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ABSTRACT: One-component multifunctional sequence-defined ionizable am-
phiphilic Janus dendrimers (IAJDs) were discovered in our laboratories in 2021 to
represent a new class of synthetic vectors for the targeted delivery of messenger
RNA (mRNA). They coassemble with mRNA by simple injection of their ethanol
solution into a pH 4 acetate buffer containing the nucleic acid into monodisperse

dendrimersome nanoparticles (DNPs) with predictable dimensions. DNPs are " [ "o
competitive with 4-component lipid nanoparticles (LNPs), which are used in  ggoq
commercial COVID-19 vaccines, except that IAJDs are prepared in fewer reaction Additive

steps than each individual component of the LNPs. This simple methodology for
the synthesis of IAJDs and their coassembly with mRNA into DNPs, together with
the precise placement of their individual components and indefinite stability at
room temperature in air, make them attractive candidates for the development of nanomedicine-based targeted mRNA delivery.
Access to the large-scale synthesis of IAJDs without the need for sophisticated technologies, instrumentation, and synthetic skills is
expected to open numerous new opportunities worldwide in nanomedicine. The goal of this publication is to report an accelerated
ten-gram-scale synthesis of IAJD97 from inexpensive food additives obtained from renewable plant phenolic acid starting materials
by methodologies accessible to any laboratory. This accelerated synthesis can be accomplished in 4 days. We expect that the work
reported here will impact the field of nanomedicine in both developed and less developed countries.
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B INTRODUCTION

The field of nanomedicine relies on the targeted delivery of
nucleic acids into cells or their nucleus by viral and nonviral
vectors. Each of these delivery systems has its own advantages
and disadvantages, which have been discussed in previous
publications' ® and, therefore, will not be repeated here.
Nonviral vectors have as their main advantage an infinite
number of synthetic capabilities.

The extraordinary success of COVID-19 vaccines’ >
promoted the four-component-based lipid nanoparticles
(LNPs) (Figure lab) to the forefront of messenger RNA
(mRNA) delivery with synthetic rather than with viral
$1271416 1 2021, our laboratories elaborated a one-
component multifunctional sequence-defined ionizable amphi-
philic Janus dendrimer delivery system for mRNA (Figure 1c).
This system, known for short as IAJD, self-assembles into

vectors.

LNPs versus DNPs (Figure 1a). However, IA]Ds provide a
simpler approach to mechanistic and design studies for the
targeted delivery process with synthetic vectors (Figure 1b,c).
IAJDs were inspired by amphiphilic Janus dendrimers (JDs) that
we discovered in 2010°°* to self-assemble by simple injection
in water and buffer into monodisperse vesicles of predictable
dimensions known as dendrimersomes (DSs).* The sequence-
defined part of the IAJD concept was inspired by our work on
amphiphilic Janus glycodendrimers (JGDs), which were
employed by our laboratory to self-assemble glycodendrimer-
somes (GDSs), which mimic the glycans of cell mem-
branes."*' =%

Sequence-defined, combined with suitable concentration and
primary structure of JGDs, was discovered to provide the highest
activity of the GDSs to agglutinating sugar-binding pro-

vesicles that we named dendrimersome nanoparticles (DNPs) Received: ~ August 9, 2024
and is complementary to the 4-component-based LNPs except Revised:  September 26, 2024
that it contains the ionizable amine in a precise location in the Accepted:  September 26, 2024
IAJD (Figure 1c) rather than in a nondefined distribution of its Published: October 3, 2024
4-components (Figure 1b). According to current knowledge,
there seems to be little difference in the delivery of mRINA with
© 2024 American Chemical Society https://doi.org/10.1021/acs.biomac.4c01107
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Figure 1. Simplified comparison of the delivery of RNA with four-component LNPs and with one-component DNPs, including the transfection
mechanism for DNPs encapsulating Luc-mRNA (a); structure of the 4-components and assembly of LNPs (b) and structure of 1-component IAJDs
and their assembly into DNPs (c). Color-code: red circle: benzyl ether; blue circle: ionizable amine; green: hydrophobic; and blue: hydrophilic.

teins."*>**~>! The evolution of the original IAJDs has a variety

of parent structures, known as single—single (SS), twin—twin
(TT), twin-mixed (TM), as well as simpler variants such as
nonsymmetric SS (nSS), simplified SS (sSS), and nonsymmetric
simplified SS (nsSS), which are outlined in Figure lc. The
preparation of sSS requires a 3 or 4-step synthesis,” while the
synthesis of more active nsSS requires a 7-step synthesis,
including a multistep construction of the hydrophobic frag-
ment.” The synthesis of pentaerytrithol-based sSS IAJDs
involves a 3-step synthesis consisting of a low conversion for
the trialkylation of pentaerytrithol.” This simplification in the
structure of IA]Ds is accompanied by a dramatic reduction in the
number of synthetic steps and, unexpectedly, by an increase of
the in vivo activity as well as by a larger number of organs
targeted by the corresponding DNPs. Most important for the
research activity on targeted delivery with synthetic vectors is
the number of steps required during the synthesis of IAJDs
compared to the 4-components of LNPs, as well as the
methodology used to assemble DNPs and LNPs. We would
like to mention that the number of steps required for an IAJD
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synthesis is comparable or lower to the number of steps
employed in the preparation of only one of the 4-components of
the LNP, the ionizable lipid. The assembly of the LNPs by
microfluidic or T-tube technologies, followed by fractionation
and dialysis, requires several days, while the preparation of the
DNPs requires less than 1 min. One additional factor to consider
that will be addressed in this report is the large-scale synthesis of
active IAJDs. For numerous systematic delivery investigations,
including larger animals and humans, a substantial amount of
inexpensive and easily accessible delivery material is required.
Easily attainable and accelerated synthetic methods that do not
demand a lot of expertise and complex instrumentation would
be ideal in the synthesis of IAJDs. It is the goal of this paper to
report such a methodology for the synthesis of IAJD97, which
predominantly targets the spleen and lymph nodes.*

