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ABSTRACT: Four-component lipid nanoparticles (LNPs) and viral vectors 7.4 * 10°
are key for mRNA vaccine and therapeutics delivery. LNPs contain ionizable
lipids, phospholipids, cholesterol, and polyethylene glycol (PEG)-conjugated
lipids and deliver mRNA for COVID-19 vaccines to liver when injected
intravenously or intramuscularly. In 2021, we elaborated one-component
ionizable amphiphilic Janus dendrimers (IAJDs) accessing targeted delivery
of mRNA. Simplified synthesis and assembly processes allow for rapid IAJD
screening for discovery. The role of the primary structure of IAJDs in activity
indicated, with preliminary investigations, that ionizable amine (IA),
sequence, and architecture of hydrophilic and hydrophobic domains are important for in vivo targeted delivery. Here, we study
the role of the interconnecting linker length between the IA and the hydrophobic domain of pentaerythritol-based IAJDs. The linker
length determines, through inductive effects, the position of the IA and the pK, of the IAJDs and through flexibility, the stability of
the DNPs, highlighting their extraordinarily important role in effective targeted delivery.
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B INTRODUCTION During Covid-19 pandemic, our laboratories decided to
eliminate some of the LNPs’ weaknesses by incorporating all 4-
component activities of LNPs into a single architecture named
1-component ionizable amphiphilic Janus dendrimer
(1IAJD),"~* and we accomplished targeted delivery, which
requires S-components with LNPs.*”*° Amphiphilic JDs>' ="
and Janus glycodendrimers (JGDs)”*~*' were known to self-
assemble into stable and monodisperse vesicles with
predictable dimensions, known as dendrimersomes

Viral and synthetic vectors facilitated the success of Covid-19
vaccines.'~” This achievement transformed the four-compo-
nent lipid nanoparticles (LNPs) into the leading nonviral
vectors for mRNA delivery to liver.'™ Viral and synthetic
vectors exhibit advantages and disadvantages. The stable viral
vectors show high transfection efficacy (95%)'° and cell
targeting.'' LNPs are less stable'” and less transfection efficient

(1-2%)."” However, viral vectors have drawbacks, including (DSs)*'™7* and glycodendrimersomes (GDSs).”*~®! This
immunogenicity,"* cytotoxicity,”* difficult assembly,* inflam- process is accomplished by simple injection of the JD or
matory responses'” to repeated administration, and insertional JGD ethanol solution into water or buffer, taking less than 1
mutagenesis.13 Advantages of LNPs include higher biosafety, min and requiring no special equipment. During the COVID-
lower toxicity, and immunogenicity,'* with drawbacks such as 19 pandemic, the role of sequence and concentration of the
the need for microfluidic or T-tube technology' ~*° for carbohydrate part of the JGDs in the activity of their GDSs
assembly, along with low-temperature for storage (=70 °C)*' during agglutination to sugar-binding proteins was already
for stability in time. Some disadvantages of LNPs*** arise elucidated.”*~®" This was accomplished using GDSs as models
from the unknown distribution of their 4-components within of the glycans in biological membranes. Therefore, replacing

the LNP structure.”**> At neutral pH, ionizable amines (IA) the carbohydrate part of the sequence-defined JGD with an IA
segregate as an oil phase in the core of the LNPs, limiting

transfection efficacy to 1-2%.**° “PEG dilemma”,**>° Received: November 14, 2024
mediated by PEG-conjugated lipids, is another drawback. Revised:  December 9, 2024
Permanently charged cationic lipids and dendrimers have Accepted: December 10, 2024
pioneered DNA delivery®' ~*° but are toxic and unsuitable to Published: December 17, 2024

deliver less stable mRNA, which requires encapsulation to
protect from enzymatic degradation.
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Scheme 1. Synthesis of Pentaerythritol (PE)-Based IAJDs with Different Linkers Interconnecting IAJDs to Hydrophobic

