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ABSTRACT: Viral and synthetic vectors for delivery of nucleic acids impacted genetic nanomedicine by aiding the rapid
development of the extraordinarily efficient Covid-19 vaccines. Access to targeted delivery of nucleic acids is expected to expand the
field of nanomedicine beyond most expectations. Both viral and synthetic vectors have advantages and disadvantages. The major
advantage of the synthetic vectors is their unlimited synthetic capability. The four-component lipid nanoparticles (LNPs) are the
leading nonviral vector for mRNA used by Pfizer and Moderna in Covid-19 vaccines. Their synthetic capacity inspired us to develop
a one-component multifunctional sequence-defined ionizable amphiphilic Janus dendrimer (IAJD) delivery system for mRNA. The
first experiments on IAJDs provided, through a rational-library design combined with orthogonal-modular accelerated synthesis and
sequence control in their hydrophilic part, some of the most active synthetic vectors for the delivery of mRNA to lung. The second
experiments employed a similar strategy, generating, by a less complex hydrophilic structure, a library of IAJDs targeting spleen, liver,
and lung. Here, we report preliminary studies designing the hydrophobic region of IAJDs by using dissimilar alkyl lengths and
demonstrate the unexpectedly important role of the primary structure of the hydrophobic part of IAJDs by increasing up to 90.2-fold
the activity of targeted delivery of mRNA to spleen, lymph nodes, liver, and lung. The principles of the design strategy reported here
and in previous publications indicate that IAJDs could have a profound impact on the future of genetic nanomedicine.

flicient delivery of nucleic acids by viral' and synthetic® self-assembling by simple injection of their ethanol solution

vectors impacted extraordinarily genetic nanomedicine as into water or buffer producing monodisperse vesicles known as
seen by the success of Covid-19 vaccines.® Recent gerspectives, dendrimersomes and glycodendrimersomes with predictable
reviews' and a publication from our laboratory’ summarize dimensions.'”® Methoxyoligooxyethylene and oligooxyethylene
advantages and disadvantages of viral and nonviral vectors. fragments were originally employed to design their multifunc-
Four-component lipid nanoparticles (LNPs)® consisting of tional sequence-defined hydrophilic part and generate single—
ionizable lipids,”” PhOSPhOIiPi(‘lsyéb'C cholesterol and a PEG- single (SS, single hydrophilic dendron connected to single
conjugated lipid(m'b’7 represent the state-of-the-art technology hydrophobic dendron), twin—twin (TT, two hydrophilic
employed by Pfizer’® and Moderna®™ in their vaccines. dendrons connected to two hydrophobic dendrons), and
Statistical distribution of the four components in the LNPs twin-mixed (TM, two different hydrophilic dendrons con-
contributes to some of their limitations. The segregation of the nected to two hydrophobic dendrons) IAJDs.> A simplified SS,
neutral ionizable lipid as droplets in the core of LNPs," the sSS architecture, resulting in an efficient IAJD, was obtained by
“PEG dilemma,” and their optimal stability only at low eliminating the oligooxyethylene fragments from the hydro-

temperatures (—70 °C) limit their efficacy. One-component
ionizable amphiphilic Janus dendrimers (IAJDs) elaborated
recently in our laboratory rely on the precise composition and
sequence of its components and are stable at 5 °C.° One-
component IAJDs do not require microfluidic or T-tube
technology employed by four-component LNPs to coassemble
with mRNA. One-component systems coassemble with mRNA
into dendrimersome nanoparticles (DNPs) with 97% nucleic
acid encapsulation efficiency by simple injection of their
ethanol solution into an acidic buffer containing mRNA rather
than by the microfluidic methodology required by LNPs. The
original architecture of one-component IAJDs’ was inspired
from the structure of amphiphilic Janus dendrimers (JDs),"
Janus glycodendrimers (JGDs),'" and sequence-defined JGDs

philic dendron while maintaining only the ionizable amine that
becomes hydrophilic and active to mRNA binding upon
protonation.'> Hydrophobic dendrons were constructed either
from 3,4-, 3,5-, and 3,4,5-substituted phenolic acids or from
trisubstituted pentaerythritol containing identical alkyl groups.
Sequence-defined JGDs were demonstrated to be extraordi-
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Figure 1. Schematic representation of four-component LNPs (a), one-component IAJDs based DNPs (b), and the cell transfection mechanism of
DNP encapsulating Luc-mRNA (c). Synthesis of IAJDs containing 3,5-nonsymmetric alkyl groups (d).

narily important in providing the highest activity of their glycan
when binding to sugar-binding proteins known as lectins and
galectins."' Sequence-defined self-assembling dendronized
perylene bisimides (PBIs) were also demonstrated to
accelerate their rate of self-organization proceeding by a
cogwheel mechamsm accompanied by deracemization in the
crystal state.'® In addition, phospholipids forming the bilayer
of the natural cell membranes are generated by a non-
symmetric substitution of glycerol with alkyl groups containing
double bonds"*"> which provides a dissimilar chain length in
the bilayer even for identical alkyl groups.