B EXPERIMENTAL SECTION

Materials. Propyl gallate (Acros Organics, 98%), 2-ethylhexyl
bromide (TCI, > 97%), lithium aluminum hydride (LiAlH,) (Oak-
wood Chemical), 4-bromobutyric acid (Acros Organics, 98%), thionyl
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chloride (SOCL,) (Thermo Scientific, 99%), triethylamine (NEt,)
(TCL > 99%), 4-dimethylaminopyridine (DMAP) (TCL, > 99%), N-
(2-hydroxyethyl)piperazine (98.5%, Acros Organics), anhydrous
potassium carbonate (K,CO;) (Fisher Chemical), sodium sulfate
(Na,SO,) (Fisher Chemical), sodium bicarbonate (NaHCO,) (Fisher
Chemical, Certified ACS), and anhydrous magnesium sulfate (MgSO,)
(Fisher Chemical) were used as received. Dimethylformamide (DMF),
ethyl acetate (EtOAc), hexane (Hex), tetrahydrofuran (THE),
dichloromethane (DCM), acetonitrile (MeCN), and methanol
(MeOH) were all ACS grade solvents from Fisher. DCM and NEt,
were dried over CaH, and distilled before use. THF was dried over
sodium benzophenone and distilled before use.

General Methods. 'H spectra were recorded at 400 MHz and '*C
NMR spectra were recorded at 101 MHz on a Bruker NEO NMR
spectrometer. All NMR characterizations were carried out at 23.5 °C in
CDCl; with 0.05% TMS. NMR spectra were analyzed using an MNova
14. Chemical shifts (§) are reported in ppm. The resonance
multiplicities for the "H NMR spectra are labeled as “s” for singlet,
“d” for doublet, “t” for triplet, “m” for multiplet, and “br” for broad
resonance. Residual protonic solvent, CHCL; ('H, § 7.26 ppm; *C, &
77.16 ppm) and tetramethyl silane (TMS, § 0 ppm) were used as
internal reference in all NMR spectra. TLC was used to monitor
reactions and evaluate compound purity using silica gel 60 F,g,
precoated plates (E. Merck). Individual aromatic compounds were
visualized with UV light (4 = 254 nm). Purification by column
chromatography on SiO, was performed using silica gel from Silicycle
(60 A, 40—63 pum). High-pressure liquid chromatography (HPLC)
analysis was performed using a Shimadzu LC-20AD high-performance
liquid chromatograph pump, a PE Nelson Analytical 900 Series
integration data station, a Shimadzu SPD-10A VP (UV—vis, 4 = 254
nm), a Shimadzu RID-10A refractive index (RI) detector, and three AM
gel columns (guard column, two 500 A, 10 gm columns). THF with 5%
triethylamine was used as the solvent for all HPLC characterizations,
which were carried out at 23.5 °C. Molar masses of all compounds were
determined by MALDI-TOF mass spectrometry using a PerSeptive
Biosystem-Voyager-DE (Framingham, MA) mass spectrometer
equipped with a nitrogen laser (337 nm) operating in linear mode.
Angiotensin IT and Bombesin were used as the standards for calibration.
To prepare the sample solution, the compound for characterization was
first dissolved in THF (5—10 mg/mL). The matrix (2,5-dihydrox-
ybenzoic acid, 99%, Thermo Scientific) was also dissolved in THF 10
mg/mL, and the two solutions were mixed in a 1/5 (v/v, compound
solution/matrix solution) ratio. One drop of solution was dried on the
MALDI-TOF plate at 23.5 °C, the plate was inserted into the vacuum
chamber for analysis, and laser intensity/voltages applied were adjusted
for the molar mass and nature of each compound.

Synthesis. A modular-orthogonal methodology elaborated on and
used routinely in our laboratory was employed. Structural analysis of all
compounds was performed by a combination of 'H and *C NMR
spectroscopy, TLC, HPLC, and MALDI-TOF. 'H NMR spectra are
available in Figures S1—S4, 13C NMR spectra are in Figures S5—S8,
HPLC traces are in Figures S9 and S10, and MALDI-TOF spectra are in
Figure S11.