Domains
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(i) RBr, NaOH, tetrabutylammonium bromide (TBAB), H,0, 80 °C, 5 h; (ii) SOCl,, DMF (cat.), dry DCM, 23 °C, 1 h,
then 4-dimethylaminopyridine (DMAP), dry NEtz, dry DCM, 0-23 °C, 2 h; (iii) K,CO3, MeCN, 95 °C, 3 h.

provided access to the first class of IAJDs.*' Rapid screening of
the primary structure, including architecture, pK, of IAs,
sequence and structure of hydrophilic and hydrophobic
domains of IAJD libraries obtained via modular-orthogonal
methodologies, and coassembly of IAJDs with mRNA into
DNPs, allowed for rapid discovery of molecular design
principles for targeted delivery to the lung, liver, spleen, and
lymph-nodes (LNs). One of the most active IA]Ds reported is
based on pentaerythritol (PE). This PE-based IAJD belongs to
the simplified single—single (sSS) architecture, which is
synthesized in only three reaction steps,*’ fewer than any
other IAJD.*'~* The role of the linker length interconnecting
the IA to the hydrophobic fragment of IAJDs has never been
investigated. Therefore, given the fact that PE-based IAJDs are
made in just 3 steps, they became the target for the first series
of investigations on the role of linker length interconnecting
the IA to the hydrophobic domain of the IAJD. We
hypothesized that the linker length must affect the pK, of
the IAJD through inductive effects and the stability of the
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DNPs through its number of conformational isomers. While
we could not predict the outcome of these investigations, we
expected to uncover unexplored new principles, as has been
the case in all previous studies on the role of the primary
structure of the IAJD on in vivo luciferase activity. The
preparation of a library of 12 sSS PE-based IAJDs to be
discussed in this article is outlined in Scheme 1.

B EXPERIMENTAL SECTION

Materials. Pentaerythritol (Aldrich, 98%), tetrabutylammonium
bromide (TBAB) (Acros Organics, 99%), 2-ethylhexyl bromide
(Acros, Organics, 95%), 1-bromooctane (Aldrich, 99%), 3-bromo-
propanoic acid (Aldrich, 97%), 4-bromobutyric acid (Acros, 98%), S-
bromovaleric acid (TGI, 97%), 4-dimethylaminopyridine (DMAP)
(TCI, 99%), N,N-dimethylformamide (Fisher Scientific), sodium
hydroxide (Fisher Scientific), thionyl chloride (Aldrich, 99%),
triethylamine (TCI, 99%), potassium carbonate (Fisher Scientific),
1-(2-hydroxyethyl)piperazine (Acros, 99%), and 1-2-(2-
hydroxyethoxy)ethyl piperazine (TCI, 98%) were used as received.
The decision for the selection of these two ionizable amines and of

https://doi.org/10.1021/acs.biomac.4c01599
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the hydrophobic fragment will be discussed in a different publication.
All other reagents and solvents, such as dichloromethane and
acetonitrile, were sourced from commercial suppliers and used
without further purification. Dichloromethane (DCM) and triethyl-
amine (NEt,) were dried over CaH, and were distilled under N, just
before being used. A 10 mM acetate buffer was made by dissolving 2.3
mM sodium acetate and 7.7 mM acetic acid in ultrapure water. The
final pH was rearranged using 0.1 M HCI or 0.1 M NaOH solution.
Nucleoside-modified mRNA encoding firefly luciferase (Luc-mRNA)
was synthesized as previously described.*> DPBS (Corning),
OptiMEM (Gibco), UltraPure DNase/RNase-Free Distilled Water
(Invitrogen), Trypsin—EDTA (0.25%, Gibco), Trypan Blue (Sigma-
Aldrich), Cell Culture Lysis 5X Reagent (Promega), Luciferase Assay
System (Promega), and p-luciferin sodium salt (Regis Technologies)
were used as received.

Methods and Techniques. The assessment of purity and
structural characteristics of intermediates and end compounds was
carried out using a range of analytical methods, which consists of a
combination of thin-layer chromatography (TLC), proton and carbon
nuclear magnetic resonance spectroscopy ('H and '*C NMR), high-
performance liquid chromatography (HPLC), and matrix-assisted
laser desorption/ionization time-of-flight mass spectrometry
(MALDL-TOF MS).