The mechanism of self-assembly of JDs into DNPs was
shown to be preferred by the 3,5- rather than 3,4- or 3,4,5-
substitution since 3,5-substitution favors interdigitation of the
alkyl groups in the bilayer. 1% These literature data prompted
us to advance the hypothesis that sequence-defined arrange-
ment in the hydrophobic part of IAJDs could also be
influential, as was the hydrophilic part, on the activity of
targeted delivery of mRNA mediated by IAJDs.” Therefore, we
decided to screen selected examples of simplified IAJDs from
the second library'” and of SS IAJDs from the first libraries of
IAJDs” by replacing their identical alkyl groups with dissimilar
groups in their hydrophobic part and test their in vitro and in
vivo delivery of mRNA. Figure la outhnes the structure and
coassembly with mRNA of LNPs.° Figure 1b shows the
structures of sSS, SS, and TM IAJDs with dissimilar and similar
alkyl groups in their hydrophobic parts and their coassembly
with mRNA. Figure Ic illustrates the mechanism currently
considered for the in vivo delivery of mRNA with both four-
component LNPs and with one-component IAJDs. This
mechanism involves endocytosis of the LNP or DNP, followed
by endosomal escape of mRNA and synthesis of a protein in
collaboration with ribosomes. Since normal mRNA experi-
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ments can require an extended duration of time per experiment
especially vaccines, we employed Firefly Luciferase mRNA
(Luc- mRNA) that provides important results in several
hours.>"? In this case, the protein translated in the cell is the
Luciferase enzyme that interacts with p-Luciferin to generate
oxy-Luciferin emitting light that identifies the organs targeted.
Figure 1d shows the synthesis of nonsymmetric IAJDs. In the
first step the 3-benzyl ether of 3,5-dihydroxy methyl benzoate
was produced in 39% isolated yield in 5 h by etherification of 1
with BnCl at 80 °C in DMF. Subsequently 2 was alkylated with
1-bromoundecane or 1-bromopentadecane in DMF, with
K,CO; base at 120 °C to produce a 78—100% isolated yield
of 3. Hydrogenolysis of 3 (H,/Pd, DCM/MeOH, 12 h)
produced 4 in 100% isolated yield. Alkylation of 4 with varying
alkyl lengths from 1-bromooctane to 1-bromooctadecane in
DMF, with K,CO; base at 120 °C, generated the non-
symmetric compounds § in 74—92% isolated yield. Reduction
of compounds § with LiAlH, in THF (0-23 °C, 1 h)
produced the benzyl alcohols 6 in 93—100% isolated yield.
Compounds 6 were reacted with 4-bromobutyric acid either
via its acid chloride generated with SOCI, catalyzed by DMF in
CH,Cl, at 23 °C followed by esterification in the presence of
NEt;/DMAP (0—23 °C, 2 h) or by direct esterification with
DCC/DPTS in 12 h to produce compounds 7 in 73% to 98%
isolated yield. Compounds 7 were reacted with methylpiper-
azine or hydroxyethyl piperazine, selected for synthetic
simplicity (K,CO5;, MeCN, 95 °C, 3 h), to yield IAJDs 8
(70—97% isolated yield) and 9 (76—98% isolated yield). Their
purity by a combination of HPLC, MALDI-TOF, and NMR
was higher than 99%. Their structures are shown in Figure 2
(IAJDs 113 to 178). IAJD133 has a similar structure with
IAJD10S except that the interconnecting ester group of 105
was replaced with an amide in 133. The benzyl amine
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Figure 2. Structures of IAJDs with nonsymmetric alkyl chains. IAJD numbers and pK, values are shown under corresponding schematic

representations of IAJDs.

precursor of 133 was generated from the corresponding benzyl
alcohol via its benzyl chloride obtained with SOCI, followed by
reaction with K-phthalimide and subsequently hydrazine as
reported”'? and shown in Scheme S1. Few single—single (SS)
IAJDs reported previously to display very high activity for
delivery to lung’ were also synthesized with nonsymmetric
alkyl groups in their hydrophobic part. They are IAJDs 110 to
159 from Figure 2.