General Procedure for the Two-Gram-Scale Synthesis of
Propyl 3,4,5-Tris((2-ethylhexyl)oxy)benzoate, 3. Compound 3
was obtained by the alkylation of propyl gallate, 1, with 2-ethylhexyl
bromide, 2. Propyl gallate, 1 (2 g, 9.4 mmol) and K,CO; (9.1 g, 65
mmol) were stirred in 25 mL of DMF. 2-Ethylhexyl bromide (8.15 g, 42
mmol) was added to the reaction mixture under stirring. The reaction
mixture was bubbled with nitrogen for at least 30 min. The flask
equipped with a reflux condenser was then introduced into an oil bath
preheated to 130 °C under stirring and the extent of the reaction was
monitored by TLC. After 30 min, TLC analysis indicated complete
conversion, showing only product 3 at Ry = 0.80. At this time, the
reaction mixture was quenched in ice—water and extracted three times
with 50 mL of EtOAc. The organic layer was isolated, dried over
anhydrous MgSO,, and vacuum filtered. The filtrate was concentrated
on a rotary evaporator and subsequently purified by column
chromatography using 95/5:Hex/EtOAc as an eluent to yield 3 as a
colorless oil (4.80 g, 93.1%). '"H NMR (400 MHz, CDCl,) § 7.26 (s,
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2H, PhH), 4.26 (t, 2H, H X PhCOOCH,), 3.93—3.86 (m, 6H, 3 X
PhOCH,—), 1.87-1.78 (m, 3H, 3 x PhOCH,CH(CH,CH,)-
(CH,);CHj,), 1.64—1.30 (m, 26H, 3 X PhOCH,CH(CH,CH,)-
(CH,),CH,—OCH,CH,CH,), 1.05 (t, 34, ~OCH,CH,CHS,), 0.98—
091 (m, 18H, 3 X PhOCH,CH(CH,CH,)(CH,),CH,). *C NMR
(101 MHz, CDCL,) 5 166.76, 153.13, 142.44, 125.07, 107.58, 76.10,
71.40, 66.67, 40.78, 39.73, 30.69, 30.59, 29.44, 29.27, 23.99, 23.81,
2328, 2323, 22.33, 1427, 14.23, 11.34, 11.32, 11.30, 11.27, 10.64.
Purity by HPLC: 99+%. MALDI-TOF MS m/z of [M + Nal+
calculated for C3,HgNaOs+: 571.43; found: 571.05.

General Procedure for the Ten-Gram-Scale Synthesis of
Propyl 3,4,5-Tris((2-ethylhexyl)oxy)benzoate, 3. Compound 3
was obtained by the alkylation of propyl gallate, 1, with 2-ethylhexyl
bromide, 2. Propyl gallate, 1 (15.0 g, 70.7 mmol) and K,CO, (58.0 g,
424 mmol) were stirred in 200 mL of DMF. 2-Ethylhexyl bromide (61.1
g, 318 mmol) was added to the reaction mixture under stirring. The
solution was bubbled with nitrogen for at least 30 min. The flask
equipped with a reflux condenser was then introduced into an oil bath
preheated to 130 °C under stirring for 55 min, at which time TLC
analysis indicated complete conversion, showing only product 3 at R;=
0.80. The reaction mixture was allowed to cool to room temperature,
and DMF was removed in a rotary evaporator. The residue was mixed
with 100 mL of water and extracted S times with 100 mL of EtOAc. The
organic layer was isolated, dried over anhydrous MgSO,, and vacuum
filtered. The filtrate was concentrated on a rotary evaporator and further
purified by column chromatography using 95/5:Hex/EtOAc as an
eluent to yield the title compound as a colorless oil (36.3 g, 95.3%).
TLC (95/5:Hex/EtOAc): R;= 0.8. "H NMR (400 MHz, CDCl,) 57.26
(s, 2H, PhH), 4.26 (t, 2H, H x PhCOOCH,), 3.93—3.86 (m, 6H, 3 X
PhOCH,-), 1.87—1.78 (m, 3H, 3 x PhOCH,CH(CH,CH,)-
(CH,);CHy,), 1.64—1.30 (m, 26H, 3 X PhOCH,CH(CH,CH,)-
(CH,),CH,—OCH,CH,CH,), 1.05 (t, 31, ~OCH,CH,CHS,), 0.98—
091 (m, 18H, 3 X PhOCH,CH(CH,CH,)(CH,),CH,). *C NMR
(101 MHz, CDCL,) 5 166.76, 153.13, 142.44, 125.07, 107.58, 76.10,
71.40, 66.67, 40.78, 39.73, 30.69, 30.59, 29.44, 29.27, 23.99, 23.81,
23.28, 23.23, 22.33, 14.27, 14.23, 11.34, 11.32, 11.30, 11.27, 10.64.
Purity by HPLC: 99+%. MALDI-TOF MS m/z of [M + Nal+
calculated for C;,H¢,NaOg+: 571.43; found: 571.05.

