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ABSTRACT: Delivery of nucleic acids with viral and synthetic vectors has pioneered genetic nanomedicine. Four-component lipid
nanoparticles (LNPs) consisting of ionizable lipids, phospholipids, cholesterol, and PEG-conjugated lipids, assembled by
microfluidic or T-tube, are the benchmark synthetic vector for delivery of mRNA. One-component multifunctional sequence-defined
ionizable amphiphilic Janus dendrimer (IAJD) delivery systems for mRNA were developed by us to complement LNPs. IAJDs
consist of multifunctional hydrophilic low-generation dendrons or minidendrons conjugated to hydrophobic dendrons. They were
inspired by amphiphilic Janus dendrimers and glycodendrimers. IAJDs coassemble with mRNA into predictable-size vesicles, named
dendrimersome nanoparticles (DNPs), by simple injection in acetate buffer, rather than by the complex technology required by
LNPs. Assembly of DNPs by simple injection together with sequence design in the hydrophilic and hydrophobic modules of IAJDs
endowed rapid screening to access discovery. Molecular design principles for targeted delivery were elaborated when the branching
points of IAJDs were constructed from symmetrically and nonsymmetrically substituted plant phenolic acids interconnected by
pentaerythritol (PE). Here, we report the first library containing simplified IAJDs constructed in only three steps from symmetrically
trialkylated PE in the hydrophobic domain and four different piperazine-based ionizable amines in the hydrophilic part. Rapid
coassembly with mRNA and in vivo screening led to the discovery of the two most active IAJDs targeting the spleen, liver, and lymph
nodes, one predominantly to the spleen and liver and six delivering equally to the spleen, liver, lung, and lymph nodes. These IAJDs
represent the simplest synthetic vectors and the first viral or synthetic system delivering equally to multiple organs.

The extraordinary success with Covid-19 vaccines orches-
trated viral and four-component lipid nanoparticles

(LNPs) (Figure 1a) into leading vectors for nucleic acid
delivery.1 Both viral and synthetic vectors display advantages
and disadvantages. Viral vectors are stable with high transfection
efficacy (95%)2a and cell targeting,2b while LNPs are less stable2c

and transfection efficient (1−2%).2d Drawbacks of viral vectors
include immunogenicity,2e cytotoxicity,2f difficult assembly,2g

inflammatory responses2c to repeated administration, and
potential for insertional mutagenesis.2d Advantages of synthetic
vectors include higher biosafety, lower toxicity, and immuno-
genicity,2d while drawbacks involve the need for microfluidic or
T-tube technology3a−d for assembly and low temperature for
long-term storage (−70 °C).3e Some disadvantages of LNPs3f,g

are endowed by the unknown distribution of components.3h,i

For example, it is believed that at neutral pH the segregation of
transiently charged ionizable amines (IAs) (charged at acidic pH
to complex mRNA and neutral at physiological pH to become
nontoxic)3f,5a as an oil phase in the core of the LNPs (Figure 1a)
is responsible for their 1−2% transfection efficacy.3h,i

The PEG-conjugated lipid originates the “PEG dilemma”.3j−m

Permanently charged cationic lipids and dendrimers pioneered
DNA delivery4 but are toxic and unsuitable for delivery of less
stable mRNA requiring encapsulation to protect from enzymatic
degradation. The permanently and transiently charged mecha-
nisms were described.3f,5a During the Covid-19 pandemic we

decided to eliminate LNPs’ weaknesses by incorporating their
four activities into a one-component system.5a Sequence-
defined amphiphilic Janus dendrimers (JDs)6 and Janus
glycodendrimers (JGDs),7 discovered in one of our laboratories,
were known to self-assemble stable and monodisperse vesicles
with predictable size known as dendrimersomes (DSs)6 and
glycodendrimersomes (GDSs)7 by simple injection of the JD or
JGD ethanol solution into water or buffer. Before the pandemic,
the roles of sequence and concentration of the carbohydrates of
the JGDs on the activity of their GDSs during agglutination to
sugar-binding proteins were elucidated.7 During the pandemic,
replacement of the carbohydrates of JGDs with IAs accessed the
first class of IAJDs.5a Twin−twin (TT, two hydrophobic
dendrons connected to two hydrophilic dendrons both
containing ionizable amines via a pentaerythritol (PE) linker),
twin-mixed, (TM, two hydrophobic dendrons conjugated to one
hydrophilic dendron containing IAs and one hydrophilic
without IAs), single−single (SS, one hydrophobic dendron
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coupled to one hydrophilic dendron containing IA), and
simplified SS (sSS, obtained by removing the hydrophilic part
of the hydrophilic dendron except for the IA) were first
synthesized. Unexpectedly, sSS IAJD continued to self-assemble
and coassemble into active DNPs. Phospholipids contain two
cis-double bonds in their hydrophobic fragments. These cis-
double bonds decrease the crystallization of their vesicle bilayer.
To eliminate the oxidative instability of the bilayer, we
constructed the hydrophobic domain with linear n-alkyl groups.
However, these IAJDs crystallize at long alkyl lengths.
Therefore, two dissimilar alkyl groups were incorporated into
the hydrophobic part to perturb crystallization. While this
composition was expected to decrease or eliminate crystal-
lization, we could not predict that the resulting nonsymmetric
sSS (nsSS) would exhibit up to 2 orders of magnitude higher
delivery of mRNA. Rapid screening through IAJD libraries
synthesized via modular-orthogonal methodologies and coas-
sembly of IAJDs with mRNA into DNPs allowed discovery of
molecular design principles for targeted delivery to the lung,
liver, spleen, and lymph-nodes (LNs), for structures constructed
from the plant phenolic 3,5-dihydroxybenzoic acid. Two sSS
IAJDs constructed from PE alone,5b without organ analysis, did
not provide encouraging results to pursue only PE as a branching
point.5a,b The library constructed entirely from the PE branching
point requires only three steps, fewer than any IAJD reported.
The library of sSS PE-based IAJDs synthesized in this
communication is outlined in Figure 1. In vivo experiments of
these IAJDs coassembled with mRNA will demonstrate that the
two sSS IAJDs reported previously5b were misleading because
their mechanism of self-assembly is unlike that of IAJDs
constructed from plant phenolic acids. Figure 1a illustrates the
composition of the four-component LNPs coassembled with
mRNA.3c,g,i Figure 1b shows the structures of the new IAJD

