Results are
shown in Table 2. With the helper lipids, the lipopeptide
C14-SS-K(R)R successfully formed LNPs (termed C14-SS-
K(R)R_chol) by microfluidics. 24a-Ethyl cholesterol, a
cholesterol derivative reported to help the endosomal
escape, was also used to fabricate an LNP (termed C14-SS-
K(R)R_24a-ethyl-chol) of the present technology. These
two types of LNPs had similar sizes (about 150-170 nm)
with a slightly positive charge (7-10 mV, Table 2).
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TABLE 2

The hydrodynamic diameters and Zeta-potentials of
the four-lipid LNP formulations by microfluidics.

Zeta
Formulation Size  potential

Name (molar ratio) (nm) (mV)
C14-SS- C14-SS-K(R)R/DSPC/Chol/DSPE-  162.3 7.23
K(R)R__chol PEG = 50/10/38.5/1.5
C14-SS- C14-SS-K(R)R/DSPC/24a-ethyl- 151.7 9.67
K(R)R_24a- Chol/DSPE-PEG = 50/10/38.5/1.5
ethyl-Chol

Example 8—DBiological Activity Results for LNPs
Formulated with Helper Lipids

[0279] LNP formulations fabricated with the addition of
cholesterol and DSPC (i.e., (lipopeptide/DSPC/Cholesterol/
DSPE-PEG2000, 50/10/38.5/1.5 mol/mol)) were also evalu-
ated for transfection stability. An in vitro transfection study
carried out as above in NIH 3T3 cells showed a high
transfection efficiency of 80.48% in the C14-SS-K(R)R_
240.~ethyl-chol treated group (FIG. 13). With the integration
of 24a-ethyl cholesterol and DSPC, the LNP formed by
C14-SS-K(R)R possesses better stability, while exhibiting a
comparable transfection performance with the original lipo-
peptide/DSPE-PEG LNP formulations, making it more
attractive for intravenous injection applications.

Example 9—Fabrication and Biological Activity of
Lipopeptide-Coated Silica Nanocapsule

[0280] A lipopeptide of the present technology was tested
as a surface coating on a silica nanoparticle (SNP) to
determine whether altering the surface chemistry could
further enhance delivery efficiency by the SNP. For this
study, mRNA-loaded SNP was synthesized by a water-in-oil
microemulsion method as described in WO 2021/23662.
Briefly, 6 pl. bis(triethoxysilylpropyl) disulfide, 4 plL tri-
ethoxyvinylsilane, and 30 ul. GFP-mRNA stock solution (1
mg/mL.) were homogenized by pipetting and added to stirred
1 mL organic phase (cyclohexene/Triton-X/hexanol, 7.5/1.
75/1.75, vol/vol/vol). Ammonium hydroxide solution (2 plL,
30% NH,) was added under vigorous stirring (1,500 rpm) to
initiate the reaction and the water-in-oil microemulsion was
allowed to stir at 20° C. for 4 hours. The reaction mixture
was precipitated by acetone and washed with ethanol twice.
The purified mRNA-loaded SNP was finally collected by
centrifugation and dispersed in ultrapure water to get an
SNP solution with an mRNA concentration of 0.1 mg/mL.
mRNA-loaded SNP was then mixed with Empty-LNP
(mRNA/LNP, 1/10, w/w) prepared as in Example 2 above
and was passed through an extrusion membrane (0.2 pm) to
yield lipopeptide-coated SNP.

[0281] The lipopeptide-coated SNP was tested for effi-
ciency of transfection as described in the general procedures.
As shown in FIG. 14, the lipopeptide-coated SNP enhanced
the mRNA delivery efficiency in NIH 3T3 cells by about
120%.

Example 10—Lipopeptide-Based LNPs Enable
Efficient Gene Editing in Retinal Pigment
Epithelium

[0282] Fabrication of LNPs with helper lipids for gene
delivery. The lipopeptide was mixed with helper lipids in
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methanol at the desired molar ratio, achieving a final con-
centration of 30 mg/ml of total lipids. The mRNA or
plasmid was dispersed in 10 mM citrate buffer at pH 5.0, and
the ribonucleoprotein (RNP) in 10 mM Tris-HCI buffer at
pH 7.4, both to a concentration of 1 mg/mL. These aqueous
solutions were then rapidly mixed with the methanol lipid
solution at a 3:1 aqueous-to-methanol ratio using pipetting
and vortexing to form the lipid nanoparticles (LNPs). The
LNPs were dialyzed (Slide-A-Lyzer Mini Dialysis Units,
MWCO 20 kDa) against 1xPBS for 2 h and were then ready
for in vivo study. For in vitro studies, the LNPs were diluted
to 20 ng/ul. with 1xPBS, according to the payload concen-
tration.

[0283] Optimization of LNP formulations. To optimize the
buffer pH for mRNA encapsulation in the fabrication of
LNPs, GFP mRNA was dispersed in 10 mM citrate buffer at
various pH levels (pH 3, pH 5 and pH 6), each adjusted using
1 M NaOH, or in 1xPBS at pH7. For the lipid composition
optimization of LNPs, we varied the molar percentage of the
lipid AC18:1-SS-K(R)R from 50% to 98.5%. The molar
ratio of DMG-PEG,, was fixed at 1.5%. The molar ratio of
DSPC to 24a-ethyl cholesterol was maintained at 10:38.5.
For LNP formulation with a 98.5% molar ratio of lipopep-
tide, DSPC and 24a-ethyl cholesterol were not used.
[0284] Lyophilization of LNPs. Freshly prepared LNPs
with an initial payload concentration of 0.75 mg/m[ were
dialyzed against PBS at 1x, 0.5%, or 0.25x, with the pH
adjusted to 7.4 using 1M NaOH solution. Prior to freeze-
drying, the LNPs were mixed with an equal volume of
freeze-drying buffer (20 mM Tris-HCI at pH 7.4 in either a
10% or 5% sucrose solution). The LNPs were first flash-
frozen in liquid nitrogen, and then lyophilization was carried
out using a FreeZone Triad Benchtop Freeze Dryer (LAB-
CONCO) set to a =55° C. cycle for 48 hours. The lyo-
philized powder was subsequently stored at 4° C. Post-
lyophilization, LNPs were resuspended in DI water to
concentrations ranging from 0.5 to 3 mg/mL.

[0285] In vitro CRISPR/Cas9 Genome Editing Efficiency
Study. GFP-HEK 293 cells were seeded at a density of 5,000
cells per well in 96-well plates 24 hours before treatment.
The cells were treated with LNPs loaded with Cas9 mRNA/
sgRNA or RNP at doses of 50 ng/well and 125 ng/well,
respectively. Two days post-treatment, an additional 50 pL
of fresh culture medium was supplemented to each well.
Cells were harvested for analysis four days post-treatment.
Editing efficiencies were quantified using a flow cytometer
and the data were analyzed by Flowlo v7.6.