General Procedure for the Synthesis of (3,4,5-Tris((2-
ethylhexyl)oxy)phenyl)methanol (4). Compound 4 was obtained
by the reduction of propyl 3,4,5-tris((2-ethylhexyl)oxy)benzoate, 3,
with LiAlH,. Propyl 3,4,5-tris((2-ethylhexyl)oxy)benzoate, 3 (12 g,
21.8 mmol) was dissolved in 100 mL of anhydrous THF. LiAlH, (1.08
g,20.1 mmol) was added slowly to the reaction mixture maintained at 0
°C with an ice bath. The ice bath was subsequently removed, and the
reaction was allowed to proceed at 23.5 °C for 1.5 h, at which time TLC
analysis indicated a complete conversion of 3 into 4. The reaction was
quenched by adding a saturated aqueous solution of Na,SO, dropwise
until the bubbling stopped. The reaction mixture was filtered, the solid
and the flask were rinsed with THF and DCM. The filtrate was dried
over anhydrous MgSO,, vacuum filtered, and the filtrate was
concentrated in a rotary evaporator to yield compound 4 as a colorless
oil (10.4 g, 88.6%). TLC (50/50:Hex/DCM): R;=0.39. "H NMR (400
MHz, CDCL,) 6 6.58 (s, 2H, PhH), 4.62 (d, 2H, PhCH,0H), 3.91—
3.81 (m, 6H, 3 X PhOCH,—), 1.80—1.69 (m, 3H, 3 X PhOCH,CH-
(CH,CH,)(CH,);CH,), 1.60-1.29 (m, 24H, 3 x PhOCH,CH-
(CH,CH,;)(CH,),CH;), 0.98—0.90 (m, 18H, 3 X PhOCH,CH-
(CH,CH,)(CH,),CH;). *C NMR (101 MHz, CDCl;) §: 153.68,
137.54, 136.08, 104.82, 76.12, 71.34, 65.92, 40.74, 39.78, 30.66, 29.48,
2926, 23.96, 23.87, 23.31, 23.24, 14.29, 14.25, 11.36, 11.34, 11.32,
11.24. Purity by HPLC: 99+%. MALDI-TOF MS m/z of [M + H]+
calculated for C3,Hg,0,+: 492.4; found: 492.78.

General Procedure for the Synthesis of 3,4,5-Tris((2-
ethylhexyl)oxy)benzyl 4-Bromobutanoate, 6. Compound 6 was
obtained by the esterification of (3,4,5-tris((2-ethylhexyl)oxy)-
phenyl)methanol, 4, with 4-bromobutanoyl chloride freshly prepared
just before use. 4-Bromobutyric acid was dissolved in a mixture
containing 6 mL of anhydrous DCM and approximately 10 mL of
SOCI, (16.89 g, 142.1 mmol). A drop of DMF was added, and the
reaction was stirred at 23.5 °C for 1 h to form 4-bromobutanoyl
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Scheme 1. Accelerated 10-Gram-Synthesis of IAJD97
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chloride. DCM and excess SOCI, were distilled in a rotary evaporator
under reduced pressure. 3,4,5-Tris((2-ethylhexyl)oxy)phenyl)-
methanol, 4 (10 g, 20.3 mmol) was dissolved in 20 mL of dry DCM
to which dry NEt; (2.45 g, 24.24 mmol) and a catalytic amount of
DMAP (0.46 g, 4.06 mmol) were added. A small amount of anhydrous
DCM was used to dissolve 4-bromobutanoyl chloride, and the solution
was added dropwise to an ice—water bath of 3,4,5-tris((2-ethylhexyl)-
oxy)phenyl)methanol, 4, solution. The ice bath was subsequently
removed, and the reaction was allowed to proceed under stirring at 23.5
°C for 2 h, at which time TLC analysis indicated complete conversion.
The reaction was quenched by adding the reaction mixture to 50 mL of
water. This mixture was extracted 3 times with S0 mL of DCM. The
organic layer was dried over anhydrous MgSO, and vacuum filtered.
The filtrate was concentrated on a rotary evaporator and purified by
column chromatography using 50/50:Hex/DCM as the eluent to yield
compound 6 as a colorless oil (11.8 g, 90.5%). TLC (50/50:Hex/
DCM): R; = 0.76. '"H NMR (400 MHz, CDCl;) § 6.53 (s, 2H, PhH),
5.03 (s, 2H, —CH,Ph), 3.87—3.78 (m, 6H, 3 X PhOCH,—), 3.47 (t,
2H, —CH,Br), 2.56 (t, 2H, BrCH,CH,CH,C0O0-), 2.24—2.16 (m,
2H, BrCH,CH,CH,CO0-), 1.78—1.65 (m, 3H, 3 X PhOCH,CH-
(CH,CH;)—), 1.59—1.29 (m, 24H, 3 X PhOCH,CH(CH,CH,)-
(CH,),CH,), 0.95—0.85 (m, 18H, 3 X PhOCH,CH(CH,CH,)-
(CH,);CHj;). 3C NMR (101 MHz, CDCl,) 6: 172.50, 153.57, 153.53,
138.13, 130.69, 106.37, 76.05, 71.31, 67.02, 44.13, 40.69, 39.75, 32.75,
32.63, 31.38, 30.63, 29.46, 29.44, 29.42, 29.24, 27.88, 27.77, 23.93,
23.83,23.28,23.22, 1427, 14.23,11.33,11.31, 11.29, 11.25, 8.70. Purity
by HPLC: 99+%. MALDI-TOF MS m/z of [M + Na]+ calculated for
C35Hg BrNaOg+: 663.36; found: 664.55.