Their sequence-defined hydrophilic dendrons were synthe-
sized as reported.” The hydrophilic dendrons were reacted
with selected nonsymmetric hydrophobic dendrons 6 or their
amine as shown in Scheme S4. Within the rest of this report,
we will refer to IAJDs by their number followed by the ratio
between their two alkyl groups forming their nonsymmetric
hydrophobic part. This nomenclature together with their entire
and schematic structures shown in Figure 2 will facilitate the
discussion on their in vitro and in vivo activity vs molecular
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structure. For example, 116(11/13) and 117(11/13) both
contain a combination of 11 and 13 carbons in their
hydrophobic part but 116 contains a methyl piperazine while
117 a hydroxyethyl piperazine ionizable amine. The large red
dot on the top of the cartoon for 117 refers to hydroxyethyl
while the blue thin line on 116 indicates the methyl group,
both attached to piperazine (Figure 2). A combination of 33
IAJDs sSS with 7 IAJDs SS is shown in Figure 2. IAJDs 81, 86,
1085, 106, and 107 marked in blue on top left corner of Figures
2 and S1 were reported previously.'” They did not generate
lower transfection activities vs their symmetric IAJDs and,
therefore, encouraged us to perform the experiments reported
here. Transfection experiments with Luc-mRNA were
performed both in vitro and in vivo by following the
methodology reported.>'” The overall transfection activity in
vivo was analyzed according to its target selectivity and
organized in Figure 3. The first important result of the
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Figure 3. Selective delivery of Luc-mRNA in vivo by DNPs to (a) lung, (b) liver, (c) spleen and lymph node organs . Previously published IAJDs"?
are in light blue; IAJDs with about 10° activity are in pink.

transfection experiments is that 11 IAJDs show approximately
10® activity, 2 for lung, 3 for liver, and 6 for spleen and lymph
(Figure 3a—c marked in pink, Figure S1). The symmetric
IAJDs 110(12/12) and 111(11/11) were previously reported
to show the highest activity to lung as IAJDs 33(12/12) and
34(11/11) from the first publication® when they contained an
amide interconnecting group. The new IAJDs 110(12/12) and
111(11/11) containing an interconnecting ester rather than an
amide group show also very high activity compared to lung.
Nonsymmetric IAJDs are stable in serum and PBS buffer
and exhibit very high activity in lung by a mechanism different
from aggregation (Tables S7, S8, Figures S9, S10, S17). The
highest activity of all IAJDs is for 178(13/18), which displays a
total flux luminescence of 4.05 X 10° p/s, which is 90.2 times
higher than that of symmetric 99 with the same headgroup
(18/18) and only 4.2 times lower than that of MC3 (Figure 4,
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Table SS). It is also important to mention that the transition
from 158(11/17) to 159(11/17), the second being an IAJD
containing an amide interconnecting group, while the first was
an ester, increased activity about 6-fold. This demonstrates the
significance of an amide interconnecting group for the delivery
to lung but simultaneously reveals that the presence of
oligooxyethylenes in the hydrophilic part is required for
targeted delivery to lung. Future investigations on the role of
oligooxyethylenes are, therefore, required and ongoing. These
experiments demonstrate the important role of the dissimilar
alkyl groups from the hydrophobic part of IAJDs. Most
probably, this report provides also the largest number of
synthetic vectors from the literature producing specific delivery
to such a diversity of organs. Research in progress
demonstrated that replacing Luc-mRNA with different virus
mRNA delivered with IAJDs provided high antibody activity
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J. Am. Chem. Soc. 2022, 144, 4746—4753


https://pubs.acs.org/doi/suppl/10.1021/jacs.2c00273/suppl_file/ja2c00273_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.2c00273/suppl_file/ja2c00273_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.2c00273/suppl_file/ja2c00273_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.2c00273/suppl_file/ja2c00273_si_001.pdf
https://pubs.acs.org/doi/10.1021/jacs.2c00273?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.2c00273?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.2c00273?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.2c00273?fig=fig3&ref=pdf
pubs.acs.org/JACS?ref=pdf
https://doi.org/10.1021/jacs.2c00273?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Journal of the American Chemical Society