[0286] Subretinal injection. A fixed volume of 2 pl of the
LNP solution was injected into the subretinal space using a
UMP3 ultramicro pump, a NanoFil syringe, and an RPE-
KIT that included a 34-gauge beveled needle, all from World
Precision Instruments. The tip of the needle remained in the
formed bleb for 10 s before gentle withdrawal. Mice were
euthanized 7 days after Cre-mRNA delivery or 14 days after
CRISPR genome editing, and eyes were collected for tdTo-
mato expression assessment. The collected eyes were rinsed
twice with PBS, punctured at the ora serrata with an
18-gauge needle, and then opened along corneal incisions.
The eyecup was incised radially to the center and flattened
into a floret shape, after which the RPE layer was separated
and flat-mounted on a cover glass slide for imaging (i.e.,
RPE floret). The RPE florets were imaged using a Nikon C2
confocal laser scanning microscope (CLSM) with NIS-
Elements software.
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[0287] Immunofluorescence staining for CLSM analysis.
Eyeballs were fixed in 4% paraformaldehyde (PFA) at 4° C.
for 24 hours and then incubated overnight in 1xPBS con-
taining 30% sucrose at 4° C. for dehydration. Tissues were
then embedded in Tissue-Tek Optimal Cutting Temperature
(OCT) Compound (Sakura Finetek) and frozen in dry ice.
Blocks were sectioned at a thickness of 10 m and mounted
on microscope slides. Retinal cryosections were washed
three times with 1xPBS, followed by 1 hour incubation in
1xPBS with 10% goat serum and 0.3% Triton X-100 for
permeabilization. Primary antibodies, Rabbit anti-RFP
(ab152123, 1:1,000) and Mouse anti-visual arrestin E-3
(Cat. #SC-166383, 1:100), were applied in PBS containing
10% goat serum and incubated overnight at 4° C. After
primary antibody incubation, sections were washed thrice in
1xPBS with 0.3% Tween20, then incubated with secondary
antibodies-Anti-Rabbit IgG H&L (Alexa Fluor® 594,
ab150080, 1:1,000) and Anti-Mouse IgG H&L (Alexa
Fluor® 488, ab150113, 1:1,000)—in PBS with 10% goat
serum for 1 hour at room temperature. Sections were coun-
terstained with DAPI for 5 minutes at room temperature,
mounted with ProLong Gold Antifade Reagent, and covered
with cover glasses. Imaging was performed using CLSM.

Results

Preparation of Lipopeptide-Based Solid Lipid Nanoparticles

[0288] Solid lipid nanoparticles (solid LNPs or just LNPs
in the present example) using varying amounts of lipopep-
tides were prepared as shown schematically in FIG. 15.
Briefly, the lipopeptide and helper lipids were dissolved in
methanol as the organic phase. The payload consisting of
nucleic acids (e.g., mRNA or DNA) or CRISPR genome
editors (e.g., Cas9 mRNA/sgRNA or RNP) or base editors
(e.g., ABE8e-mRNA/sgRNA) was prepared in citrate buffer
or Tris HCI buffer as the aqueous phase. The two phases
were rapidly mixed by pipetting and vortexing. For large-
scale fabrication, a microfluidic staggered herringbone
mixer was used for mixing?.

Optimization of Solid LNPs for DNA and mRNA Delivery
[0289] The transfection efficiencies of the solid LNPs
were evaluated in NIH 3T3 cells. Based on the most
common lipid formulation (i.e., 50% ionizable lipid, 38.5%
cholesterol, 10% DSPC, and 1.5% DMG-PEG,,, molar
ratios) in commercialized products (e.g., COVID-19 mRNA
vaccines from Moderna and Pfizer/BioNTech), the molar
ratio of the lipopeptide in the solid LNP was optimized by
fine-tuning the amount of lipopeptide AC18:1-SS-K(R)R
and keeping other components to the same ratio (termed X
% AC18:1-SS-K(R)R LNP, X is the molar ratio of the
lipopeptide) The in vitro transfection efficiency was
enhanced by increasing the molar ratio of lipopeptide from
50% to 98.5%. In particular, solid LNP with no DSPC and
cholesterol (molar ratio of 98.5%) showed a similar mRNA
transfection efficiency, but higher mean fluorescence inten-
sity (MFI) than 90% AC18:1-SS-K(R)R LNP as shown in
FIG. 16D. The MFI of the GFP signal also demonstrated that
the higher molar ratio of lipopeptide led to higher mRNA
transfection performance (FIG. 16C). The same phenomena
were observed in the plasmid encapsulated solid LNP as
shown in FIG. 16A and FIG. 16B. This is because the
AC18:1-SS-K(R)R lipopeptide is the key component in the
solid LNP formulation. The guanidium group on the lipo-
peptide was almost completely ionized as a cation due to its
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high pKa of 13.8, and therefore has sufficient charge to
complex with anionic mRNA or DNA without the assistance
of other helper lipids. Increased lipopeptide amounts can
lead to higher surface charge density which will facilitate the
cellular uptake and endosomal escape of the nanoparticles,
thereby enhancing the transfection efficiency. The hydrody-
namic sizes of the screened solid LNPs (Table 5) indicated
a trend of decreasing particle size with an increasing molar
ratio of AC18:1-SS-K(R)R lipopeptide.

TABLE 5

Hydrodynamic sizes of the solid LNPs based on the lipopeptide
AC18:1-SS-K(R)R encapsulated with RFP plasmid or GFP mRNA.

Molar ratio DLS
# LP DSPC  24a-chol Cl14-PEG  Size(nm)
RFP plasmid
1 pHS 50 10.00 38.50 1.5 209.1 £ 2.8
2 pHS 60 7.94 30.56 1.5 193.1 £3.2
3 pHS 70 5.88 22.62 1.5 160.0 = 2.7
4 pHS 80 3.81 14.69 1.5 150.0 = 1.7
5 pHS 90 1.75 6.75 1.5 1258 = 1.6
6 pHS 98.5 0 0 1.5 1229 £2.2
GFP mRNA
1 pHS 50 10.00 38.50 1.5 184.1 £ 4.0
2 pHS 60 7.94 30.56 1.5 165.0 £ 1.6
3 pHS 70 5.88 22.62 1.5 1529 £33
4 pHS 80 3.81 14.69 1.5 149.7 £ 2.4
5 pHS 90 1.75 6.75 1.5 134.8 £ 1.6
6 pHS 98.5 0 0 1.5 1364 £ 4.1

Optimization of Solid LNPs for Cas9 mRNA/sgRNA and
RNP Delivery

[0290] Cas9 gene editing mediated by the lipopeptide
based solid LNP was studied. The solid LNPs with different
molar ratios of lipopeptide were fabricated to encapsulate
Cas9 mRNA/sgRNA or Cas9 RNP. The resulting solid LNPs
were tested on GFP-HEK cells. Successful delivery of RNP
results in GFP gene knockdown and subsequently suppress
GFP expression, which can be quantified by flow cytometry.
For Cas9 mRNA/sgRNA delivery (FIG. 17A and FIG. 17B),
increasing the lipopeptide molar ratio from 50% to 70%
enhanced GFP knockout efficiency. Solid LNP with a molar
ratio above 70% achieved up to 95% GFP knockout, sug-
gesting a potential efficiency plateau. For RNP delivery
(FIG. 17C and FIG. 17D), editing eficiency peaked at 60%
as the lipopeptide molar ratio increased to 98.5%. The
hydrodynamic sizes of the solid LNPs for both Cas9 mRNA/
sgRNA and RNP delivery (Table 6) decreased with an
increasing molar ratio of AC18:1-SS-K(R)R lipopeptide, a
similar trend observed with the solid LNPs encapsulating
DNA and mRNA.
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TABLE 6

Hydrodynamic sizes of the solid LNPs based
on the lipopeptide AC18:1-SS-K(R)R encapsulated
with Cas9 mRNA/sgRNA or Cas9 RNP.