General Procedure for the Synthesis of IAJD97.1A]D97, 8, was
obtained by reacting N-(2-hydroxyethyl)piperazine with 3,4,5-tris((2-
ethylhexyl)oxy)benzyl 4-bromobutanoate, 6. 3,4,5-Tris((2-
ethylhexyl)oxy)benzyl 4-bromobutanocate, 6 (11 g 17.2 mmol),
K,CO; (2.9 g 21.1 mmol), and N-(2-hydroxyethyl)piperazine, 7
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(2.74 g,21.1 mmol) were stirred in 100 mL of MeCN at 95 °C for 3 h, at
which time TLC analysis indicated complete conversion. The reaction
was quenched by mixing the reaction mixture with 50 mL of water. This
mixture was extracted 3 times with 20 mL of DCM. The organic layer
was dried over anhydrous MgSO, and vacuum filtered. The filtrate was
concentrated in a rotary evaporator and purified by column
chromatography using 40/1:DCM/MeOH and 50/1: DCM/MeOH
as eluents. The resulting oil was dissolved in DCM (25 mL) and washed
with NaHCO; (2%, 25 mL). The aqueous phase was extracted with
DCM (25 mL) two additional times. The organic phase was combined
and dried over anhydrous MgSO,. Filtration, evaporation of the solvent,
and vacuum drying yielded IAJD97, 8, as a colorless oil (10.2 g, 86.8%).
TLC (95/5:DCM/MeOH): R; = 0.32. "H NMR (400 MHz, CDCl;) §
6.52 (s, 2H, PhH), 5.00 (s, 2H, —CH,Ph), 3.84—3.78 (m, 6H, 3 X
PhOCH,-), 3.59 (t, 2H, —CH,CH,0H), 2.83 (br, 1 H,
—-CH,CH,0H), 2.62—-2.29 (m, 14 H, N(CH,CH,),,
—OCOCH,CH,CH,— and —CH,CH,0H), 1.88—1.77 (m, 2H,
—0COCH,CH,CH,—), 1.77-1.64 (m, 3H, 3 X PhOCH,CH-
(CH,CH,)-), 1.62—125 (m, 24H, 3 x PhOCH,CH(CH,CH,)-
(CH,);CH;), 0.95-0.86 (m, 18H, 3 X PhOCH,CH(CH,CH,)-
(CH,),CH;). *C NMR (101 MHz, CDCl;) 8: 173.5, 153.5, 138.1,
130.9, 106.5, 76.1, 71.3, 66.8, 59.3, 57.8, 57.7, 53.3, 53.0, 40.7, 39.8,
32.4, 30.6, 30.6, 29.5, 29.4, 29.4, 29.2, 23.9, 23.8, 23.3, 23.2, 22.3, 14.3,
14.2, 11.3,11.3, 11.3, 11.3. Purity by HPLC: 99+%. MALDI-TOF MS
m/z of [M + H]" calculated for C4;H,sN,Oq,: 691.6; found: 691.1 and
[M + Na]* calculated for C4H,,N,NaQOg,: 713.5; found: 713.3.

B RESULTS AND DISCUSSION

Accelerated Synthesis of Propyl 3,4,5-Tris((2-
ethylhexyl)oxy)benzoate, 3. The preparation of the gallic
acid-based sSS IAJD97 starts from the inexpensive food additive
propyl gallate,sz_535455 which, under suitable conditions, should
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Figure 2. TLC (a) and MALDI-TOF (b) analysis as a function of time during the alkylation of propyl gallate.

Table 1. Accelerated Synthesis of Propyl 3,4,5-Tris((2-ethylhexyl) oxy)benzoate

propyl ethylhexyl

gallate bromide K,CO;
No. (g/mmol/molar equiv)
1 2/9.4/1 9.02/47/5 7.81/56/6
2 2/9.4/1 9.02/47/5 7.81/56/6
3 2/9.4/1 9.02/47/5 7.81/56/6
4 2/9.4/1 9.02/47/5 7.81/56/6
S 2/9.4/1 9.02/47/5 7.81/56/6
6 2/9.4/1 9.02/47/5 9.1/65/7
7 2/9.4/1 8.15/42/4.5 9.1/65/7
8 2/9.4/1 8.15/42/4.5 9.1/65/7
9 2/9.4/1 8.15/42/45  9.1/65/7
10 2/9.4/1 8.15/42/4.5 9.1/65/7
11 2/9.4/1 7.24/37/4 9.1/65/7
12 2/9.4/1 7.24/37/4 9.1/65/7
13 2/9.4/1 8.15/42/45  7.81/56/6
14 2/9.4/1 8.15/42/45  6.51/47/5
15 2/9.4/1 8.15/42/4.5 6.51/47/5
16 2/9.4/1 8.15/42/4.5 7.81/56/6
17 2/9.4/1 8.15/42/4.5 7.81/56/6
18 2/9.4/1 8.15/42/45  7.81/56/6
19 2/9.4/1 8.15/42/4.5 7.81/56/6
20 2/9.4/1 8.15/42/4.5 7.81/56/6
21 2/9.4/1 8.15/42/4.5 7.81/56/6
22 15/70.7/1 61.1/318/4.5 58/424/6

