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PH-RESPONSIVE LIPIDOID NANOPARTICLES FOR
INTRACELLULAR MRNA DELIVERY

RELATED APPLICATION

This application claims the benefit of prionty to U.S. Provisional Application No.
63/038.451, filed June 12, 2020; the contents of which are incorporated heremn by reference

i their entirety.
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BACKGROUND

The combinatonial library strategy bas been shown to be effective for the
development of cationic lipid-tike (iptdoid) nanoparticles (LNPs) for drug delivery.
Lipdoid molecules with various hydrophilic amine heads and hvdrophobic tails have been
synthesized and used to deliver small molecules, proteins and peptides, ribonucleoproteins
{RNP}, and nucleic acids (mRNA, siRNA, ASQ, pDNA cic ), both in vifro and in vive,
Lipidoid molecular design and nanoparticle supramolecular structure optimization
strategics have achieved better delivery performances by improving delivery specificity,
enthancing efficacy, and reducing side-effects. In order to further refine molecular siructure
design, we have mcorporated functional groups with stimuli-responsive degradable features
mio combinatorial hpidowd molecules.

A library of reduction-responsive disulfide bond-containing hipidoid nanoparticles
that can be degraded m the presence of glutathione (GSH) and other intracellular reducing
agents was reported. These ipdoids were used for sitRNA and protein delivery. The
concept of a stimuli-responsive combinatorial lipidod library was further expanded from a
biochemical trigger to a physical/external trigeer. This was achueved through the integration
of the o-mitrobenzyl ester group into the hipidoid tail structures. Photo-degradable hipidoid

nanoparticles were then fabricated and used for small molecule drug delivery.
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Each hibrary of stimuli-responsive hipidoids has 1is own unique physicochemical
properties. Creating and expanding these libraries helps to enrich our molecular toolbox for

nano drug delivery applications.

SUMMARY
In certain aspects, provided herein are compounds of formala E:
RAeAC—{ jnker—RMP (1)

and pharmaceuiically acceptable salts thereof, wherein

Riead jg
Ra
. N 2 '——riz%
P, Nad “a A
RQ_N\ Rg N Z
,“% ra . i N1
He  Rgel £ Z Ra"N
RN .G;N\ RB’MN‘ RN o n / J\Jﬂ
i“:l\‘r ? R& Pr""” g-*‘\"r “‘\ul‘r RE!

R* R® R¥ and R¥” independently are RM¥ 1 C1-Cao alkyl, C2-Cao alkenyl, C2-Cao
atkynvl, Cs-Cao cycloalkyl, Ci-Coo heteroalkyl, C1-Cao heterocycloalkyl, arvl, or
heteroaryl, wherein R? and R¥ or R and R are not both RMHpi;

£ 15 a Ci-Cro bivalent aliphatic radical, a Ci-Cao bivalent heteroalipbatic radical, a bivalent
aryl radical, or a bivalent heteroarvl radical;

Linker 1s an acid iabile moiety that is cleavable under agueous acidic conditions;

cach instance of RUPY independently is C1-Cao alkyl, Ca-Cao alkenyl, Co-Cao alkynyi or

RTRZ
X N {
A
R?:R—’l t

wherein:

R and R? independently are H, OH, NHRY, or SH;

RY and R* are both H or R? and R* are taken together to form an oxo (=0) group;
Nis CHo, O, NR or S,

R is H, Crsalkyl, Crs alkenyl, or Crg alkvnyl;

Uand V independently are S, 8¢, O, or CHy;

m 18 an wnteger selected from o 3;

1 15 an integer selected from 1 to 14;

pisGori;

g is an integer selected from 1 to 10; and
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tisQ, 1 or 2.
In certain aspects, provided are lipidoid nanoparticles, comprising a compound

disclosed herein.

BRIEF DESCRIPTION OF THE DRAWINGS

¥Fig. 1A ig a schematic itlustration of the acid-inggered degradation of lipidoid
nanoparticles.

Fig. 1B 1s the synthetic route and an acidic pH-tnggered hydrelysis reaction for R-
O16CBA Lipidoids.

Fig. 1€ shows the chemical structures of exemplary amine head groups.

Fig. 2A is a 'H NMR spectrum of O16CBA tail.

Fig. 2B is a PC NMR spectrum of Q16CBA tail.

Fig. 2C is a "H NMR spectra of 75-016CBA hipidoid.

Fig. 2D is a “C NMR specira of 75-016CBA lipidoid.

Fig. 2K 15 a sct of ESI-MS spectra of 75-016CBA and 76-016CBA.

Fig. 2F is a table of summary of chemical formulas and caleulated and observed
molecular weights of R-016CBA lipidoids.

Fig. 3A s a schematic illustration of an acid-induced hydrolysis reaction and tail
cleavage of O16CBA lipidoids.

Fig. 3B is a bar graph showing degradation efficacy of the cvelic benzylidene acetal
group i 75-0316CBA lipidoids at pH 4.5 and 7.0 for different incubation durations.

Fig. 3C is a ume series of 'H NMR spectra of 75-G165CBA lipidoids under pH 4.5

Fig. 3D is a time series of 'H NMR spectra of 75-C16CBA lipidoids under pH 7.2,

Fig. 3K 15 an ESI-MS spectra of 75-016CBA LNPs 24 h after incobation at pH 7.2,
60,50 and 4.5

Fig. 4A are a sct of TEM images (scale bar = 500 nm) of R-016CBA LNPs in
neutral (pH 7.2} and acidic {pH 3.0) solutions.

Fig. 4B arc the average hydrodynamic diameters of R-O16CBA LNPs in neutral
{pH 7.2} and acidic {(pH 5.0} solutions.

Fig. 4C 13 a fluorescence emission spectra of NR/75-016CBA LNPsm pH 7.2 and
5.0 solutions.