Molar ratio
240- DLS
# LP DSPC chol CIl14-PEG  Size(nm)
Cas9 mRNA/sgRNA
1 pHS 50 10.00  38.50 1.5 2120 3.7
2 pHS 60 7.94  30.56 1.5 182.6 = 1.6
3 pHS 70 5.88  22.62 1.5 1532 £ 2.1
4 pHS 80 3.81  14.69 1.5 146.0 + 2.1
5 pHS 90 1.75 6.75 1.5 133.9 £ 3.7
6 pHS 98.5 0 0 1.5 1283 £ 2.3
RNP

1 pH7S5 50 10.00  38.50 1.5 184.2 + 4.6
2 pHTS 60 7.94 30.56 1.5 182.0 = 8.8
3 pHT7S 70 5.88  22.62 1.5 116.4 £ 9.3
4 pH7TS 80 3.81  14.69 1.5 128.0 £ 3.4
5 pH7S 90 1.75 6.75 1.5 119.2 £ 4.2
6 pH7TS 98.5 0 0 1.5 113.3 £ 6.2

Optimization of Buffer pH for mRNA Encapsulation

[0291] We optimized the pH of the citrate buffer used to
form the nanoparticles. The in vitro transfection study
demonstrated that a pH of 5 was the optimal value for the
citrate buffer solution (FIGS. 18A-18B). There were mini-
mal changes in the hydrodynamic sizes of the solid LNPs at
different pH levels (Table 7). As discussed above, the
ionization of the guanidium group does not require a low pH
for the fabrication of mRNA-loaded solid LNPs. Moreover,
a low pH citrate buffer may damage the fragile mRNA.
Therefore, a higher pH resulted in more effective complex-
ation of the guanidium-rich lipopeptide with mRNA, com-
pared to the traditional ionizable solid LNP formulations
which mostly use an mRNA solution at pH 3 or 4. Notably,
the selected formulation 98.5% AC18:1-SS-K(R)R LNP at
pH 5 exhibited higher transfection efficiency and signifi-
cantly stronger MFI of the GFP signal for mRNA transfec-
tion in NIH 3T3 cells, compared with the commercial solid
LNP fabricated by Dlin-MC3-DMA (FIGS. 19A-19B).
Additionally, the 98.5% AC18:1-SS-K(R)R LNP formula-
tion displayed excellent stability, with hydrodynamic sizes
remaining unchanged (Table 8) and transfection perfor-
mance consistent after storage for at least 8 hours at both
room temperature and 4° C. (FIGS. 20A-20B).

TABLE 7

Hydrodynamic sizes of the solid LNPs based on the lipopeptide
AC18:1-SS-K(R)R fabricated with different mRNA buffer pH.

# LP Size(nm)
1 pH 3 80 121.6 + 4.2
2 pH S 80 121.3 £ 3.8
3 pH 6 80 122.0 £ 2.7
4 pH 7 80 134.6 £ 2.3
5 pH 3 90 90.3 = 3.1
6 pH 5 90 126.9 = 2.9
7 pH 6 90 130.1 = 5.1
8 pH 7 90 124.5 = 3.7
9 pH S 98.5 131.8 £ 4.5
10 pH 6 98.5 1253 = 1.4
11 pH 7 98.5 133.9 £ 2.8



US 2024/0327457 Al

50

TABLE 7-continued

Hydrodynamic sizes of the solid LNPs based on the lipopeptide
ACI18:1-SS-K(R)R fabricated with different mRNA buffer pH.

# LP Size(nm)

15 Lipoplex 2509 = 7.2

TABLE 8

Stability of the 98.5% AC18:1-SS-K(R)R solid LNPs stored
at room temperature or 4° C. determined by DLS.

# Temperature Stored time Size(nm)

1 Oh 1283 = 5.7
2 rt. 2h 1287 5.2
3 4h 1281 =53
4 6h 1318 23
5 8h 1332 6.0
6 4° C. 2h 130.7 £ 3.1
7 4h 1319 3.5
8 6h 129.0 £ 2.0
9 8h 127.7 = 4.4

Optimization of Lyophilized Solid LNPs for Enhanced
Transfection Efficiency and Stability

[0292] The feasibility of lyophilized solid LNPs, specifi-
cally the 98.5% AC18:1-SS-K(R)R LNP formulation, was
explored. To preserve the osmotic balance of solid LNP
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higher concentration (3.00 mg/mL) and storing for over 8
hours at 4° C. led to aggregation of solid LNPs, with particle
sizes increasing to approximately 190 nm.

[0293] Transfection efficiency was compared between
fresh and lyophilized solid LNPs in NIH 3T3 cells. As
depicted in FIG. 21 A and FIG. 21B, no significant difference
was observed in the percentage of transfected cells, although
the MFI was significantly higher with lyophilized solid
LNPs. Notably, solid LNPs dialyzed in 0.25xPBS exhibited
a significant reduction in MFI compared to those dialyzed in
higher-concentration PBS, underscoring the importance of
ionic strength in the dialysis buffer for effective mRNA
encapsulation. The stability of lyophilized solid LNPs
reconstituted in DI water for various durations, was also
assessed. Solid LNPs were resuspended at concentrations of
0.75 mg/mL and 1.50 mg/ml maintained high transfection
efficiency (FIG. 21C) and MFI (FIG. 21D) when stored for
up to 6 hours, aligning with the size measurement data in
Table 9 showing particle sizes remained unchanged for same
duration. The stabilization of 1.5 mg/mL lyophilized solid
LNPs was not significantly impacted by the sucrose con-
centration in the freeze-drying buffer, with both 5% and 10%
sucrose showing comparable results. This finding is advan-
tageous for future in vivo applications since a lower 5%
sucrose concentration is preferred to reduce the risk of
potential tissue dehydration damage associated with higher
levels of sucrose. In summary, the lyophilization process of
the present solid LNP system was validated, enhancing
dosing capabilities for volume-restricted administrations,
such as the subretinal injection.

TABLE 9

Hydrodynamic sizes of the 98.5% AC18:1-SS-K(R)R solid LNPs dialyzed in
the diluted PBS and the stability of the lyophilized solid LNPs at 4° C.