2 spots by TLC. ”3 spots by TLC.

solvent (type/bp
°C/mL)

DMEF/153/25
DMF/153/25
DMF/153/25
DMF/153/25
DMF/153/25
DMF/153/25
DMF/153/25
DMF/153/25
DMF/153/25
DMF/153/25
DMF/153/25
DMF/153/25
DMF/153/25
DMF/153/25
DMF/153/25
DMSO/189/25
DMAC/165/25
NMP/202/25
MeCN/82/25
Cy0/156/25
MIBK/117/25
DMF/153/200

reaction mixture tem time conversion
(color) (°c (h/min) (% by TLC)

Orange-Brown 80 S/ <100
Orange-Brown 100 4/-- <100
Orange-Brown 120 S/-- <100
Orange-Brown 140 4/-- 100
Orange-Brown 150 3/-- 100
Orange-Brown 120 --/40 100
Orange-Brown 130 --/30 100
Orange-Brown 135 --/20 100
Orange-Brown 140 --/30 100
Orange-Brown 150 --/30 100
Orange-Brown 130 16/-- <100“
Orange-Brown 130 17/-- 100
Orange-Brown 130 --/30 100
Orange-Brown 130 16/-- <100
Orange-Brown 130 17/-- 100
Pink 130 --/50 100
Pink-Yellow 130 --/70 100
Violet-Dark Blue 130 2/- 100
Colorless 80 2/-- <100*
Colorless 130 20/-- <100"
Colorless 130 2.5/ <100*
Orange-Brown 130 --/55 100

G
54.3
574
75.6
91.1
89.6
93.6
93.1
93.1
93.0
92.9
88.1
86.4
94.2
89.3
86.1
89.3
96.9
91.2
87.3
84.3
83.1
95.3

be alkylated with 100% conversion in order to construct the
hydrophobic domain of the IAJD (Scheme 1).” Therefore, the
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rate-determining step for the synthesis of both sSS and nsSS
IAJDs is the alkylation reaction employed to construct the
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Figure 3. Colorless propyl 3,4,5-tris((2-ethylhexyl)oxy)benzoate, 3,
obtained after purification by column chromatography followed by
Kulgelrohr distillation and stored at room temperature, 23.5 °C, in air in
the organic chemistry lab for 6 months.

hydrophobic region of IAJDs. For IAJD97, the propyl gallate
precursor, 1, has three phenol groups that must be quantitatively
substituted with 2-ethylhexyl bromide, 2. The pathway to
complete trialkylation occurs through monoalkylation of the
most reactive 4-position followed by dialkylation in the 3- and/
or S-positions. All of these intermediary compounds of IAJD97
can be monitored by a combination of thin-layer chromatog-
raphy (TLC), HPLC, and MALDI-TOF (Figure 2).

Our inspiration for the trialkylation of gallic acid derivatives
was provided by experiments from our own laboratory with
more reactive n-alkylhalides.”**°~® The first trialkylation of
gallic acid derivatives with the less reactive 2-ethylhexyl bromide
was reported by us”*"°° and was employed later by other
laboratories.” Our first attempts to increase the rate of reaction
under closely related reaction conditions began with an
increased reaction temperature (Table 1). It is important to
notice the low boiling point of the alkylating reagent 2-
ethylhexyl bromide (pb = 75—77 °C). This boiling point limits
the reaction temperature of the alkylation to 70 or 80 °C.
However, we discovered that 2-ethylhexyl bromide makes an
azeotropic mixture with the dipolar aprotic solvent DMF, which
was not known to us during the original series of alkylation
experiments.**® Therefore, during the experiments reported in
Table 1, the reaction temperature of the alkylation step was
increased to 150 °C (see entries 1 to 10 from Table 1). At 120 to
130 °C, the reaction time to complete conversion determined by
TLC was 30 min, which is a substantial increase in rate
compared to the 5 h required for less than 100% conversion and
low isolated yields at lower temperatures (see entries 1 and 2 in
Table 1). The number of equivalents of the alkylating agent and
K,COj; base plays a very important role in maintaining a low
reaction time. For example, decreasing the number of
equivalents of 2-ethylhexyl bromide from 4.5 to 4 (entry 11,
Table 1) increased the reaction time from 30 min to 16 h with
only incomplete conversion by TLC and to 17 h with complete
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Figure 4. In vivo Luc activity of IAJD97 as a function of the number of purifications performed for the first series of experiments.
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Figure S. In vivo Luc activity of IAJD97 as a function of the number of purifications performed for the second time by the same person who did the
experiments from Figure 3. IAJD97* experiments are from published data.”

conversion by TLC (entry 12, Table 1). Therefore, an optimum
number of 2-ethylhexyl bromide equivalents of 4.5 was
maintained in all other experiments. Decreasing the equivalents
of K,CO; base from 7 to 6 (entry 13, Table 1) does not affect the
reaction time. However, only 5 equiv of base increased the
reaction time from 30 min to 16 h with incomplete conversion
by TLC (entry 14, Table 1), while a reaction time of 17 h
provided complete conversion by TLC (entry 15, Table 1).
Therefore, for 2 g or one equivalent of propyl gallate, we decided
that the shorter reaction time of 30 min to complete conversion
requires 4.5 equiv of 2-ethylhexyl bromide and 6 equiv of base in
25 mL of DMF at 130 °C (entry 13, Table 1) to yield 94.2% of
colorless trialkylated product after column chromatography
purification (Figure 3). This product was also distilled in a
Kulgelrohr apparatus at 200 °C and remains colorless after
storage in our laboratory at rt (23.5 °C) in air for as long as
required.