'H and 3C NMR.*'* NMR spectra were recorded on a 400
MHz Bruker NEO NMR spectrometer with autosampling capability
(*H at 400 MHz, **C at 101 MHz). Measurements were conducted at
23 °C using the solvent CDCl;. Chemical shifts (5, ppm) with
resonance multiplicities named singlet (s), doublet (d), triplet (t),
multiplet (m), or broad resonance (br). Internal referencing was
made with residual CHCl, from CDCl, (*H: § 7.26 ppm; *C: 5 77.16
ppm) and tetramethylsilane (TMS: 6, 0 ppm). Analysis was
performed with MNova 14 software.

Thin-Layer Chromatography. Reaction progress and
compound purity were monitored using silica gel 60 F,5, TLC plates
(E. Merck). Aromatic molecules were detected by UV light (4 = 254
nm), while nonaromatic compounds were detected by staining with
iodine vapors. Purification was achieved through flash column
chromatography or column chromatography, employing silica gel
(60 A, 40—63 pm) from Silicycle and solvents specified in the
experimental procedure for each compound.

High-Pressure Liquid Chromatography. HPLC analysis
was conducted to determine compound purity using a Shimadzu LC-
20AD pump, a PE Nelson Analytical 900 Series integration station, a
Shimadzu SPD-10A VP UV-—vis detector (1 = 254 nm), and a
Shimadzu RID-10A refractive index (RI) detector. A setup of two AM
gel columns (two 500 A, 10 um columns) was employed, with
tetrahydrofuran (THF) containing 5% NEt; as the solvent at 23 °C.
Compounds were identified using an RI detector.

Matrix-Assisted Laser Desorption lonization-Time of Flight
Mass Spectrometry.*’~*” Molecular masses were measured with a
PerSeptive Biosystem Voyager-DE mass spectrometer (Framingham,
MA) containing a nitrogen laser (337 nm) functioning in linear mode.
Calibration was done with angiotensin II and bombesin standards.
Samples for analysis were obtained by dissolving compounds in THF
(5—10 mg/mL) and mixing with a matrix solution of 2,5-
dihydroxybenzoic acid in THF (10 mg/mL) at a 1:5 ratio. After
drying on a MALDI plate, samples were analyzed at 23 °C with
instrument parameters tailored to the compound’s molar mass.

Dynamic Light Scattering.*’™* Particle size and polydisper-
sities of DNPs were determined using a Malvern Zetasizer Nano S
DLS machine with a 4 mW He—Ne laser (633 nm) and a photodiode
at 175° to the beam. Measurements were performed at 23 °C in
semimicro cuvettes (10 X 10 X 45 mm, Greiner Bio-One) containing
an approximately 0.2 mL sample.

pK, Measurements of Individual 1AJDs.*'~*’ The pK, values
of IAJDs were determined by the titration curve at the half-
equivalence point. Solutions of IAJDs in ethanol saturated with NaCl
(3 mL at 1.5 mg/mL) were incrementally titrated against 0.1 M HCI
(increment of 7.5 mL), and the pH was determined with a Thermo

41-47

41-47
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Scientific Orion Star Al121 m and Thermo Scientific Orion
8220BNWP pH probe.

Production of Nucleoside-modified Luc-mRNA. mRNA was
synthesized as reported using T7 RNA polymerase on linearized DNA
encoding codon-optimized Firefly Luciferase and a 101 nt poly(A)
tail.** 1-Methylpseudouridine-5'-triphosphate was employed in place
of UTP. A trinucleotide capl analogue was added cotranscriptionally.
Purification followed previously reported procedures.** mRNA was
analyzed for RNase, dsRNA, endotoxin, and other contaminants, then
frozen and maintained at —20 °C.