Size(nm)
Dialysis Buffer 1x PBS 0.5x PBS 0.25x PBS
Fresh 98.5% 127.2 £ 3.0 128.1 £ 2.5 130.3 £ 3.7
solid LNP
mRNA con. Size(nm)
(mg/mL) 0h 2h 4h 6h 8h
5% 0.75 165.0 £3.7 164.0 +4.7 163.0 = 3.0 166.6 £3.1  163.0 + 4.7
sucrose 1.5 165.6 £2.3  162.5 + 6.6 162.4 + 4.5 164.8 £ 6.3  183.6 + 7.8
3 160.9 £5.9 185.6 + 8.7 186.7 £ 11.6  189.7 +49 191.7 = 4.0
10% 0.75 161.6 £3.5 163754 163754 1663 £2.6 188.8 +9.5
sucrose 1.5 161.0 £ 1.3 163.2 £ 5.8 164.6 = 7.3 163.7 £ 1.3  184.0 =+ 8.7

solutions after lyophilization, fresh solid LNPs were dia-
lyzed against PBS at various concentrations (1x, 0.5x, and
0.25x). Subsequently, the solid LNPs were supplemented
with sucrose at different concentrations (5% and 10%) as a
cytoprotectant prior to lyophilization. The lyophilized solid
LNPs were redispersed in variable volumes of DI water to
obtain different solid LNP concentrations. As shown in Table
9, the particle sizes of fresh solid LNPs ranged from 120 to
130 nm, indicating the dialysis buffer concentration mini-
mally influenced particle sizes. The hydrodynamic sizes of
lyophilized solid LNPs mostly increased to 160-165 nm
when the concentration was doubled from 0.75 mg/mlL. to
1.50 mg/ml., and the resulting particles remained stable for
6 hours. However, redispersing lyophilized solid LNPs at a

In Vivo Genome Editing by Solid LNPs in Ail4 Mice

[0294] After confirming the efficacy of solid LNPs for in
vitro delivery of nucleic acids and genome editors etc., we
investigated the in vivo gene editing efficiency of the solid
LNPs using the Ail4 transgenic genome editing reporter
mouse model. In Ail4 mice, a LoxP-flanked STOP cassette
prevents the transcription of tdTomato reporter protein,
regulated by a CAG promoter. Cre recombinase-mediated
recombination can remove this STOP cassette, enabling
tdTomato expression as a fluorescent marker for gene edit-
ing efficiency evaluation. For in vivo Cre mRNA delivery
via subretinal injection in Ail4 mice, the 98.5% AC18:1-
SS-K(R)R solid LNP and Lipoplex were selected due to its
superior in vitro delivery results. Additionally, we employed
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90.5% AC18:1-SS-K(R)R/8% PS solid LNP, incorporating
an 8% molar ratio of DOPS, to boost Cre mRNA delivery
efficacy in RPE cells. This strategy of incorporating DOPS
exploits the natural translocation of phosphatidylserine (PS)
from the inner to the outer cellular membrane during apop-
tosis or the shedding of photoreceptor outer segments
(POS), which acts as a signal for RPE cells to phagocytose
the affected cells or POS?. Mice were euthanized seven days
post-injection, and the RPE florets were isolated and imaged
by the confocal laser scanning microscopy. Compared to the
PBS group (FIG. 22A), all three formulations achieved
relatively widespread tdTomato expression with strong flo-
rescence intensity (FIGS. 22B-22D). Notably, the 90.5%
AC18:1-SS-K(R)R/8% PS solid LNP induced more pro-
nounced tdTomato expression, attributed to the incorpora-
tion of PS enhancing RPE targeting. This finding was
supported by immunofluorescent staining of retinal cryosec-
tions, which were labeled with anti-RFP for tdTomato sig-
naling and anti-visual arrestin to label photoreceptors, along
with DAPI for nuclear staining. In comparison to the PBS
group (FIG. 24A), both solid LNPs (FIG. 24B and FI1G. 24C)
displayed red tdTomato fluorescence, with 90.5% AC18:1-
SS-K(R)R/8% PS solid LNP presenting more intense and
extensive tdTomato signals. We also conducted RNP deliv-
ery using 50% AC18:1-SS-K(R)R/8% PS solid LNP. Com-
pared to the PBS group (FIG. 23A), the solid LNP treatment
(FIG. 23B) showed tdTomato signal, although the intensity
was weaker than that observed with Cre mRNA. This is
attributed to the Ail4 mouse model, which greatly under-
reports the editing efficiency of CRISPR genome editors
such as Cas9 RNP or Cas9 mRNA/sgRNA. These results
suggest that AC18:1-SS-K(R)R lipopeptide-based solid
LNPs are reliable nanoplatforms for in vivo biomacromol-
ecule delivery.

Example 11—Lipopeptide-Based Solid LNPs
Enable Delivery of NAD*

[0295] Fabrication of NAD* loaded solid LNPs. The lipo-
peptide and helper lipids were mixed in methanol at the
desired molar ratio to achieve a total lipid concentration of
20 mg/mL.. NAD* was dissolved in 10 mM citrate buffer at
pH 5 to a concentration of 40 mg/mL. The lipids methanol
solution and NAD™ aqueous solution were rapidly mixed at
a 3:1 aqueous-to-methanol ratio by pipetting during vortex-
ing, and the resulting solid LNP solution was dialyzed
against 1xPBS for 2 hours. The solid LNP solution was then
sonicated for 15 minutes before HPLC testing to assess
loading efficiency.

[0296] Characterization of NAD* loaded solid LNPs.
Solid LNPs based on AC18:1-SS-K(R)R were studied for
their capability for loading the small molecule NAD* using
90% solid LNP and 98.5% solid LNP (see Table 10). The
hydrodynamic sizes for both formulations were approxi-
mately 130 nm. The loading efficiency for both formulations
was estimated to be around 20%. Additionally, the loading
content for the 90% solid LNP and 98.5% Solid LNP
formulations was found to be approximately 50% in each.
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TABLE 10

Characterization of NAD" loaded solid LNPs.

Loading Loading
No. Formulations Size (nm)  efficiency (%) content (%)
1 90% solid LNP 1283 = 3.9 20.7 £ 1.5 553 1.7
2 98.5% solid LNP 1274 = 2.2 19.0 £ 1.2 522 3.1
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EQUIVALENTS
[0332] While certain embodiments have been illustrated

and described, a person with ordinary skill in the art, after
reading the foregoing specification, can effect changes,
substitutions of equivalents and other types of alterations to
the nanoparticles of the present technology or derivatives,
prodrugs, or pharmaceutical compositions thereof as set
forth herein. Each aspect and embodiment described above
can also have included or incorporated therewith such
variations or aspects as disclosed in regard to any or all of
the other aspects and embodiments.