Fig. 5 is a bar graph showing intracchular GFP mRNA delivery efficacies of R-

O16CBA LNP formulations (R-O16CBA, R-O16CBA-F1, and R-O16CBA-F2). Lotlk and
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naked mRNA were used as positive and negative controls. [R-016CBA} =74 pug/ml,;
IGFP mRNA]J = 0.74 yg/ml; exposure duration = 24 h,

Fig. 6 is a bar graph showing cytotoxicity test of R-O16CBA LNPs and LpfZk
{[lipdowd] = 7.4 ug/mL; exposure duration = 24 h}. Untreated colis were used as negative
conirols.

Fig, 7 shows a synthetic route employed for the preparation of acid-degradable
bydrophobic tail, 016CBA.

Fig. 8 is a ‘H NMR spectrum of HexDMBA in DMSG-d5.

Fig. 9 is a 'H NMR spectrum of HexDMBAH in DMSO-46.

@

Fig. 1315 a sct of ESI-MS spectra of cyclic benzvlidene acetal-containing lipidoids,
7-G16CBA, 78-016CBA, and 80-O16CBA.
Fig. 11 15 a set of ESI-MS spectra of 76-016CBA LNPs imncubated under pH 7.2,
6.0,5.0, and 4 5 after 24 .
Fig. 12 15 a sct of ESI-MS spectra of 77-016CBA LNPs incubated underpH 7.2,
6.0,5.0, and 4.5 afier 24 h.
Fig. 13 is a set of additional TEM mmages of 73-, 76-, and 77-Q16CBA LNPs after

24 h mcubation under pH 5.0

DETAILED DESCRIPTION
{n certain aspects, provided herein are compounds of formmula £
RHead.....Unk&r,_RLipid (i),

and pharmaceutically acceptable salts thereof, wherein

Risad {5

Ra, u.
, Ra ”y '_‘:w/
i, e RyN,
“, Rame RQE_N\ +:—7
T Rgeog?d v ~ L op RN
Ra—N N o Ry—N RSN /

N X Re"

R? R¥ R and R¥ independently are RV H, C1-Cao alkyl, Co-Cao alkenyi, C2-Cao
alkyoyl, Cs-Co eveloalkyl, Ci-Coo heteroalkyl, Ci-Cro heterocyeloalkyl, arvl, or
heteroarvl, wherein R? and R* or RY and R?™7 are not both RMPH;

Z 15 a Ci-Coro bivalent aliphatic radical, a Ci-Cro brvalent heteroaliphatic radical, a bivalent
aryl radical, or a bivalent heteroaryl radical;

Linker 18 an acid labile moicty that 1s cleavable under agueous acidic conditions;

.
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cach instance of RV™ independently is C1-Cao alkyl, C2-Cao alkenyl, C2-Coe alkynyl or

R’iR?.

LN X MY ]

A T v st
R3R4

wherein:
R’ and R? independently are H, OH, NHR® or SH.
5 R and R* are both H; or R? and R are taken together to form an oxo (=0) group;

Xis CHo, O, NRC or §;
R is H, Crsalkyl, Crs alkenyl, or Cis alkvnyl;
Uand V independently are S, Se¢, O, or (Hy;
m is an wteger selected from 110 3;

i9 nis an infeger selected from 1 to 14;
pistori;
q is an integer selected from 1 to 10; and

tis O, i, or 2.

He

In certain embodiments, R g

s,
R,—N
P A
RaN Ra—N
is x\‘:xr or ¢ N

In certain embodiments, R? and R independently are RV H or Ci-Ce alkyl.
In certain embodiments, R i3 derived from a compound selected from the group

consisting of

i ; s 1y N
s, NN, NH, R A R B8
¥ ¥ ¥ #% &1

N Hall | g, RH, MM B N N s
i, ¢ kil ¢ H
a2 1% 208 £54

20 In certain embodiments, R ig derived from a compound selected from the group

consisting of

il L e 1
- - = | = | H
$43 368 408
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In certain embodiments, each instance of RMPY independently is Ci-Cao alkyl, C2-Can
3 ;
atkenyl, or C2-Coo alkynyl.

L

In certain embodiments, each instance of RMPY mdependently is

R1R2

. /
X4 A s -
RERS '

in certain embodiments, B! and R? are H. In certain embodiments, R1is H; and R% is
OH.

In certain embodiments, R? and R* are H. In certain embodiments, R® and R* taken
together form an oxo (=0} group.

In certain embodiments, Z is CH:, O, or NR°®. In certain embodiments, Z is CHz. In
certain embodiments, Z is O. In certain embodiments, 2 is NR™.

In certamn embodiments, U and V are independently -CHa- or -0~ In certain
embodiments, U and V are independently ~-CHs- or -0-, wherein U and V are not the same.
In certain embodiments, U and V are independently -CHz-~ or -5-. Tn certain embodiments,
U and V are both ~CH:-. In cortain embodiments, U and V are both -5-.

In certain embodiments, mis 1 or 2.

In certain embodiments, n is an intoger selected from 4-12. In certain cmbodiments,
n is an indeger selected from 6-10.

In certamn embodiments, p is 0. In certain embodiments, pis 1.

In certain embodiments, g is an wnteger selocted from 2-8. In certain embodiments, g
is an mteger selected from 4-8.