Formulation of DNPs Co-assembled from IAJDs and Luc-
mMRNA.*'"* A solution of nucleoside-modified mRNA encoding
firefly luciferase (Luc-mRNA) in DNase/RNase-free distilled water
was prepared at 4.0 mg/mL. IAJDs were dissolved in ethanol at 80
mg/mL. To prepare the mixture, 12.5 uL of the Luc-mRNA solution
was placed into a clean, RNase-free 1.5 mL Eppendorf tube, followed
by the addition of 463 uL of 10 mM acetate buffer (pH 4.0).
Subsequently, 25 uL of the IAJD stock solution in ethanol was
injected into the Luc-mRNA solution in acetate buffer, and the
mixture was vortexed for S s. Rapid screening experiments
demonstrated that bimodal distribution as well as polydispersity
have no influence on in vivo activity. A quantitative discussion will be
reported in an independent publication.

In Vivo mRNA Delivery in Mice with DNPs.*' =%’ All mice used
were handled in agreement with the guidelines and approval of the
University of Pennsylvania Institutional Animal Care and Use
Committee. Female BALB/c mice (6—8 weeks old, from Charles
River Laboratories) were anesthetized with 3% isoflurane (Piramal
Healthcare Limited) and injected via the retro-orbital sinus with 100
#L of DNP solution containing 10 yg of Luc-mRNA. After 4—6 h
post injection, mice underwent luminescence characterization.

Luminescence Characterization for In Vivo Transfection
Experiments.*’ ™ Bioluminescence visualization was carried out
using an IVIS Spectrum visualization system (PerkinElmer, Waltham,
MA). Mice were anesthetized with 3% isoflurane (Piramal Healthcare
Limited) and administered p-luciferin (Regis Technologies) intra-
peritoneally (ip.) (150 mg/kg of body weight). Ten minutes after
administering D-luciferin, the mice were placed on the imaging
platform, maintained on isoflurane via a nose cone, and visualized at
exposure times of 60, 30, or 15 s with medium binning (binning = 8)
to ensure the signal was within the operative detection range. For
imaging organs, the mice were sacrificed, and the heart, lungs, liver,
and spleen were collected for bioluminescence visualization. Image
analysis was performed using Living Image software (PerkinElmer),
and bioluminescence values were determined by measuring photon
flux (photons/second) in the region of interest.

Molecular Modeling.**~*® Molecular models of the IA]Ds were
built using DS ViewerPro (version 5.0). Energy minimizations of the
built models of the supramolecular structures were carried out with
Material Studio (version 3.1) software from Accelrys. Display style
and coloring were applied using BIOVIA Discovery Studio Visualizer
(version 2019). The color codes used matched those in the
ChemDraw structure: blue for the hydrophilic part, light and dark
green for the hydrophobic part, pink for oxygen and OH groups, gray
for carbons in the pentaerythritol core, light pink for the linker, and
white for H groups on the aromatic ring.

Synthesis. General Procedure for the Synthesis of PE-IAJDs with
Two-, Three-, Four-, and Five-Carbon Linkers. Synthesis of IAJDs
involves the alkylation of PE under phase transfer catalyzed
conditions™ ~**57% with n-octylbromide (n = 8) and 2-ethylhexyl
bromide (EH) in the presence of 50% NaOH at 80 °C for S h.
Following the addition of water, the mixture containing tetra-
alkylated, trialkylated, and dialkylated PE, along with the ether of the
alkyl bromide, was extracted with DCM. The trialkyl compounds,
n.PE (where n = 8 and EH), were then isolated by column
chromatography (silica gel, hexane/ethyl acetate 100/1 to 60/ 1) with
yields of 22% and 18%, respectively.”” Compounds n.PE were
esterified with 2-bromoacetyl, 3-bromopropyl, 4-bromobutyl, and 5-
bromopentyl chloride, which were produced in situ from the
corresponding acids in dry DCM with SOCI, in the presence of

https://doi.org/10.1021/acs.biomac.4c01599
Biomacromolecules 2025, 26, 726—737


pubs.acs.org/Biomac?ref=pdf
https://doi.org/10.1021/acs.biomac.4c01599?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Biomacromolecules