[0333] The present technology is also not to be limited in
terms of the particular aspects described herein, which are
intended as single illustrations of individual aspects of the
present technology. Many modifications and variations of
this present technology can be made without departing from
its spirit and scope, as will be apparent to those skilled in the
art. Functionally equivalent methods within the scope of the
present technology, in addition to those enumerated herein,
will be apparent to those skilled in the art from the foregoing
descriptions. Such modifications and variations are intended
to fall within the scope of the appended claims. It is to be
understood that this present technology is not limited to
particular methods, conjugates, reagents, compounds, com-
positions, labeled compounds or biological systems, which
can, of course, vary. All methods described herein can be
performed in any suitable order unless otherwise indicated
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herein or otherwise clearly contradicted by context. It is also
to be understood that the terminology used herein is for the
purpose of describing particular aspects only, and is not
intended to be limiting. Thus, it is intended that the speci-
fication be considered as exemplary only with the breadth,
scope and spirit of the present technology indicated only by
the appended claims, definitions therein and any equivalents
thereof. No language in the specification should be con-
strued as indicating any non-claimed element as essential.
[0334] The embodiments, illustratively described herein
may suitably be practiced in the absence of any element or
elements, limitation or limitations, not specifically disclosed
herein. Thus, for example, the terms “comprising,” “includ-
ing,” “containing,” etc. shall be read expansively and with-
out limitation. Additionally, the terms and expressions
employed herein have been used as terms of description and
not of limitation, and there is no intention in the use of such
terms and expressions of excluding any equivalents of the
features shown and described or portions thereof, but it is
recognized that various modifications are possible within the
scope of the claimed technology. Likewise, the use of the
terms “comprising,” “including,” “containing,” etc. shall be
understood to disclose embodiments using the terms “con-
sisting essentially of” and “consisting of”” The phrase “con-
sisting essentially of” will be understood to include those
elements specifically recited and those additional elements
that do not materially affect the basic and novel character-
istics of the claimed technology. The phrase “consisting of”
excludes any element not specified.

[0335] In addition, where features or aspects of the dis-
closure are described in terms of Markush groups, those
skilled in the art will recognize that the disclosure is also
thereby described in terms of any individual member or
subgroup of members of the Markush group. Each of the
narrower species and subgeneric groupings falling within
the generic disclosure also form part of the technology. This
includes the generic description of the technology with a
proviso or negative limitation removing any subject matter
from the genus, regardless of whether or not the excised
material is specifically recited herein.

[0336] As will be understood by one skilled in the art, for
any and all purposes, particularly in terms of providing a
written description, all ranges disclosed herein also encom-
pass any and all possible subranges and combinations of
subranges thereof. Any listed range can be easily recognized
as sufficiently describing and enabling the same range being
broken down into at least equal halves, thirds, quarters,
fifths, tenths, etc. As a non-limiting example, each range
discussed herein can be readily broken down into a lower
third, middle third and upper third, etc. As will also be
understood by one skilled in the art all language such as “up
to,” “at least,” “greater than,” “less than,” and the like,
include the number recited and refer to ranges which can be
subsequently broken down into subranges as discussed
above. Finally, as will be understood by one skilled in the
art, a range includes each individual member, and each
separate value is incorporated into the specification as if it
were individually recited herein.

[0337] All publications, patent applications, issued pat-
ents, and other documents (for example, journals, articles
and/or textbooks) referred to in this specification are herein
incorporated by reference as if each individual publication,
patent application, issued patent, or other document was
specifically and individually indicated to be incorporated by
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reference in its entirety. Definitions that are contained in text
incorporated by reference are excluded to the extent that
they contradict definitions in this disclosure.

Illustrative Features

[0338] The present technology may include, but is not
limited to, the features and combinations of features recited
in the following numbered paragraphs, it being understood
that the following paragraphs should not be interpreted as
limiting the scope of the claims as appended hereto or
mandating that all such features must necessarily be
included in such claims:

[0339] P1. A compound of Formula I,

3
HN/ ~

R3
RL_ XL S N Yi_
T 1 X7 we
2/XZ o]

R2

[0340] a stereoisomer thereof, and/or a pharmaceuti-
cally acceptable salt thereof,

[0341] wherein

[0342] X' and X? are independently absent or selected
from unsubstituted C,_; alkylene or C, 4 alkenylene;

[0343] X3 is selected from unsubstituted C,_, alkylene
or C,_¢ alkenylene;

[0344] Y and Y? are each independently absent, C(O)
O, or C(O)NH;

[0345] Y? is absent, C(O), C(O)O, or C(O)NH;
[0346] Y*is C(0)O, C(O)NH, NHC(O)O, or NHC(O)
NH;

[0347] R' and R* are independently selected from
unsubstituted Cg_,, alkyl or Cq 5, alkenyl groups;

[0348] R? and R* are independently absent or selected
from an amino acid residue, a peptide or isopeptide
comprising 2-10 amino acid residues, or a C,_,, alkyl
group, each of which is optionally substituted with 1, 2,
or 3 ionizable functional groups such that at least one
ionizable functional group is present on at least one of
R? and R*, provided that Y* is absent when R? is an
amino acid, peptide, or isopeptide, and Y* is absent
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when R* is an amino acid, peptide, or isopeptide; and
further provided that if one of R* and R* is absent, the
other is present; and
[0349] n and p are each independently 1, 2, 3, 4, or 5.
[0350] P2. A compound of paragraph P1 having Formula
IA,

IA
(€]

P
AN R
R! X! S § § R*
td ”
\Yl \T/\/ﬁ \S/\(‘/g X3 \”/
X2 0 0

27
|

Rr2

[0351] a stereoisomer thereof, and/or a pharmaceuti-
cally acceptable salt thereof,
[0352] wherein
[0353] X' and X* are independently absent or selected
from unsubstituted C, 4 alkylene or C,_¢ alkenylene;
[0354] X3 is selected from unsubstituted C, 4 alkylene
or C,_¢ alkenylene;
[0355] Y' and Y? are each independently selected from
C(0)O or C(O)NH;
[0356] R' and R are independently selected from
unsubstituted C§'24 alkyl or Cq_,, alkenyl groups;
[0357] R?and R are independently selected from C,_,,
alkyl groups substituted with 1, 2, or 3 ionizable
functional groups; and
[0358] n and p are each independently 1, 2, 3, 4, or 5.
[0359] P3. The compound of paragraph P1 or paragraph
P2, wherein the compound of Formula I is a compound of
Formula II,

I
HNJ\ R}

0 0
H H
1Jk X! So N ,-N R*.
RITON g/\(v)i s, X \"/
Rz\n/NH ) 0
0

[0360] P4. The compound of paragraph P3, wherein the
compound of Formula II is a compound of Formula IIA,

NH
w
\g NI,

X

IIA

H,N

0 0 HN (¢} NH,
)k X! S § § ﬁ NH.
2>
R! ﬁ/ E/\M"/ N TN x37 x57 \“/
RZ NH 0 0 NH

T

¢}
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wherein
[0361] X*and X° are independently selected from C, g
alkylene or C,_¢ alkenylene groups.
[0362] PS5. The compound of paragraph P1 or paragraph
P2, wherein the compound of Formula I is a compound of
Formula III,

11T
(0]

A

H
_N
x3

o 0
Ul \( HN
H

X! S N
\lel/\Mf N TN
e} X2 0

RZ/ \"/

[¢]

T

3
R*.
O

[0363] P6. The compound of any one of paragraphs P1-P5,
wherein X' and X* are independently selected from unsub-
stituted C,_, alkylene or C,_, alkenylene.

[0364] P7.The compound of any one of paragraphs P1-P6,
wherein X' and X are each butylene.

[0365] P8. The compound of any one of paragraphs P1-P7,
wherein R' and R? are independently selected from unsub-
stituted C,, _,, alkyl or C,, ,, alkenyl groups.
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[0366] P9. The compound of any one of paragraphs P1-P8,
wherein R* and R? are independently selected from unsub-
stituted C,4_,, alkyl or C,¢_,, alkenyl groups.