In certain embodunents, t1¢ 0. In certain embodunents, {15 1

In certain embodiments, Linker 13 represented by formulda 1¥:

é“ii____/{fo _
W-Rg =
AN
O = (i),
wherein:
Wis O or NH;

cach of R independently is hydrogen, halogen, nitro, cvano, amino, hydroxyl, alkoxy,
alkylthio, alkyl, afkenyl, alkvavl, aralkyl, hetercaralkyl, carbocvelvl, heterocvelvl,

arvl, or hetercaryi;
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tis an mteger selected from Oto 4;
A5 3 3- to B-membered heterocyele; and
R® is absent; or RO is alkylene or alkenviene;

In certain embodiments, Wis O In certain embodiments, W is NH.

oy

In certain embodiments, R® is alkoxy, e.g., methoxy.
in certain embodiments, ris 2.
in certain embodiments, R® is absent. In certain embodiments, R® is methylene.
In certain embodiments, A is a 6-membered heterocvele,
in certain embodiments, A is unsubsiituted.
10 In certain embodiments, A s substituted with halogen, nitre, cyano, aming,
hvdroxyl, alkoxy, alkvithio, alkvl, alkenyl, alkynyl, aralkyl, heteroaralkyl, carbocyelyl,
heterocyclyl, arvl, or heteroaryl.
In certain embodiments, each instance of RMP¢ independently is selected from the
group consisting of m-pentyl, n-hexyl, n-heptvl, n-octyl,
?i/\rrov’\gﬁ\/\/%/\/\/
O

e
2

>

}i\/\rrowg»swwv
O

WO\/\S/S\X\A/W
o

‘ ; *O\/’\st\/"\f\/
y*&/\r%w\sf&x\/\f\/\m/
O

H
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In certain embodiments, the compound is a compound of formula HE

/
O O
—o )
R"%\/U\O/><"> _____ 20 WP N N
®) S S
Q
\ (1),

/5 wheremn

R’ is denived from a compound selected from the group consisting of
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cand

In certain aspects, provided are lipidoid nanoparticles, comprising a compound

disclosed herein.

In certain embodiments, the lipidoid nanoparticle further comprises cholesterol,

In certain embodiments, the weight ratio of the compound to the cholesterol is about

2:1 to about 8:1.

In certain embodiments, the weight ratio of the compound to the cholesterol 18 about

4:1

In certain embodiments, the lipidoid nanoparticle further comprises DOPE, BSPC,

DOPC; or DMG-PEG2K; wheremn
DSPC has the structure:

In certain embodiments, the lipidoid nanoparticle further comprises DOPE.

VIR
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In certain embodiments, the weight ratio of the corpound to the DOPE 1s about 4:1
to about 1:1. In certain embodiments, the weight ratio of the compouand to the BOPE s
about 4:1 or about 1:1.

In certain embodiments, the lipidoid nanoparticle disclosed herern further comprises
an mBNA. In certain embodiments, the mRNA s green fluorescence protein (GFP)
mRNA
In certain embodiments, further comprising a small molecule. In certain embodiments, the
small molecule 1s an antifungal agent or a chemotherapeutic agent. In certain embodiments,
the small molecule 1s selected from the group consisting of bortezomib, imatinib, gefitinib,
erlotinib, afatinth, osimertinib, dacomitinib, daunorubicin hydrochloride, cytarabine,
fluorouracil, irinotecan hyvdrochlonde, vincristine sulfate, methotrexate, pachitaxcel,
vineristing sulfate, epinubicin, docetaxel, cyclophosphanude, carboplatin, lenalidomide,
thrutinub, abiratorone acetate, enzalutamide, pemetrexed, palbociclib, nilotimib, everclimus,
ruxolitinib, epirubicin, pirirubicin, Warubicin, valrubicin, amrubicin, bleomyein,
phicomyein, dactinomyein, mithramyein, streptozotccin, pentostatin, nuiosanes mitomyein
€, encdiynes calicheamycin, glycosides rebeccamycin, macrolide lactones epotihilones,
mvabepilone, penfostatin, salinosporamide A, vinblastine, vincristine, ctoposide. toniposide,
vinoretbine, docetaxel, camptothecin, hycamtin, pederin, thoopedering, annanudes,
trabectedin, aplidine, and ectemascidin 743 (1743},

In certain embodiments, the small molecule is Amphotericin B or Doxorabicin.

In certain embodiments, the lipidoid nanoparticle has a particle size of about 25 nm
to about 1000 nm. In certam embodiments, the lipidoid nanoparticle has a particle size of
about 50 nm to about 750 nm. In certain embodiments, the hpidoid nanoparticle has a
particle size of about 200 um to about 500 nm.

In another aspect, provided herein are pharmaceutical compositions, comprising a
hipidoid nanoparticle disclosed herein, and one or more pharmaceutically acceptable

CArFiers or excipients,

- 30~
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EXAMPLES

In order that the invention described herein may be more fully understood, the
following examples are set forth. The examples described m this application are offered to
tHustrate the compounds, compositions, materials, device, and methods provided herein and
are not to be construgd in any way as louting their scope.

Materials and Methods

Materials and Instrumenis.,

All chemicals and solvents used for kpidoid synthests were purchased from
Millipore-Sigma and used without purification unless otherwise noted. 'H and PC NMR
spectra were collected on a Bruker AV 300 MHz NMR spectrometer. ESI-MS spectra
were collected on a Finnigan LTQ Mass Spectrometer using methanol as a solvent {.3%
acetic acid; v/v). Hydrodynamic sizes of nanoparticles were measured by a Brookhaven
Zeta-PALS particle size analyzer. TEM mages were taken on a FEI Technat Transmission
Electron Microscope. GFP mRNA transfected cells were analyzed with an Invitrogen
Attune NxT Flow Cyvtometer, and data was analyzed using Flowlo software.

Synthesis of Q16CBA.

The synthetic route for cyelic benzyhidene acetal-contaming hydrophobic tatl,
016CBA, 1s shown in Fig. 7. 4-hvdroxy-2,6-dimethoxybenzaldehyde HDBMBA: 5.1 g,
28.0 mmol} was dissolved 1o acetone (100 ml}. Potasstum carbonate (4.6 g, 33.3 mmol)
was added followed by 1-bromohexane (6.8 g, 41.2 mmol} with continuous sturing. The
reaction was maintained at 55 °C for 24 h. The mixture was cooled fo room temperature and
filtered with filter paper. The solvent was then removed through rotary evaporation, and the
product was purified by silica gel column chromatography, with hexane and ethyl acetate as
the mobiie phase. HexDMBA was obtained as a white solid (5.2 g; yield ~70 %) and
structure was confirmed by 1H NMR (Fig. 8).