pubs.acs.org/Biomac

one drop of dry DMF for 1 h. This was followed by the distillation of
DCM and excess SOCI, using a rotary evaporator. The esterification
of n.PE with bromoalkyl chloride was carried out at 0—23 °C for 2 h
in dry DCM with NEt; base and DMAP as a supernucleophilic
catalyst.”*~"> This process generated compounds n.2 to n.5 with
yields ranging from 60% to 92% after purification by column
chromatography (silica gel, hexane/ethyl acetate 100/1 to 60/1).
Compounds n.2 to n.5 were reacted with the ionizable amines N-(2-
hydroxyethyl)piperazine, and N-(2-hydroxyethoxyethyl)piperazine in
MeCN in the presence of K,COjs for 3 h at 95 °C*' ™" to generate
IAJDs 331, 333, 332, 334, 317, 313, 318, 314, 249, 93, 312, 288, 319,
325, 320, and 326 in isolated yields (after two purifications by column
chromatography, silica gel, DCM/MeOH 50/1 to 20/1)*® reported
after their name in Scheme 1. The purity of all IAJDs, as determined
by a combination of techniques, including TLC, 'HNMR, “C NMR,
HPLC, and MALDI-TOF, was over 99%. All IAJDs from Scheme 1
were coassembled with Luc-mRNA using the ethanol injection
method into an acetate buffer containing Luc-mRNA (pH 4.0).*'~*
3-((2-Ethylhexyl)oxy)-2,2-bis(2-ethylhexyl)oxy)methyl)propan-1-
ol (EH.PE). Pentaerythritol (12.00 g, 88.1 mmol, 1 equiv) was added
to a freshly made NaOH solution (140.8 g of NaOH and 120 mL of
water), and the mixture was stirred for 1 h at 80 °C. 3-
(Bromomethyl)heptane (51.07 g 264.4 mmol, 3 equiv) and
tetrabutylammonium bromide (TBAB) (3.55 g, 11.01 mmol, 0.125
equiv) were then added to the mixture, and heating was continued for
S h. After S h, the reaction was halted and allowed to cool to room
temperature. The resulting mixture was then diluted with 400 mL of
water. The organic layer was extracted three times with 40 mL of
DCM. The combined organic extracts were dried over anhydrous
MgSO,, filtered, and concentrated. The residue was purified by
column chromatography (SiO,) using hexane/ethyl acetate (100:1 to
60:1) as the eluent, yielding the title compound as a colorless oil (7.53
g 18.1%). 'H NMR (400 MHz, CDCL,): § 3.71 (d, 2H, CH,0OH),
3.41(s, 6H, —CH,0CH,CH(CH,CH,)(CH,),CH,), 327 (d, 6H,
—CH,OCH,CH(CH,CH,)(CH,),CH,), 3.14 (s, 1H, CH,0H), 1.47
(m, 3H, —CH,0CH,CH(CH,CH,)(CH,);CH,), 1.40—120 (br,
24H, —CH,0CH,CH(CH,CH,)(CH,),CH;), 0.88 (m, 18H, —
CH,0CH,CH(CH,CH,)(CH,);CH;). '3C NMR (101 MHz,
CDCLy): § 744, 71.8, 70.0, 67.0, 45.0, 41.1, 39.7, 39.6, 39.1, 34.7,
34.5, 31.9, 31.6, 30.7, 29.1, 28.8, 25.3, 25.2, 24.0, 23.1, 22.8, 22.7,
207, 14.1, 14.1, 11.1.
3-((2-Ethylhexyl)oxy)-2,2-bis(((2-ethylhexyl)oxy)methyl)propyl 2-
Bromoacetate (EH.2). 2-Bromoacetic acid (176 mg, 1.27 mmol, 2.0
equiv) was dissolved in 10 mL of dry DCM and 1 drop of DMF was
added. SOCI, (91 mg, 0.762 mmol, 1.2 equiv) was added and the
mixture was stirred at 23 °C for 1 h. Afterward, DCM and excess
SOCI, were removed under reduced pressure, yielding 2-bromoacetyl
chloride. Compound EH.PE (300 mg, 0.635 mmol, 1.0 equiv) and
NEt; (77 mg, 0.762 mmol, 1.2 equiv) were dissolved in 10 mL
anhydrous DCM. To this mixture were added the DCM solution (10
mL) and the above 2-bromoacetyl chloride dropwise at 0 °C. The
mixture was allowed to warm to 23 °C with stirring for 2 h.
Subsequently, 20 mL of water was added, and the mixture was
extracted three times with 20 mL of DCM. The organic phase was
collected, dried over anhydrous MgSO,, and filtered. The filtrate was
concentrated and purified by column chromatography (SiO,) using
hexane/ethyl acetate (40:1) as the eluent, yielding the title compound
as a colorless oil (350 mg, 92%). 'H NMR (400 MHz, CDCl,): § 4.20
(s, 2H, —CH,C0O0), 3.82 (s, 2H, —OCOCH,Br), 3.36—3.24 (m,
12H, -CH,0CH,(CH,)¢CH,;), 1.45 (m, 6H,
—OCH,CH,(CH,);CH,), 128 (br, 30H, —OCH,CH,(CH,);CH,),
0.88 (m, 18H, —OCH,CH(CH,CH;)(CH,CH,CH,CH,). *C NMR
(101 MHz, CDCly): § 166.9, 77.2, 74.2, 69.6, 69.5, 66.0, 44.9, 39.7,
307, 29.7, 29.1, 29.1, 24.0, 23.1, 14.1, 11.1.
3-((2-Ethylhexyl)oxy)-2,2-bis(((2-ethylhexyl)oxy)methyl)propyl 3-
Bromopropanoate (EH.3). 3-Bromopropanoic acid (1.0S g, 6.87
mmol, 1.3 equiv) was dissolved in 15 mL of anhydrous DCM, and 1
drop of DMF was added. SOCL, (1.63 g, 13.75 mmol, 2.6 equiv) was
added, and the mixture was stirred at 23 °C for 1 h. Afterward, DCM
and excess SOCl, were removed under a vacuum to give the 3-
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bromopropanoyl chloride. Compound EH.PE (2.5 g, 5.29 mmol, 1.0
equiv), dry NEt; (0.69 g 6.87 mmol, 1.3 equiv), and 4-
dimethylaminopyridine (1.0S mg, 1.05 mmol, 0.2 equiv) were
dissolved in 10 mL of anhydrous DCM. To this mixture was added
the dry DCM solution (10 mL) of the above 3-bromopropanoyl
chloride dropwise at 0 °C. The mixture was allowed to warm to 23 °C
while stirring for 2 h. Subsequently, 20 mL of water was added, and
the mixture was extracted three times with 20 mL of DCM. The
organic phase was collected, dried over anhydrous MgSO,, and
filtered. The filtrate was then concentrated and purified by column
chromatography (SiO,) using hexane/ethyl acetate (40:1) as the
eluent, yielding the title compound as a colorless oil (2.93 g, 91.2%).
'H NMR (400 MHz, CDCL): § 4.12 (s, 2H, —CH,COO), 3.45 (t,
2H, -OCOCH,CH,CH,Br), 3.40-3.31 (m, 12H,
—CH,OCH,(CH,),CH,), 2.48 (t, 2H, —OCOCH,CH,CH,Br),
224-2.06 (m, 2H, —CH,0COCH,CH,CH,Br), 1.54—1.46 (m,
12H, 3x —-OCH,CH,(CH,),CH,), 1.28 (br, 18H, 3x -—
OCH,CH,(CH,);CH,), 0.90—0.84 (m, 9H, 3x —O(CH,);CH;).
13C NMR (101 MHz, CDCL): § 172.3, 71.7, 69.6, 64.5, 3.5, 44.6,
32.8, 32.7, 31.8, 29.7, 28.0, 26.0, 22.8, 14.2.