[0367] P10. The compound of any one of paragraphs
P1-P9, wherein R! and R* are independently a C,, alkyl
group or a C, alkenyl group having 1 or 2 carbon-carbon
double bonds.

[0368] P11. The compound of any one of paragraphs
P1-P10, wherein R* and R* are independently selected from
C,_, alkyl groups substituted with 1, 2, or 3 ionizable
functional groups.

[0369] P12. The compound of any one of paragraphs
P1-P11, wherein R® and R* are substituted with 1 or 2
ionizable functional groups.

[0370] P13. The compound of any one of paragraphs
P1-P12, wherein each ionizable functional group is inde-
pendently selected from NH,, NHR, NR,, guanidine, imi-
dazole, or amidine, wherein each R is independently an
unsubstituted C, 4 alkyl, phenyl, or benzyl group.

[0371] P14. The compound of paragraph P13, wherein at
least one ionizable functional group is guanidine.

[0372] P15. The compound of any one of paragraphs
P1-P14, wherein R? and R* are each substituted with an NH,,
group and a guanidine group.

[0373] P16. The compound of any one of paragraphs
P1-P15 selected from the group consisting of
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[0374] P17. A compound of Formula 1V,
v
Y3
HN/ \R3
R X § Y.
N \TW 37 g
2
R 0
L
[0375] a stereoisomer thereof, and/or a pharmaceuti-

cally acceptable salt thereof,

[0376] wherein

[0377] X' and X? are independently absent or selected
from unsubstituted C, ¢ alkylene or C, _ alkenylene;

[0378] X3 is selected from unsubstituted C,_, alkylene
or C,_¢ alkenylene;

[0379] Y' and Y? are each independently absent, C(O)
O, or C(O)NH;

[0380] Y? is absent, C(O), C(0)O, or C(O)NH;

[0381] Y*is C(O)O, or C(O)NH;

[0382] R! and R? are independently selected from
unsubstituted Cg_,, alkyl or Cq_,, alkenyl groups;

[0383] R? and R* are independently absent or selected
from an amino acid residue, a peptide or isopeptide
comprising 2-10 amino acid residues, or a C,_,, alkyl
group, each of which is optionally substituted with 1, 2,
or 3 ionizable functional groups such that at least one
ionizable functional group is present on at least one of
R? and R*, provided that Y is absent when R? is an
amino acid, peptide, or isopeptide, and Y* is absent
when R* is an amino acid, peptide, or isopeptide; and
further provided that if one of R*> and R* is absent, the
other is present; and

[0384] mis1,2,3,4,56,7,8,9,10or 11.

[0385] P18. The compound of P17, of Formula IVA,

IVA

[0386] a stereoisomer thereof, and/or a pharmaceuti-
cally acceptable salt thereof,

[0387] wherein

[0388] X' and X are independently absent or selected
from unsubstituted C, ¢ alkylene or C, ¢ alkenylene;

[0389] X3 is selected from unsubstituted C,_, alkylene
or C,  alkenylene;

[0390] Y' and Y? are each independently selected from
C(0)O or C(O)NH;
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[0391] R' and R? are independently selected from
unsubstituted Cyg ,, alkyl or Cq_,, alkenyl groups;
[0392] R?and R* are independently selected from C,_,,
alkyl groups substituted with 1, 2, or 3 ionizable
functional groups; and
[0393] mis1,2,3,4,5 6,7, 8,9, 10 or 11.
[0394] P19. A compound of any one of paragraphs P17 or
P18, of Formula IVB,

IVB

NH
H,N x4
0 o)

I \NiNHZ
H

R!”

\l/ .

HN e} NH,
X! N § § NH.
. - 2
~ I}I /\(\,)1\/ <3 x5 \"/
RZ,o\[rxz o] o] NH

O

wherein
[0395] X*and X are independently selected from C, ¢
alkylene or C,_ alkenylene groups and the remaining
variables may have any of the values disclosed herein,
including but not limited to the those disclosed for
Formula IV above.
[0396] P20. The compound of any one of paragraphs
P17-P19, wherein X' and X? are independently selected
from unsubstituted C, , alkylene or C,_, alkenylene.
[0397] P21. The compound of any one of paragraphs
P17-P20, wherein X' and X are each butylene.
[0398] P22 The compound of any one of paragraphs
P17-P21, wherein R' and R? are independently selected
from unsubstituted C,,_,, alkyl or C,, ,, alkenyl groups.
[0399] P23. The compound of any one of paragraphs
P17-P22, wherein R! and R? are independently selected
from unsubstituted C,; ,, alkyl or C, 4 ,, alkenyl groups.
[0400] P24. The compound of any one of paragraphs
P17-P23, wherein R* and R? are independently a C,, alkyl
group or a C, alkenyl group having 1 or 2 carbon-carbon
double bonds.
[0401] P25. The compound of any one of paragraphs
P17-P24, wherein R® and R* are independently selected
from C,_, alkyl groups substituted with 1, 2, or 3 ionizable
functional groups.
[0402] P26. The compound of any one of paragraphs
P17-P25, wherein R*® and R* are substituted with 1 or 2
ionizable functional groups.
[0403] P27. The compound of any one of paragraphs
P17-P26, wherein each ionizable functional group is inde-
pendently selected from NH,, NHR, NR,, guanidine, imi-
dazole, or amidine, wherein each R is independently an
unsubstituted C, 4 alkyl, phenyl, or benzyl group.
[0404] P28. The compound of paragraph P27, wherein at
least one ionizable functional group is guanidine.
[0405] P29. The compound of any one of paragraphs
P17-P28, wherein R® and R* are each substituted with an
NH, group and a guanidine group.
[0406] P30. The compound of any one of paragraphs P17
to P29, wherein X* and X® are independently selected from
C,_s alkylene.
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[0407] P31. The compound of any one of paragraphs P17
to P30 selected from the group consisting of:

— O\Im
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O N. § § NH;
— SN 2

O

C18: 1-DH-K(R)R

1

O

HN

NH,

C14-DH-K(R)R

[0408] P32. A nanoparticle comprising a compound of of
any one of paragraphs P1-P31.

[0409] P33. The nanoparticle of paragraph P32 further
comprising a PEG-lipid.

[0410] P34. The nanoparticle of paragraph P33, wherein
the PEG-lipid is PEG-DSPE and/or PEG-DMG.

[0411] P35. The nanoparticle of any one of paragraphs
P32-P34 further comprising a structural lipid.

[0412] P36. The nanoparticle of paragraph P35, wherein
the structural lipid is cholesterol and/or 3-sitosterol.

[0413] P37. The nanoparticle of any one of paragraphs
P32-P36 further comprising a phospholipid.

[0414] P38. The nanoparticle of paragraph P37, wherein
the phospholipid is DSPC, DOPS and/or DOPE.

[0415] P39. The nanoparticle of any one of paragraphs
P32-P38, wherein the compound of Formula I comprises at
least 50 mol % of the nanoparticle.

[0416] P40. The nanoparticle of paragraph P39, wherein
the compound of Formula I comprises at least 80 mol % of
the nanoparticle.