HexDMBAH was synthesized using a similar procedure reporied previously.
Briefly, HexDMBA (5.2 g, 19.5 nunol) and 1,1, -tristhydroxymethyethane (6 7 g, 35.9
mmol} were dissolved in anhvdrous tetrahvdrofuran (200 mL). 5A molecular sicves (30 @)
and p-toluenesalfonic acid (0.44 g, 2.56 mmol) were then added. The reaction mixture was
stirced at room temperatiure for 12 h, molecular sieves were filtered out, and solvent was
removed via rotary evaporation. HexDMBAH was purified by silica gel column

chromatography, with hexane and ethvl acetate as the mobile phase. HexDMBAH was

- 31~
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recovered as a white solid (5.4 g; yvield ~75 %), and its structure was confirmed by 1H
NMR (Fig. 9).

HexDMBAH (5 4 g, 14.7 mmol) was dissolved 1o dichioromethane {(~150 mbL}
followed by tnicthylamine (2.2 g, 22.1 vwuol). The solution was cooled 1 an ice bath for 15
manutes, and acryloyl chloride (2.00 g, 22.1 mmol} was slowly added dropwiss. The
reaction muixture was allowed to warm {o room temperature and was stirred for 12 h. After
silica gel columm chromatography purification, with the same mohile phase as previously
described, O 16CBA was obtained as a white solid (4.5 g; vield ~73 %, Its structure was
confirmed using 'H and PC NMR (Figs, 2A and 2B).

Synthesis of Q1 6CBA-failed Lividoids.

Lipidoids were synthesized trom the O16CBA tad and ammne heads via the Michacl
addition reaction, using our previously reported procedure. To synthesize 75-016CBA cic.,
amines (75, 76, 77, 78, 80, #1, 82, and 93} were nuxed with O16CBA at a 1/2.2 molar ratio.
To syothesize 113-016CBA cte., anines {113, 306, and 400) were mixed with O16CEA at
a 1/3.3 molar ratio. These mixtures were placed m Teflon-lined glass screw-top vials for 48
b at 70 °C with contimusous stirring. The mixtares were cooled (o room temperature and
diluted with dichloromethane. The crude products were purified using a Teledyne ISCO
Chromatography purification svstem, with dichloromethane and methanol as the mobile
phase. The lipidotds were characterized by 'H NMR, PC NMR (Figs. 2C and D), and ESI-
MS (Figs, 2K and 18).

Fabrication of Lipidoid Nanoparticles.

The hipidoid nanoparticles without helper hipids (1.¢. cholesterol and DOPE) were
prepared by dissolving pure G16CBA lipidoids (75-C16CBA etc.} m cthanol. Water was
added as the selective solvent to trigger the self-assembly process with 10 min of sonication
i an ultrasonic water bath. This was followed by dialysis (MWCO 3.5 kDa; Slide-A-Lyzer
dialvais cassette; ThermoFisher Scientific) to remove the ethanol. The hipidoid
nanoparticles with cholesterol and DOPE were prepared by dissolving a precalculated
amount of G16CBA lipidoids. cholesierol, and DOPE (O0160BA hipidoid/cholesterol/DOPE
=4/1/1 or 4/1/4; weight ratio) in ethanol and then water. This was agam followed by
sonication and dialysis.

GFP mRNA- (purchased from Trilink) loaded lipidoid nanoparticies were

fabricated by vuxing hipidoid nanoparticles (with or without helper ipids) and mBNA in

12 -
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PBS with a weight ratio of 10/1 (O16CBA lipidoid/mRNA). The nuxture was mceubated at
room temperature for 15 min before use.

Intraceliniar Delivery of mENA.

48-well plates were sceded with Hella celis at an wutial concentration of 20 k cells
per well dispersed m 250 pl of DMEM cell culture media and incubated for 24 h. 20 ub. of
the mRNA-loaded lipidoid nanoparticles were then added into cach well. The cells were
mcubated for another 24 h at 37 °C and 5% CO; prior to flow cyvtometry analysis.

MTT Assay.

96-well plates were seeded with Hela cells at an mitial concentration of 3000 cells
per well dispersed in 100 pl of BDMEM cell culture media and incubated for 24 h. Lipidoid
nanoparticles were then added into each well. The cells were incubated for another 24 hoat
37 °C and 5% CO2 before MTT reagent {5 mg/mL; in 30 ul PBS) was added. After4 h
moubation, the colture mediom was carcfully removed and 260 ub of DMSO was added to
cach well. Afier dissolving the formazan with DMSO solution, the absorbance at 570 nm
was deternuned using a microplate reader {(Molecular Devices Spectra Max},

Statistical Anclvsis,

Data were reported as mean = SD. Experiments were repeated at least three times.
Student’s t-tests were performed to deternune the significance of differences between

groups. P values less than 0.05 were considered to be statisticallv significant.

Example 1, Lipoid Synthesis

The pH-responsive cychic benzvhidene acetal-containing hydrophobie tail,
G16CBA, was first synthesized through a multistep reaction (Fig, 7). Chemical structures
of OI6CBA (Figs. 2A and 2B) and its precursors (Figs. 8 and 9) were confinmed by NMR
analvsis,

A combinatorial hibrary of cationic lipidoids was then syathesized through the
Michael addition reaction by reacting acrvlate-containing G16CBA tails with commercially
available amne-condaining head groups (75, 76, 77 etc.; Figs. 1B and 1C}. Lipidoids were
nomenclated as R-O16CBA (wheore R represents the amune number) and cheoucal
structures were confirmed by NMR (Figs. 20 and 21}) and ESI-MS spectra (Figs. 2E and
16}, The summarized MS data (Fig. 2F) showed that the calculated and observed molecular
weights of the O16CBA lipidoid hibrary were consistent, indicating that the O16CBA-based

hipidoids were successfully synthesized. It should be noted that analogs of O16CBA can be

-3~
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synthesized through the same method by using different benzaldehyvde denvatives and
haloatkanes as reactants (Fig. 7). This can be usefid for mtroducing new functional groups
or further optimizing the delivery performances of lipidoid nanoparticles as nanocarners,
The cyclic benzvlidene acetal motety m the hpidoid tadl can be cleaved through a
hydrolysis reaction faciiitated by acid. It has been previously reported that 2,4,6-
tmmethoxyphenyl groups confaining cyciic acetal groups can be readily degraded at pH
3.23, The R-O16CBA lipidoids svnthesized in this study were thus expected to degrade in

mild acidic conditions, dissociating the self-assembled nanoparticles (Figs. 1A and 1B).