3-((2-Ethylhexyl)oxy)-2,2-bis(((2-ethylhexyl)oxy)methyl)propyl 4-
Bromobutanoate (EH.4). 4-Bromobutyric acid (0.96 g, 5.77 mmo],
1.3 equiv) was dissolved in 15 mL of dry DCM, and 1 drop of DMF
was added. SOCI, (1.37 g, 11.54 mmol, 2.6 equiv) was added, and the
mixture was stirred at 23 °C for 1 h. Afterward, DCM and excess
SOCI, were removed under vacuum to give 4-bromopropanoyl
chloride. Compound EH.PE (2.1 g, 444 mmol, 1.0 equiv), dry NEt,
(584 mg, 5.77 mmol, 1.3 equiv), and 4-dimethylaminopyridine (108
mg, 0.8 mmol, 0.2 equiv) were dissolved in 10 mL of anhydrous
DCM. To this mixture was added the dry DCM solution (10 mL) of
the above 4-bromopropanoyl chloride dropwise at 0 °C. The mixture
was allowed to warm to 23 °C with stirring during a 2 h period.
Afterward, water (20 mL) was added, and the mixture was extracted
three times with DCM (20 mL). The organic phase was collected,
dried over anhydrous MgSO,, and filtered. The filtrate was
concentrated and purified by column chromatography (SiO,) using
hexane/ethyl acetate (40:1) as the eluent, yielding the title compound
as a colorless oil (2.32 g, 84%). "H NMR (400 MHz, CDCL;): § 4.09
(s, 2H, —CH,C0O0), 3.45 (t, 2H, —OCOCH,CH,CH,Br), 3.34 (s,
6H, —CH,0CH,CH(CH,CH,)(CH,),CH,), 3.23 (d, 6H,
-CH,0CH,CH(CH,CH;)(CH,);CH;), 2.48 (t, 2H,
—0OCOCH,CH,CH,Br), 2.16 (m, 2H, —OCOCH,CH,CH,Br),
145 (m, 3H, —CH,0OCH,CH(CH,CH,)(CH,),CH,;), 1.39-1.14
(br, 24H, —CH,OCH,CH(CH,CH,)(CH,);CH,), 0.88 (m, 18H, —
CH,OCH,CH(CH,CH,)(CH,),CH,). C NMR (101 MHg,
CDClLy): & 174.5, 172.2, 742, 74.1, 69.8, 69.7, 69.3, 64.4, 64.2,
447, 44.6, 39.7, 32.7, 32.5, 31.6, 30.7, 29.2, 27.9, 24.0, 23.1, 22.7,
14.1, 11.1.