[0417] P41. The nanoparticle of paragraph P39, wherein
the compound of Formula I comprises 90 to 99 mol % of the
nanoparticle.

[0418] P42. The nanoparticle of any one of paragraphs
P32-P41 further comprising a payload selected from DNA,
RNA, a polypeptide, a ribonucleoprotein complex (RNP), or
any combination of two or more thereof.

[0419] P43. The nanoparticle of paragraph P42, wherein
the payload is selected from the group consisting of RNP,

plasmid DNA (pDNA), single-stranded donor oligonucle-
otide (ssODN), antisense oligonucleotides (ASO) comple-
mentary DNA (cDNA), NAD*, NADH, messenger RNA
(mRNA), small interfering RNA (siRNA), microRNA
(miRNA), short hairpin RNA (shRNA), single guide RNA
(sgRNA), transfer RNA (tRNA), ribozymes, and combina-
tions of two or more thereof.

[0420] P44. The nanoparticle of paragraph P42 or para-
graph P43, wherein the payload is a Cas9 RNP, Cas12 RNP,
Casl3 RNP, Casl4 RNP, Cas® RNP, each optionally in
combination with an ssODN, or the payload is a plasmid or
mRNA for a Cas polypeptide and an sgRNA.

[0421] P45. The nanoparticle of any one of paragraphs
P42-P44, wherein the payload is Cas9 mRNA, a plasmid
encoding Cas9, Cas12 mRNA, a plasmid encoding Cas12,
Cas13 mRNA, a plasmid encoding Cas13, Cas14 mRNA, a
plasmid encoding Cas14, Cas® mRNA, or a plasmid encod-
ing Cas®, each optionally in combination with an sgRNA,
or the payload is a combination of any two or more thereof.

[0422] P46. The nanoparticle of any one of paragraphs
P32-P45, having an average hydrodynamic diameter of 50
nm to 500 nm.

[0423] P47. The nanoparticle of any one of paragraphs
P32-P46, having a zeta potential of about —40 mV to about
+40 mV.

[0424] P48. The nanoparticle of any one of paragraphs
P32-P47, wherein the compound coats an exterior surface of
an inorganic nanoparticle.
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[0425] P49. The nanoparticle of paragraph P48, wherein
the inorganic nanoparticle is a silica nanoparticle.

[0426] P50. The nanoparticle of paragraph P49, wherein
the silica nanoparticle comprises crosslinked polysiloxanes
comprising siloxy subunits having one or more of the
structures of Formulas IV, IVA, or IVB:

av)

Rl
ore (IVA)
O0—=Si
OR?
avB)

wherein

[0427] R’ at each occurrence is independently selected
from the group consisting of C, ;, alkyl and C, ,,
alkenyl groups, optionally substituted with a substitu-
ent selected from the group consisting of halogen and
NR'?, wherein each occurrence of R! is independently
selected from H or a C,_,, alkyl group, or two R!
groups, together with the N atom to which they are
attached, form a pyrrolidine or piperidine ring;

[0428] R“and R” at each occurrence in the polysiloxane
are independently selected from a bond to a Si of
another polysiloxane chain or C, 4 alkyl groups, and

[0429] R°is selected from C,_ ¢ alkenyl groups.

[0430] PS51. The nanoparticle of paragraph P50, wherein
the crosslinks between polysiloxanes comprise disulfide
linkages.

[0431] PS52. The nanoparticle of any one of paragraphs
P49-P51, wherein the exterior surface of the silica nanopar-
ticle comprises a silica network.

[0432] P53. The nanoparticle of paragraph P52, wherein
the exterior surface of the silica nanoparticle comprises
surface-modifying groups attached to and surrounding the
silica network, wherein the surface-modifying groups com-
prise polyethylene glycol (PEG), polysarcosine, polyzwit-
terion, polycation, polyanion, or combinations of two or
more thereof.

[0433] P54. The nanoparticles of any one of paragraphs
P50-P53, wherein the polysiloxanes further comprise sily-
loxy subunits having structure (IVE):

(IVE)
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[0434] wherein

[0435] R“ at each occurrence is independently selected
from a bond to a Si of another polysiloxane chain or a
C,_,, alkyl group; and

[0436] R” at each occurrence is a moiety comprising a
weakly basic group.

[0437] PS55. The nanoparticle of paragraph P54, wherein
the weakly basic group is selected from imidazolyl, pyridi-
nyl, tetrahydroquinolinyl, or indolinyl groups, or a combi-
nation any two or more thereof.

[0438] P56. The nanoparticle of paragraph P54 or para-
graph P55, wherein R” has the structure —(CH.,),-[.-Z, and
wherein

[0439] L is a bond or is a linking group selected from
—C(O)NH—, —O—, —NH—, —C(0)—, or —C(0O)
O;

[0440] Z is at each occurrence is independently a picoli-
nyl, lutidinyl, indolinyl, tetrahydroquinolinyl, quinoli-
nyl, imidazolyl, or pyridinyl group; and

[0441] nis 0, 1,2, 3, or 4.

[0442] PS57. The nanoparticle of any one of paragraphs
P54-P56, wherein R” has the structure (D):

™)

[0443] P58. The nanoparticle of any one of paragraphs
P49-P57, wherein the crosslinked polysiloxanes comprise
crosslinking subunits having the structure (V):

W)
OR? OR“

O—Sli—L‘—S—S—LZ—Si

OR? OR?
[0444] wherein:
[0445] L' and L? at each occurrence are independently

selected from a C,_¢ alkylene group; and

[0446] R at each occurrence is independently selected
from a bond to another polysiloxane chain or a C, ¢
alkyl group.

[0447] PS59. The nanoparticle of paragraph P58, wherein
R¥ at each occurrence is ethyl.

[0448] P60. The nanoparticle of paragraph P58 or para-
graph P59, wherein each of L' and L? is propylene at each
occurrence.

[0449] P61. The nanoparticle of any one of paragraphs
P50-P60, wherein the polysiloxanes comprise a plurality of
siloxy subunits having the structure (VI):
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VD

P
§ L3

[0450] wherein:

[0451] R“ at each occurrence is selected from a bond to
Si from another polysiloxane chain or a C, 4 alkyl
group, and

[0452] R at each occurrence is the surface-modifying
group, optionally including a C,_¢ linker group con-
necting the surface-modifying group to the Si atom to
which R¢ is attached.

[0453] P62. The nanoparticle of paragraph P61, wherein
the C, ¢ linker group is present and connected to the surface-
modifying group directly or via an amine, ether, amide,
ester, urethane, urea, imine, or sulfide group.

[0454] P63. The nanoparticle of paragraph P61 or para-
graph P62, wherein the C, 4 linker group is present and is
—NHC(O)NH—(C,_s  alkylene)-, —NHC(O)—(C,._s
alkylene)-, —C(O)NH—(C,_5 alkylene)-, —NH—(C, 5
alkylene)-, —O—(C,_5 alkylene)-, —S—(C,_5 alkylene)-,
—OC(O)NH—(C,_5 alkylene)-, or —NHC(O)O—(C, 5
alkylene)-.