Example 2. pH-Responsiveness of R-GI16CBA Lipidoids,

In this bibrary, ipidoids containing two tails, such as 75-016CBA and 75-G16CBA,

have both their tails cleaved through acid degradation. Dhiring this process, the products R-
CI6CBA-1, R-O16CBA-0, and HexDMBA can form {Fig. 3A). Lipidoids contaiming more
than two tails (113-, 306-, and 400-016CBA} can also form more products after
degradation. Using characteristic peaks shown in the 'H NMR spectram of the cyclic
benzyvlidens acetal/aldebyde motety on mtact Hpidoids and degradation products, the acid-
triggered fipidoid degradation process could be studied in real time. Following a previously
cstablished procedure, the hydrolysis reactions of 75-016CBA hipidoids were examined at
37 °C and pH 7.2 or 4.5, As shown in Fig. 3B, the degradation of cvclic benzvlidene acetal
groups was determingd to be 25%, 60%, 88%, and 99% afier 1, 4, & and 24 h of mcubation
at a pH of 4.5. The reselt indicates that most of the tai groups in 75-016CBA lipidoids
were cleaved afier 8 h of treatment and almost all were degraded after 24 h. This s
consistent with previous reports outlining how 2 4 6-trimethoxyphenyl-containing cyclic
acetal groups are highly degradable under acidic conditions.

In comparison, ondy 1.9% and 3.3% acctal bond degradation occurred for 75-
016CBA hipidoids after § and 24 h incubated at pH 7.2, The characteristic proton signals
mdicated in Fig. 3A can be observed in the 1H NMR spectra of 75-016CBA at pH 4.5
{Fig. 3C}. No peak shuft (protons on substituted phenyi group) or new peak gencration
{proton on aldehvde group} was observed in the spectra of lipidoids in pH 7.2 solution (Fig.
3D at vanous meubation time intervals {0, 1, 4, 8, and 24 h).

The acid-triggered lipidoid degradation was further confirmed by ESI-MS. 75-
Q16CBA, 76-016CBA, and 77-016CRA lipidoid nanoparticles were prepared and

meubated at 37 °C in agueous solutions with pH values 0f 7.2, 6.0, 5.0, and 4.5
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respectively. After 24 b, the LNP agueous solutions were diluted with methanol containing
0.5% acetic acid and examined by ESI-MS. As shown in Fig, 3K, a peak representing intact
75-G16CBA (JM+H{+. m/z 961.64) and a small peak representing 75-016CBA-1 (/2

P
I
i

713.55) were observed in the solutions of pH 7.2, it should be noted that the presence of 73-
G16CBA-1 inthe pH 7.2 solution was most bkely due to the degradation induced by acid
from the MS test, as the 'H NMR did not show the generation of 75-016CBA-1 or
aldehyde byproducts afier 24 h of incubation at pH 7.2 (Fig. 31). The ESI-MS of 75-
O16CBA meubated at pH 6.0 showed similar results as that of pH 7.2 since both the mtact
75-016CBA and a small peak of 75-G16CBA-1 were observed. Under pH 4.5, the product
75-016CBA-0 was detected and no 75-016CBA-1 or mtact 75-016CBA were observed.
This indicates that the degradation of 73-016CBA was nearly complete after 24 h at pH
4.5, which is consistent with the 1H NMR measurement (Fig. 3B). Samples treated with pH
5.0 conditions revealed very simiar reselis as those at pH 4.5, Furthermore, as shown in
Figs. 11 and 12, the same patterns were observed for two other hipidoids (76-016(CBA and
77-016CBA).

Example 2. Acid-Induced Desradation of Q16CBA Lipidoid Nanoparticles,

The morphological change of 016CBA LNPs under acid-induced degradation was
studied using TEM and DLS. In this study, 75-016CBA LNPs were fabricated using a seif-
assembly procedure. Through TEM examination, it was confirmed that spherical
nanoparticles with average sizes of 315 nim formed i the pH 7.2 solution (Fig. 4A).

Dug to the self~assembly packing parameters of the lipidoid molecules and the self-
assembly procedures that were emploved, almost all of our previsculy studied
combinatorial lipidoid nanoparticles have the vescular/liposomal structures. The
supramolecular structures of lipidoid nanoparicles {¢.g. morphology, size, etc.) are
supposed to be rehant on both of the chemical structures of lipidoid micenles and assembly
conditions. The size and distribution of hpidoid nanoparticies can also be further optimized
using microfhudics, mechanical extrusion, and other tochotques.

After 24 h mcubation at pH 5.0, lipidowd vanoparticles were disrupted and
amorphous aggregates around 130 nm resulted (Fig. 4A). The same acid-triggered
morphological transformations were also observed in 76-016CUBA and 77-016CBA LNPs
with THM images (Fig. 13). DLS measurements further indicated size variations after acid

treatment. The hydrodynanic diameter of 75-016CBA decreased from 382 nm to 150 nm
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after 24 h of imcubation i pH 5.0 solution (Fig. 4B). Decrease m average hydrodynamic
size was also observed for 76- and 77-0160BA, which was consistent with the TEM
chservation resuits. The hydrodynamic size of R-016CBA measured by DLS was larger
than the average size calculated from TEM images. This could be due to the fact that the
TEM 1images wers taken under dry status. Following previcusly reported procedures, a
microcnvironment polarity-sensitive fluorescent dve (Nile red} was incorporated into the
bydrophobic lipidoid bilayer membrane of 75-G16CBA LNPs. Nile red has bright
fluorescence emission in the nonpolar environment such as hpidoid bilayer, and reduced
fluorescence in polar or aquecus solution. A decrease n fhuorescence emission intensity
{ca. 54%;) and a red-shift in maximum enmission peaks {(from 619 to 646 nm} of NR/75-
O16CBA was observed after 24 b of incubation at pH 5.0 (Fig. 4C). This indicated that the
macroenviromment variation and nanoparticle dissociation occurred after the acid treatment,
Overall, the "H NMR, MS, TEM, DLS, and flucrescence measurements demonstrated the
actd-triggered degradation of R-0O 16CBA lipidoid molecules as well as the resulting

disraption of nanoparticle structures.