We finally screened for this reaction several additional dipolar
aprotic solvents (entries 16, 17, and 18, Table 1) as well as other
polar solvents (entries 19, 20, and 21, Table 1). Longer reaction
times to complete conversion by TLC were required for the
dipolar aprotic solvents DMSO, DMAC, and NMP. Only
incomplete conversions were obtained in acetonitrile, cyclo-
hexanone, and methyl isobutyl ketone. The polar reaction
solvents, which did not provide complete conversion,
maintained a clear reaction mixture (entries 19, 20, and 21,
Table 1). Without complete conversion, after column
chromatography, the final product turns yellow from a clear
reaction mixture, while in solvents like DMF, it exhibits a darkly
colored reaction mixture but yields a clear colorless product after
purification (Figure 3). The optimized reaction conditions
mentioned above were scaled to 15 g of propyl gallate to provide
in 55 min 36.3 g of entirely colorless product after column
chromatography and Kulgelrohr distillation.

Synthesis of IAJD97. The next step of this reaction involves
the reduction of propyl 3,4,5-tris((2-ethylhexyl)oxy)benzoate,
3, with LiAlH, in dry THF at 0 to 23.5 °C. This classic reduction
proceeds to 100% conversion in 1.5 h when 12 g of compound 3
was used in the reduction reaction. The resulting benzyl alcohol
4 (10.4 g, 88.6%) was esterified with 4-bromobutanoyl chloride,
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§, in dry methylene chloride at 0 to 23.5 °C in the presence of
dry NEt; and a catalytic amount of the supernucleophilic catalyst
DMAP.**"7" 5 was freshly prepared from the corresponding
acid in dry methylene chloride with thionyl chloride in the
presence of one drop of DMF as a catalyst followed by the
distillation of the excess thionyl chloride and methylene chloride
to yield 83.7% of 6 after column chromatography. 6 was reacted
with N-(2-hydroxyethyl) piperazine, 7, in the presence of K,CO,
as a base in MeCN at 95 °C*”" to produce compound 8 known
as IAJD97” in 86.8% isolated yield after 3 h, purification by
column chromatography, washing with dilute NaHCO;,
followed by drying on MgSO,, evaporation of the solvent, and
vacuum drying.

Potential Side Reactions of IAJD97. IAJD97 synthesized
by alkylation of the gallic acid derivative at 80 °C under the
conditions reported previously” was unstable at room temper-
ature. Originally, we believed that this was a property of the pure
IAJD97 and, therefore, investigated the structure of the
degradation product and its potential mechanism of degradation
quite extensively.”” However, to our disappointment, we
discovered that this was a side reaction mediated by a
concentration of free phenol that cannot be detected by the
combination of NMR, TLC, HPLC, and MALDI-TOF
instrumentation used in the current experiments. This
undetectable free phenol is generated during the first step of
this synthesis. Quantitative alkylation during the first step
eliminated the instability of IAJD97. Since this side reaction
influences the total and targeted activity in vivo, we established a
method to detect this side reaction by targeted delivery
experiments mediated by IAJD97. These experiments are
more sensitive to sample purity than any of the analytical
methods employed during the synthesis process.

Estimating the Purity of IAJD97 by Targeted Delivery
of Luc-mRNA with its DNPs. Targeted delivery experiments
of firefly luciferase (Luc)-mRNA mediated by IAJD97 as a
function of the number of purification experiments were
performed, as reported previously.” The accuracy of the IAJD
purification depends on the expertise of the experimentalist.
These experiments were performed by a scientist doing for the
first time the synthesis and purification of IAJD97. We would
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Figure 6. "H NMR spectra of freshly prepared IAJD97 (a) and IAJD97 after storing for six months at 23.5 °C in the chemistry laboratory air (b),

demonstrating the stability of IAJD97 in time under these conditions.

like to state that regarding the level of training, reproducible
results with IAJD97, as well as with other IAJDs, require the
synthesis and purification of the corresponding IAJD combined
with in vivo experiments to be performed several times.
However, the in vivo delivery was performed by the most
experienced experimentalists doing these experiments on a
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routine basis. Therefore, the change in activity in vivo can be only
due to the purification and not due to the in vivo delivery. The
results from Figure 4 show the dependence of total activity as
well as of targeted activities as a function of purity. pK, values of
all TAJD97 are constant and are shown in the upper part of
Figure 4. DNPs assembled from IAJD97 and Luc-mRNA were
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generated by simple injection in acetate buffer at pH 4. Under
neutral or slightly basic conditions, IAJD97 does not self-
assemble into vesicles. However, at pH 4, in the absence of Luc-
mRNA4, it self-assembles into empty vesicles. These vesicles can
be considered as being supramolecular polymers with narrow
polydispersity. In the presence of Luc-mRNA, vesicles
containing encapsulated Luc-mRNA, known as DNPs, are
coassembled. These DNPs can also be considered as supra-
molecular polymers encapsulating a monodisperse Luc-mRNA
natural polymer. The dimensions in nanometers and the
polydispersity (PDI) of the DNPs are reported in the third
line from the top of Figure 4. The fourth line reports the total
flux in p/s. The images of the whole mouse body are shown in
line five of Figure 4. Lines six and seven report the activities for
the delivery to lymph nodes, while lines eight, nine, and ten show
the lung, liver, and spleen with their luminescence. Lines 11, 12,
and 13 provide the values for the delivery to the lung, liver, and
spleen, all in p/s. Each purification was analyzed in vivo, with
three mice per condition.