[0455] P64. The nanoparticle of any one of paragraphs
P53-P63, wherein the surface-modifying groups are PEG or
polysarcosine.

[0456] P65. The nanoparticle of paragraph P64, wherein
the surface-modifying groups comprise PEG attached to a
siloxy subunit having the structure (VII)

(VID)

wherein R at each occurrence is selected from a bond to Si
from another polysiloxane chain or a C, 4 alkyl group, and
R’ has the structure (E1):

(ED

Mgix/f\/otl‘

wherein X is O, NH, or CH,O, and R is a C,_4 alkyl,
targeting ligand, a cell-penetrating peptide (CPP), or imag-
ing agent.

[0457] P66. The nanoparticle of any one of paragraphs
P53-P65, wherein the surface-modifying group is a
polyzwitterion selected from poly(carboxybetaine meth-
acrylate) (PCBMA), poly(sulfobetaine methacrylate)
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(PSBMA), poly(2-methacryloyloxyethyl phosphorylcho-
line) (PMPC), or combinations of two or more thereof; or
[0458] the surface-modifying group is a cationic poly-
mer selected from polyethyleneimine (PEI), polylysine,
polyarginine, polyamidoamine (PAMAM), or combi-
nations of two or more thereof, or
[0459] the surface-modifying group is an anionic poly-
mer selected from poly(glutamic acid) or poly(acrylic
acid).
[0460] P67. A method of delivering a payload into a
mammalian cell, the method comprising exposing the cell to
a nanoparticle of any one of paragraphs P42-P68.
[0461] P68. The method of paragraph P67, wherein the
mammalian cell is selected from a kidney cell, fibroblast
cell, monocyte/macrophage cell, or melanoma cell.
[0462] P69. A method of treating a condition or disorder in
a subject that may be ameliorated by a payload selected from
RNA, DNA or RNP, the method comprising administering to
the subject an effective amount of a nanoparticle of any one
of paragraphs P42-P68.
[0463] Other embodiments are set forth in the following
claims, along with the full scope of equivalents to which
such claims are entitled.

1. A compound of Formula I,

3
HN/ ~

R3
R X S { Py
! lel/\Mn/ 7N X3 R?
X2 0

e

Rr2

a stereoisomer thereof, and/or a pharmaceutically accept-
able salt thereof,
wherein

X' and X? are independently absent or selected from
unsubstituted C, 4 alkylene or C, ¢ alkenylene;

X3 is selected from unsubstituted C,_, alkylene or C,_¢
alkenylene;

Y' and Y? are each independently absent, C(O)O, or
C(O)NH;

Y? is absent, C(O), C(O)O, or C(O)NH;

Y*is C(0)O, C(O)NH, NHC(O)O, or NHC(O)NH;

R' and R? are independently selected from unsubsti-
tuted Cq ,, alkyl or Cq_,, alkenyl groups;

R? and R* are independently absent or selected from an
amino acid residue, a peptide or isopeptide compris-
ing 2-10 amino acid residues, or a C, _,, alkyl group,
each of which is optionally substituted with 1, 2, or
3 ionizable functional groups such that at least one
ionizable functional group is present on at least one
of R? and R*, provided that Y> is absent when R? is
an amino acid, peptide, or isopeptide, and Y* is
absent when R* is an amino acid, peptide, or isopep-
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tide; and further provided that if one of R® and R* is
absent, the other is present; and

n and p are each independently 1, 2, 3, 4, or 5.
2. A compound of Formula IA,

1A
(0]

P
HN R
R! X! S § § R*
” -
Syl \II\I/\Mf SN Ny X \"/
X2 0 0

v~

|
RZ

a stereoisomer thereof, and/or a pharmaceutically accept-
able salt thereof,

wherein
X' and X* are independently absent or selected from

unsubstituted C, ¢ alkylene or C,_4 alkenylene;

X3 is selected from unsubstituted C,_, alkylene or C,_g
alkenylene;

Y* and Y? are each independently selected from C(0)O or
C(O)NH;

R' and R? are independently selected from unsubstituted
Cq.o4 alkyl or Cg_,, alkenyl groups;

R? and R* are independently selected from C, |, alkyl
groups substituted with 1, 2, or 3 ionizable functional
groups; and

n and p are each independently 1, 2, 3, 4, or 5.

3. The compound of claim 1, wherein the compound of

Formula I is a compound of Formula II,

i
J
0 o} HN
H H
L ¢ Se N N R
RTON g/\vf s X3 T
Rz\"/NH 0 0

O

4. The compound of claim 3, wherein the compound of
Formula II is a compound of Formula IIA,

H,N

O

o] o] HNIO NH,
H H H
J\ X S N N _N NH,,
R! N N N TN N X3 xS T
R2\”/ NH 0 0
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wherein
X* and X° are independently selected from C, 4 alkylene
or C,_¢ alkenylene groups.
5. The compound of claim 1, wherein the compound of
Formula I is a compound of Formula III,

I
O

Rl/O\(O HN)I\Rs
X! S § § R*.
SN s g \’H\XV \n/
)|<2 o} 0

O

Rz’ \[r

O

6. The compound of claim 1, wherein X* and X? are
independently selected from unsubstituted C, _, alkylene or
C,_, alkenylene.

7. The compound of claim 1, wherein X' and X? are each
butylene.

8. The compound of claim 1, wherein R! and R? are
independently selected from unsubstituted C,, ,, alkyl or
C,5.»4 alkenyl groups.

9. The compound of claim 1, wherein R' and R* are
independently selected from unsubstituted C,, ,, alkyl or
Ci6.20 alkenyl groups.

10. The compound of claim 1, wherein R' and R* are
independently a C,, alkyl group or a C,, alkenyl group
having 1 or 2 carbon-carbon double bonds.

11. The compound of claim 1, wherein R® and R* are
independently selected from C,_, alkyl groups substituted
with 1, 2, or 3 ionizable functional groups.

12. The compound of claim 1, wherein R*® and R* are
substituted with 1 or 2 ionizable functional groups.

13. The compound of claim 1, wherein each ionizable
functional group is independently selected from NH,, NHR,
NR,, guanidine, imidazole, or amidine, wherein each R is
independently an unsubstituted C, 4 alkyl, phenyl, or benzyl
group.

14. The compound of claim 13, wherein at least one
ionizable functional group is guanidine.

15. The compound of claim 1, wherein R® and R* are each
substituted with an NH, group and a guanidine group.

16. The compound of claim 1 selected from the group
consisting of

VN

NH
X4 )L
\g NI,

NH
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17. A nanoparticle comprising a compound of Formula I
of claim 1.

18.-26. (canceled)

27. The nanoparticle of claim 1 further comprising a
payload selected from DNA, RNA, a polypeptide, a ribo-
nucleoprotein complex (RNP), or any combination of two or
more thereof.

28.-51. (canceled)

52. A method of delivering a payload into a mammalian
cell, the method comprising exposing the cell to a nanopar-
ticle of claim 27.

53. (canceled)

54. A method of treating a condition or disorder in a
subject that may be ameliorated by a payload selected from
RNA, DNA or RNP, the method comprising administering to
the subject an effective amount of a nanoparticle of claim 27.

#* * #* #* #*
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