Example 4, B-O16CBA LNPs for mRBNA Delivery,

The possibilty of using R-O16CBA molecules as the active lipidoids for
mtracetlular mBRNA delivery was explored. In this study, different formulations were
prepared. As shown in Table 1, R-G16CBA LNPs contain R-016CBA only; R-O16CBA-
F1 LNPs contain R-OQ16CBA cholesterol, and DOPE at a weight ratio of 4/1/1; R-
OI6CBA-F2 LNPs contain R-016CBA, cholesterol, and DOPE at a weight ratio of 4/1/4.
Cholesterol and DOPE were added because previoas studies have shown that these helper

lipids can mcrcase the stabilization of nanoparticles, membranc infusion, and cellular

mternalization.
Talbde 1. Codes and parameters of Upidod nanoparticle formulations used m this snudy,
Cade T
Lipsdond DHOPE
RADINCHRA 4 i &
RA36CBAGFE 4 {
: 4 4

GFP mRNA was loaded mto ditferent nanoparticle formulations by mixing mRNA

and LNPs in PBS buffer (R-016CBA/MRNA = 10/1; weight ratio). Most of the combinatial
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LNPs showed great stability during storage. Furthermore, the stability of LNPs can be
further tmproved by adding small- and macromolecular excipients (cholesterol, DOPE,
PEG-DSPE etc.) mto the formulations. It should be noted that 1n all of the following
studies, freshly prepared LNPs werc used unless otherwise noted. The mRNA and LINPs
were added to Hela cells, and the delivery efficiencies were determined using flow
cytometry after 24 h of meubation ({R-O16CBA] = 74 ug/mb; [GFP mBNA}=0.74
ug/ml.; exposure duration = 24 h). Intracellular mRNA delivery efficiency was represented
by the percentage of GFP+ cells. Commercially available cationic transfection reagent,
Lpf2k, was used as a positive control. Untreated Hela cclls and Hela cells treated with
naked GFP mRNA were used as negative controls. As shown in Fig. 8, both untreated celis
and naked mRNA-treated cells induced a negligible percentage of GFP+ Hela cells (< 1%).
On the other hand, Lpf2k was highly efficient in mRNA delivery as ~91% GFP+ cells were
recorded.

{t was discovered that the neutral helper hipids {cholesterol and DOPE) n R-
OI6CBA fornusations plaved an essential role in mRNA debivery. Without helper lipids,
the deltvery efficiencigs were rather low, as cight of the ENP formudations (75-0Q16CBA
and 76-016CBA ctc } had cfficiencies below 153%. Two lipidoid nanoparticles, 113-
O16CBA and 306-016CBA, mduced 29% and 44% GFP+ cells respectively, while the
most active 400-016CBA mduced 68% GFP+ cells. The outperformance of lipidowds with
more than two tals (113-, 306~ and 400-016CBA} compared to bpidoids with two tails
{75-016UBA otc.} for nucleic acid delivery is consistent with provious reports and merits
further study,

The addition of helper hipids greatly improved LNP delivery efficacy, with multiple
LNPs achieving GFP expression comparable to that of LpfZk. In the bibrary of R-O16CBA-
F1 formulations, ali LNPs, except for 93-016CBA-FI (~2% GFP+ cells), showed higher
efficacies than their corresponding R-016CBA formulations. Nme of the R-O16CBA-F]
formulations had >50% delivery efficiency, with 81-Q16CBA-F1 being the highest in
producing ~93% GFP+ cells. Other top formulations such as 76-, 77-, 113, 306-, and 400-
O16CBA-FI mduced debivery efficacics of 78-83%.

The effects of increasing the amount of helper lipids on mRNA delivery was then
mvestigated. Formulations with R-O16CBA/cholesterol/BOPE at a weight ratio of 4/1/4
were fabricated and tested (R-016CBA-F2). As shown in Fig. 8, except for the 93-
O16CBA-F? and 400-016CBA-F2, all other LNPs had higher efficacies than R-016CBA.
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Compared to the R-016CBA-F1 LNPs, the delivery efficacies of R-Q16CBA-F2 were
slightly lower {except for 75- and 78-016CBA-F2}. 31-016CBA-F2 was determined to be
the most efficient in this formmulated hbrary as ~78% GFP+ cells were recorded. Once
again, 113-, 306~ and 400-016CBA-FZ were stilt among the top LNPs, as their dehvery
efficacies were determined to be $7-73%.

Overall, the addition of helper lipids can improve most LNP delivery efficacies. R-
O16CBA-F2 LNPs, which had higher DOPE content, bad comparable or slightly lower
efficacies than R-O16CBA-F1 LNPs. In addition, §1-016CBA-FI and -F2 were determuned
to be the most efficient 1n the two formalation libraries, and three-tailed LNPs performed

well both with and without helper lipids.

Example 5, Cviotoxicity Test.