Let us follow the results from Figure 4. After two purifications,
both the total activity (1.15 X 107, 6.78 X 10, 5.84 X 10° p/s)
and the activity for the delivery to the spleen (1.00 X 107, 1.30 X
107, 1.10 X 107 p/s) show similar values (107 p/s) with the
results reported previously for IAJD97.” After three purifica-
tions, the total activity increases to 1.23 X 107, 1.31 X 107, and
6.47 X 105, while the activity to the spleen and lymph nodes are
minimally affected. Four purifications provide an increase in the
total activity to 1.29 X 105 1.28 X 10% and 1.32 X 10°% with a
corresponding activity for delivery to the spleen to 5.10 X 107,
4.90 X 107, and 7.00 X 10”. Unexpectedly, the activity to the liver
and lung increases after four purifications from 10° to 107, while
the activity to lymph nodes increases from 10°—10° and 10°—
10”. Five purifications provided a remarkable result. Total
activity is 2.67 X 10%, 2.38 X 10%, and 3.22 X 10° activity to the
spleen is 4.32 X 10%, 3.33 X 10% and 5.33 X 10°%, activity to the
liver is 4.75 X 107, 5.06 X 107, and 3.86 X 107, activity to the lung
is 5.66 X 107, 4.59 X 107, and 3.06 X 10, and activity to lymph
nodes is 1.16 X 107, 1.03 X 107, 1.19 x 10, 1.09 x 107, 1.96 X
107, and 1.17 X 10”. These results demonstrate that although by
conventional analytical methods, in all cases, the purity of
IAJD97 was higher than 99% after 2 purifications, in vivo
activities continue to increase as the number of purifications by
column chromatography is higher. After this number of
experiments and practice, we expected that the expertise of
the experimentalist must have increased, and therefore, we
decided to duplicate the in vivo activity as a function of a number
of purifications of the IAJD. The remarkable progress was
demonstrated by the experiments shown in Figure 5. Previously
published data on IAJD97, including in vivo targeted delivery
data, which were not reported before,> are shown in the first
column marked with a star.

Indeed, with an experienced experimentalist who performed
these experiments several times, after only two purifications, all
activities are equal or higher than after the five purifications
illustrated in Figure 4 and are with 1 order of magnitude higher
both as total activity and as targeted activity to the spleen than
the data previously reported for alternate synthesis methods for
IAJD97.” These experiments demonstrated what is well-known
from sports and other activities. When working at the interface
between several unrelated disciplines, including organic, supra-
molecular, macromolecular, immunology, and nanomedicine,
excess practice is required by even the most experienced
scientists in order to generate perfectly reproducible results.

These details were provided here at the recommendation of the
ACS concerning the reproducibility of the experimental results.
Column chromatography experiments on silica gel were
performed with no more than 2.5% methanol in DCM, which
is widely accepted to not dissolve silica gel. These experiments
also demonstrated for the first time that impurities that affect the
in vivo activity are not detectable by conventional analytical
methods and that repeated purifications of IAJDs combined
with the determination of activity in vivo establish their
maximum activity.

Stability of IAJD97 Investigated as a Function of Time
by 'H NMR Spectroscopy. Finally, "H NMR analysis as a
function of time combined with TLC, HPLC, and MALDI-TOF
demonstrated the stability of IAJD97 at the room temperature of
the laboratory (23.5 °C) and in air for more than six months.
The 'H NMR spectra demonstrating this stability are shown in
Figure 6, while HPLC and MALDI-TOF data are available in the
Supporting Information.

B CONCLUSIONS

An accelerated ten-gram-scale synthesis of the IAJD97 that
delivers Luc-mRNA predominantly to the spleen and lymph
nodes is presented. Propyl gallate, an inexpensive food additive
derived from renewable plants’ phenolic acid, gallic acid, was
employed to generate this synthesis in 4 days with
instrumentation, technology, and synthetic expertise available
in any laboratory from around the world. Coassembly of IAJD97
with Luc-mRNA is generated by simple injection of an ethanol
solution of the synthetic vector IAJD97 into a pH 4 acetate
buffer containing Luc-mRNA. Total and targeted Luc activities
in vivo were more than 1 order of magnitude higher than
previously reported.” TAJD97 is stable for at least 7 months in an
organic chemistry laboratory at room temperature (23.5 °C) in
air. We believe that the experiments reported here will help to
provide worldwide access to nanomedicine mediated by
targeted delivery of mRNA.
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