library designed, synthesized (Figure 1c), and coassembled with
mRNA. Figure 1d illustrates cell transfection. In the first step, PE
(1) was alkylated under phase transfer catalyzed condition-
s5a−d,8a−d with the corresponding n-alkyl bromide (n = 6 to 16)
or branched 2-ethylhexyl bromide (EH) in the presence of 50%
NaOH at 80 °C for 5 h. After water addition, the mixture of
tetraalkylated, trialkylated, and dialkylated PE together with the
ether of the alkyl bromide formed was extracted with
dichloromethane (DCM) and the trialkyl compounds 3 were
separated by column chromatography (silica gel, hexane/ethyl
acetate, 100/1 to 60/1) in about 20% yield. Compounds 2 were
esterified with 4-bromobutyryl chloride or directly with 4-
bromobutyric acid. 4-Bromobutyryl chloride was produced in
situ from 4-bromobutyric acid and SOCl2 in the presence of one
drop of dry dimethylformamide (DMF) for 1 h followed by
DCM and excess SOCl2 distillation in a rotary evaporator.
Esterification of 2 with 4-bromobutyryl chloride was performed
at 0−23 °C for 2 h in dry DCM with NEt3 base and 4-
dimethylaminopyridine (DMAP) catalyst to generate the
corresponding compounds 3 in about 85% yield after
purification by column chromatography (silica gel, hexane/
ethyl acetate, 100/1 to 60/1).
Compounds 3were reacted with the four IAs, shown in Figure

1c, in MeCN in the presence of K2CO3 for 3 h
5a−d,8e to provide

IAJDs 4, 5, 6, and 7 in 80% to 90% yield (column
chromatography, silica gel, DCM/MeOH, 50/1 to 20/1). The
two IAs 6 and 7 were never used before in LNPs or IAJDs. The
purity of all IAJDs determined by a combination of TLC, 1H
NMR, 13C NMR, HPLC, and MALDI-TOFMS was higher than
99%. Figure S1 illustrates the chemical structures of all IAJDs
synthesized as outlined in Figure 1c. IAJDs 285 and 101 (Figure
S1) are solid, with the crystalline bilayer of their DNPs too stable
to release the encapsulated mRNA.7a This is not unexpected

Figure 1. Concepts of four-component LNPs (a), one-component IAJD-based DNPs (b), three-step synthesis of PE-based IAJDs (c), and the
mechanism of cell transfection of DNPs encapsulating Luc-mRNA (d).
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since their alkyl groups contain 15 carbons for IAJD 285 and 16
for IAJD 101 and OH groups. All other IAJDs including 284 and
100 with 15 and 16 carbons but methyl piperazine IA are liquid
at 23 °C. The pKa values of all IAJDs in Figure S1 were
determined and are listed after their schematic structure and
number in Figure 2.
All IAJDs in Figure S1 were coassembled with Luc-mRNA by

the ethanol injection method into acetate buffer containing Luc-
mRNA (pH = 4.0).5a−d The dimensions and polydispersity of
the resulting DNPs were determined by dynamic light scattering
(DLS) and are summarized in Figure 2. Here we report
screening experiments for which coassembly of IAJDs with
mRNA and in vivo transfection experiments (Figure 2) were not

optimized. DNP dimensions vary from 93 to 387 Å, and their
polydispersities from 0.144 to 0.459. All methyl piperazine-
based IAJDs show low in vivo luciferase activity with a total flux
in the range of 106 p/s (see, for example, DSs derived from
IAJDs 92, 248, 82, and 279) (Figures 2, 3).
IAJDs 289, 291, 292, 92, 287, 275, 277, 250, 274, 284, 285,