As discussed above, some of the R-016CBA formulations achieved comparable
mRNA delivery cfficacies to that of the commercial reagent Lpf2k. Besides efficacy, the
biocompatibility of carriers was also exanuned. Although Lpf2k 18 highly efficient,
previons research mmdicated 1t is also toxac. In this context, the cytotoxicities of four
successtid R-O16CBA LNPg, namely one two-tailed lipidoid {(81-0016UBA} and three
multiple-tailed hipidowds {113~ 306~, and 400-016CBA), were tosted using the MTT assay
{[hipidoid] = 7.4 ug/mL; exposure duration = 24 h}. The addition of helper lipids bike
cholesterol and DOPE would resalt in very similar to slightly lower cytotoxicity of the
formulations, which 1 reasonable counsidering the excelient cell compatibility of cholesteral
and DOPE ete. As shown in Fig. 6, although Lpf2k is ighly etficient for mRNA delivery,
it 1s also rather toxic, as only ~53% of celis were viable after delivery. On the other hand,
the newly developed R-O16CBA LNPs were less toxic under the same conditions. 306- and
400-016CBA had ~70% cell viabilitics, and 81- and 113-016CBA had >90% ccll

viabilities.

INCORPORATION BY REFERENCE

All of the U5, patents, and U.S. and PCT published patent applications cited herein

are hereby incorporated by reference.
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EQUIVALENTS
The foregoing written specification is considered to be sufficient to enable one
skilled in the ast to practice the invention. The present invention is not to be limited in

scope by cxamples provided, since the examples are intended as a single dlustration of one

5 aspect of the invention and other functionally equivalent embodiments are within the scope
of the mvention. Varnous modifications of the invention in addition to those shown and
described herein will become apparent to those skilled i the art from the foregoing
description and fall within the scope of the appended claims. The advantages and objects of
the invention are not necessanly encompassed by cach embodiment of the invention.

o
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We clamm:

L. A compound of formuda b
R inker-—R-P (1),
or a pharmaceutically acceptable salt thereof, wherein

RHead {5

Ra .

Ra Naf

b, \\-a;% Ra™ 3

Ra‘“N\ Ry—N +Z

iy S /

P Rgidl v pa Z RSN
R3---N/ ‘>N\ Ra;___N‘ o R;”’“N , OF "./ }J\F,

W~ Ry 7 e o~ Ra

R R* R?, and R¥” independently are RM09 H, C1-Cao alkvl, Co-Cno atkenyl, C2-Cao
atkyovl, C3-Cao cveloalkyl, Ci-Cao heteralkyl, C1-Coo heterocycloalkyl, aryl, or
heteroarvl, wherein R? and R* or R¥” and R*"”” are not both REPi;

Zis a C1-Cse bivalent aliphatic radical, a Ci~Cao bivalent hetercaliphatic radical, a bivalent
aryl radical, or a bivalent heteroaryl radical;

Linker 15 an acid abile moiety that is cleavable ander aqucous acidic conditions;

each instance of RMP jndependently ts Ci-Coo alkyl, C2-Coo alkenyl, C2-Cao alkynyl or
p o ' e S o

R1RZ
A X A A
§3R4\/m - \é\m ';t R

whergin:

Riand R? independently are H, OH, NHR®, or SH;

R3 and R* are both H; or R and R* are taken together to form an oxo (=0} group;
Xis CHa, O, NR* or §;

R¥*is H, Crealkyl, Cis alkenyl, or Ci6 atkynyl;

U and V mdependently are S, Se, O, or CHy;

m is an integer selected from 1o 3;

0 1s an integer sclected from 1to 14;

pisCor I;

¢ 18 an integer selected from 110 10; and

t1s0, i, or 2.
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2. ¢ compound of claim 1, wherein RF% ig
iy,
RN
Yo z
Ra Ry N

N 3 N
o or o

The compound of claim 2, wherein R? and R? independently are RVP4 H, or C1-Cao

4, The compound of claim 1, wherein R¥ ig derived from a compound selected from

the group consisting of

SUL NS T [ T NP N . NH, LR N,
es Y Loy £ 88 a4
_ i, HN i, BN RNy N TR T R,
Mo NH‘Z &N? z i 2 i i 2
]3I i 434
5. The compound of claim 4. wherein R¥% is derived from a compound selected from

the group consisting of

28
AG8H

HaN g NHp  HNT w;a‘g TSN, :? R

b4

6. The compound of any one of claims 1-5, whercin each instance of RLP

mdependently is Ci-Cow alkyl, C2-Coo alkenyl, or C2-Cop alkynyl.

7. The compound of any one of claims 1-5, wherein cach instange of RV

mdependently is

R R?
.355 X Py ! -
ST U, "/;’%"/
RER?

¢ compound of claim 7, wherein R! and R? are H.

ol

9. The compound of claim 7, wherein R’ is H; and R* is OH.
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10, The compound of any one of claims 7-9, wherein R and R* are H.
ii The compound of any one of claims 7-9, wherein R? and R* taken together form an

oxo (=03} group.

i2. The compound of any one of claims 7-11, wherein Z is CHa, O, or NRY.

13, The compound of any one of claims 7-11, wherein £ 158 CHa.

14. The compound of any one of clavms 7-11, wherein Z 15 O,

15, The compound of any one of claims 7-11, wherein Z is NRC,

16, The compound of any one of claims 7-15, wherein U and V are independently -
CHo-or -0-.

17. The compound of any one of clatms 7-15, wherein U and V are mdependently -

CHu- or -0, wherein U and V are not the same.

18.  The compound of any one of claims 7-15, wherein U and V are mdependently -
CHo- or -5-.

19, The compound of any one of claims 7-15, wherein U and V are both -CHa-.

280, The compound of any one of claims 7-13, wherein U and V are both -5-.

2L The compound of any one of claims 7-20, wherein mis 1 or 2.