Communication

pubs.acs.org/JACS

i
I i 11|18 11/[\116 11/\14 12/\16 12/\18 11/[\8 11/\10 11/j10 11113 11/j\13 11/\15 11/\15 11&16 11A9 11A12
81 86 105 106 107 113 114 115 122

PK, 6.37 6.38 6.19 6.24 650 6.38 6.42

i

6.52 6.43

i

11/\14 11/\17 11/)\17 11/\18 11/\EH 11/[\14 15 /\EH 15[1&EH15A8 15/[\10 15&10 15/)\12 15&12 15/13 15&13 15/|\14 15m14 15/|\16
2 130 133 141

i

120
6.32 6.3

i

6.51 6.49

i

633 644

i

7 6.66

i

126 127 135 142 143 144 145 146 147 148 149
6.64 6.52 652 6.68 6.62 657 632 6.50 6.62 6.56 6.69 633 651 6.28 659 632 6.65 6.50
i i i
15/||16 15 1715['&1715 1815&1813 EH 13/[\EH 13/]\14 13/[\14 13/[\16 13/|\18 13/[\18 M\EH 11/\14 11/\15 11/\17 11 /|17
150 151 152 153 154 161 162 171 172 173 177 178 110 111 155 156 157 158 159
6.65 639 665 642 648 638 633 616 6.03 591 590 597 7.64 7.58 7.40 7.43 7.42 7.38 7.40
* 2.03x108 1.23x108 _ 4.05x108 i f-170
140 {" i . 1ix10 1.18x10° e i‘,'
4 7
(__N) (_5 O Il Luminescence in vitro I 9,"1 8x10 8
12.0 t . (? [ Luminescence in vivo s 1£,1 x10 B
(x10%) 2: 2( o *‘\ 8 S amere? A —10.0
_— o} v B
510.0 : 1.07%10 . ax L (x107)
< 822x107 * - —
Q AT . * i8.85= 10} - 0
o * =
e 8.0 > * L -
8 “ i =
* - =
2 6.0 ] =
= * % * 50 ¥
E P
] * L
- 4.0 * - **
B L
’o x 4 * ol = I
. *
! 4 13 ol o« <l L
‘ T ‘ !
0 | | -0
WONOTVONOONONTINONOOMINOO=NMNITNONONOT=NOT=NTNONOO—=IDONOON
A D R 8 e e T T r r E T N NN NN NP PRI I I I TI I T DRR D ReOR R TR R ey

Figure 4. Comparison of the activities of DNPs assembled from the IA]Ds, shown schematically in the top of the figure, in vitro (in blue) and in
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nodes.

were previously published IAJDs. The red asterisk (*) indicates additional delivery of Luc-mRNA to lymph

compared to commercial vaccines based on four-component
LNPs. Finally, Figure 4 summarizes the activity of all IAJDs
reported here and compares it with the very few symmetric
(marked in light blue) and nonsymmetric (marked in blue)
IAJDs reported previously,"> which can be used as control
experiments.

The results from Figure 4 are remarkable, in that an increase
of up to 90.2 times in the activity of the IAJDs was observed by
changing their primary structure in the hydrophobic part from
symmetric to nonsymmetric (Figure S2). This provides an
unexpectedly promising new molecular design principle that
must be elucidated with all other combinations of alkyl groups
in 3,5-, 3,4-, and 3,4,5-substituted phenolic acids employed in
their hydrophobic part. In the previous symmetric sSS IA]Ds,
the largest in vivo activity was in the mid-10 total flux, p/s
range. In Figures 4 and S2, and Tables S3—SS, we see 11 IAJDs
that exhibit a total flux, p/s in the range of 10% Ratios between
the two-alkyl lengths, preferably from odd—even combinations,
equal to or larger than 3 and less than 7 seem to result in the
largest increase in activity. Selected examples of IAJDs
supporting this conclusion are in Figures 4, S2, Table S5.
Exceptions from this rule are also available, and therefore, we

4750

intend to develop a Periodic Table of IAJDs similar to those

16a,c

already elaborated for proteins " as well as supramolecularmc1

16ef This will provide a platform to

and covalent dendrimers.
aid the development of complex'” genetic nanomedicine based
on mRNA and will be important also for the fields of cell and
synthetic cell biology. The current status of this Periodic Table
of IAJDs correlating primary structure to activity is shown in

Figure S18.
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