100, and 101 exhibit even lower transfection activity (not
shown). Therefore, we incorrectly concluded that SS IAJDs 30
and 375a and sSS 825b were of no interest to employ the trialkyl-
PE strategy as hydrophobic dendron. A single exception was
provided by SS IAJD 31,5a which exhibited high transfection to
lung, 1.4 × 108, but required an 18-step synthesis. However, the
new sSS IAJDs 93, 288, and 249 exhibit a total flux of 4.26 × 108,

Figure 2. In vivo experiments of DNPs coassembled from PE-based IAJDs with Luc-mRNA.
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3.02 × 108, and 5.97 × 108 p/s. These values are equal to and even
higher than the highest activities reported with IAJD-based
DNPs.5a−d The highest total activity detected for an IAJD was
4.05 × 108 for nsSS 178, containing a combination of 13 and 18
alkyl groups in its hydrophobic domain.5c,d IAJDs providing
total flux activities higher than 108 p/s were discovered only for
nsSS IAJDs.5c,d No sSS IAJDs containing identical alkyl group
length in the hydrophobic part showed a higher total flux activity
than 107.5b−d The total flux results reported here for IAJDs 93,
288, and 249 are remarkable considering that they are not
optimized and require only a three-step synthesis. The highest
total flux observed was for LNPs based on MC3 (1.7 × 109),
which delivers to the liver. More interesting is the total flux
activity per organ for these IAJDs. IAJD 93 delivers with an
activity of 1.61 × 108 to the spleen and about 107 to LNs and
higher than 107 to the liver and lung. LNPs based on MC3
deliver to the spleen with an activity of only 107.5a IAJD 249
delivered 1.20 × 108 activity to the liver. This liver activity is
higher than the largest value obtained for an nsSS IAJD.5c,d

Finally, IAJD 288 delivers with 6.33 × 107 and 6.24 × 107 to the
spleen and liver and a lower 107 range activity to the lung and
LN. This very high combination of equal delivery to the spleen,
liver, and LNs was never encountered before with any vector and is
best illustrated in Figure 3. All other DNPs based on IAJDs that
do not contain methyl piperazine deliver equally with a total flux
in the range of 107 to the spleen, liver, lung, and LNs (see IAJDs
276, 278, 251,83, 273, 280, 283). IAJD 290 delivers
predominantly to the spleen, while 299 delivers equally to the
spleen and liver. This equally distributed delivery of mRNA has not
been observed before with any viral or synthetic vectors and has an
unknown mechanism but potential applications to cure diseases
present in multiple organs. The maximum total flux activity was
observed for n-octyl in IAJD 249 and 2-EH in IAJD 93 and IAJD
288. Surprisingly, the transition from trinonyl IAJD 276 and
trihexyl IAJD 299 to trioctyl IAJD 249, triEH IAJDs 288 and 93,
and triheptyl IAJD 290 substituted PE (Figure 3) induces the

change f rom equally distributed delivery to targeted distributed
delivery of mRNA. Conversely, as the length of the n-alkyl of the
IAJD increases, the total flux activity equally distributed to
different organs decreases from the range of 108 and 107 for IAJD
93, 288, 248, 279, and 278 to a total flux per mouse of 107 for
IAJD 83, 273, 280, and 283 with even lower total flux values per
organ. This is the opposite trend f rom the one observed with nsSS
IAJDs that had the highest total f lux activity for combinations of
long alkyl groups.5d This reverse trend is determined by the dif ferent
mechanism, stability, and number of steps of bilayer formation of
these two DNPs (Figure 4 and supplemental movies). In the case

of 3,5-dihydroxybenzoic acid-based DNPs the bilayer is assembled,
most probably, by stepwise interdigitation of long alkyl groups and
π−π stacking of benzyl parts, while in the case of PE-based IAJDs a
similar bilayer width is generated by more ef f icient concerted end-to-
end arrangement of short column-like alkyl group assembly (Figure
4, supplemental movies). A preliminary estimate shows higher
stability for IAJDs 249 vs 89 bilayers (Figure 4). In conclusion,
PE-based IAJDs are mechanistically unrelated one-component
delivery systems from the 3,5-dihydroxybenzoic acid-based
IAJDs reported previously.5a−d They provide even higher total
flux activity than nsSS IAJDs, although their structure belongs to
the sSS IAJD systems.5b−d Most importantly, they are prepared
in only three reaction steps. Depending on their alkyl group
length, they facilitated the discovery of equal or targeted delivery
of mRNA to a diversity of organs, with medical applications.
Furthermore, one-component DNPs exhibit higher stability
than the corresponding four-component LNPs, due to their
symmetric achiral, rather than chiral architecture.9 Four-
component LNPs were also designed for targeted delivery10a

and adjuvant activity.10b However, both required an increased
number of LNP components from four to five.10

Figure 3. Comparison of total flux and spleen, liver, and lung flux of
DNPs assembled from PE-based IAJDs demonstrating the structure−
activity dependence.

Figure 4. Structures of IAJD895b in stick-and-space-filled models in
side views (a, b), top (c) and bottom views (c, d), interdigitated (e, f),
and in membrane bilayer (g) and of IAJD249 side views (h, i), top and
bottom views (j, k), end to end (l, m), and in membrane bilayer (n).
Movies of bilayer self-assembly are in Supplemental Movies 1 and 2.
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