22, The compound of any one of clatas 7-21, wherein n 1s an integer selected from 4-
12

23, The compound of any one of claims 7-21, wherein n s an integer selected from 6-
10,

24 The compound of any one of claims 7-23, wherein p is 0.
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25 ¢ compound of any one of claims 7-23, whereinp1s |
26 The compound of any one of claims 7-25, wherein g is an integer selected from 2-8.
27, The compound of any one of claims 7-23, wherein ¢ is an integer selected from 4-8.
28. The compound of any one of claims 7-27, wherein t is G.
29 The compound of any onc of claims 7-27, wherein tis 1.
30, The compound of anv one of claims 1-29, wherein Linker is represented by forowla
i
A O
o /
<,. (7%,
V‘J"R5 :
A Wi
¢ = an,

wherein:

Wis O or NH:

cach of R independently is hvdrogen, halogen, nitro, cvano, amino, hvdroxyl, alkoxy,
alkvithio, alkyl, alkenyl, alkynvl, aralkyl, heteroaralkyl, carbocyelyvl, heterocvelvl,
aryl, or heteroaryl;

ris an integer selected from O to 4;

A is a 3~ to 8-membered heterocyele; and

RO is absent; or R® is alkvlene or alkenviene;

31, The compound of claim 30, wherein W is O.
32. The compound of claim 30, wherein W is NH.

33 The compound of any one of claims 30-32, wherein R? is alkoxy, e.g., methoxy.
34. The compound of claim 33, wherein ris 2.
35, The compound of any one of claims 30-34, wherein RS is absent.
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36, The compound of any one of claims 30-34, wherein R% is methvlene.

37.  The compound of any one of claims 30-36, wherein A 1s a 6-membered heterocycle.
38.  The compound of any one of claims 30-37, wherein A is unsubstituted.

39, The compound of any one of claims 30-37, wherein A is substituted with halogen,

nitro, cvang, anine, hvdroxyl, alkoxy, alkyithio, alkvl, alkenyl, alkynyl, aralkyi,

heteroaralkyl, carboeyelyl, heterocyelyl, arvl, or heteroaryl

40.  The compound of claim 1, wherein each instance of RMY independently is selected
from the group consisting of r-pentyl, n-hexyvl, n-heptyl, n-octyl,
WQ\/\S/S\MM/\/
O
WOWSXSM/%/
O

>

?“ivf’\rrgwf\S/SW\N
O

?V\(OV/\S“S\”W’

O

>

>

. H
;?\:v/}r N \//\Sf’ SVWWV

O

H
N S PN
O
H
?f\,f\]/ No™ 37 EN e NP Y
o

H
}i//\,r Moo g S
o :
"}{\3‘/’\3 P N N NP NP N
OH
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OH

>
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OH
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0

W'OV”\SWM’\/’\\
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Q
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< R N N N N e
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41 The compound of claim 1, wherein the compound is a compound of formala HI:

wherein

R’ 1s denived from a compound selected from the group consisting of
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cand
s is an mteger selected from 1 to 4, as valency permits,
42, A lipidoid nanoparticle, comprising a compound of any one of claims 1-41.
43, The bpidoid nanoparticle of claim 42, wherein the lipidoid nanoparticle farther
comprises cholesterol.
44, The hipidoid nanoparticle of claim 43, wherein the weight ratio of the corapound to
the cholestersl is about 2:1 to about 8:1.
45, The liptdoid nanoparticle of cladm 43, wherein the weight ratio of the compound to
the cholesterol is about 4:1.
46, The bpidoid nanopariicle of anv one of claims 42-45, further comprising DOPE,

DSPC, BOPC: or DMG-PEGZK; wherein
DSPC has the structure:

DMG-PEG2K has the structure:
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47, The compound of any one of claims 42-45, wherein the hpidoid nanoparticle further
comprises DOPE.
48.  The compound of clann 47, wherein the weight ratio of the compound to the DOPE
is about 4:1 to about 1:1.
49, The compound of claim 47, wherein the weight ratio of the compound to the DOPE
is about 4:1 or about 111,
50, The hpidoid nanoparticle of any one of claims 40-49, further comprising an mRNA.
51, The liptdoid nanoparticle of claim 50, wherein the mRNA 1s green fluorescence
protein {GFP) mRNA,
52.  'The hpideid panoparticle of any one of claims 40-51, further comprising a small
molecule.
53, The hipidoid nanoparticle of claim 32, wherein the small molecule is an antifungal
agent or a chemotherapeutic agent,
54, The lipidoid nanoparticle of claim 33, wherein the small molecule s selected from

the group consisting of bortezomib, imatinib, gefitinib, eriotinib, afatinib, ostmertinb,
dacomutinib, daunorubicin hvdrochlonde, cvtarabine, luorouracil, innotecan
hvdrochloride, vincristine sulfate, methotrexate, paclitaxel, vincristine sulbfate, epirubicin,
docetaxel, cyclophosphanmide, carboplatin, fenalidomide, ibnutinib, abiraterone acctate,
enzalutamide, pemetrexed, palbocichb, nilotmib, everohimus, ruxolitinib, epirubicin,
pirirabicin, idaruabicin, valrabicin, amrabicin, bleomyein, phleomycin, dactinomycin,
mithramycin, streptozotecin, pentostatin, mitosancs mitomycein £, enedivnes calichcamycin,
glveosides rebeccamyein, macrolide lactones epotibilones, ixabepilone, pentostatin,

salimosporamide A, vinblastine, vincristing, efoposide, teniposide, vinorelbing, docetaxel,
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camptothecin, hvcamtin, pederin, theopedering, annanudes, trabectedin, aplidine, and

ecteinascidin 743 (ET743).

55, The lipidoid nanoparticle of claim 54, wherein the small molecule s Amphotericin

B or Doxorubicin.

56.  The bpidoid nanoparticle of any one of claims 42-535, wherein the hpidoid

nanoparticle has a particle size of about 25 am to about 1600 nm.

57. The hipidoid nanoparticle of any one of claims 42-55, wherein the lipidoid

nanoparticle has a particle size of about 50 nim fo about 750 nm.

38, The hpidoid nanoparticle of any onc of clavms 42-35, wherein the lipidoid

nanoparticle has a particle size of about 200 nm to about 560 nm.

59, A pharmaceutical composition, comprismg a lipidoid nanoparticle of any one of

claims 42-38, and onc or more phamaceutically acceptable carriers or excipients.
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