3-((2-Ethylhexyl)oxy)-2,2-bis(((2-ethylhexyl)oxy)methyl)propyl 5-
Bromopentanoate (EH.5). 5-Bromovaleric acid (2.49 g, 13.7 mmol,
1.3 equiv) was dissolved in 15 mL of anhydrous DCM, and 1 drop of
DMF was added. SOCl, (3.27 g, 27.5 mmol, 2.6 equiv) was added,
and the mixture was stirred at 23 °C for 1 h. Afterward, DCM and
excess SOCl, were removed under vacuum to give S-bromovaleryl
chloride. Compound EH.PE (5.0 g, 10.06 mmol, 1.0 equiv), dry NEt,
(1.39 g 13.7 mmol, 1.3 equiv), and 4-dimethylaminopyridine (258
mg, 2.1 mmol, 0.2 equiv) were dissolved in 10 mL of anhydrous
DCM. To this mixture was added the dry DCM solution (10 mL) of
the above S-bromovaleryl chloride dropwise at 0 °C.

The mixture was allowed to warm to 23 °C while stirring for 2 h.
Afterward, 20 mL of water was added, and the mixture was extracted
three times with 20 mL of DCM. The combined organic phases were
dried over anhydrous MgSO, and filtered. The filtrate was then
concentrated and purified by column chromatography (SiO,) using
hexane/ethyl acetate (40:1) as the eluent, yielding the title compound
as a colorless oil (5.3 g, 78.8%). 'H NMR (400 MHz, CDCL,): § 4.10
(s, 2H, —CH,COO), 3.54 (t, 2H, —OCOCH,CH,CH,Br), 3.25 (d,

6H, -CH,0CH,CH(CH,CH,;)-), 2.53 (t, 2H,
-OCOCH,CH,CH,Br), 2.17 (m, 4H, -
CH,0COCH,CH,CH,CH,Br), 1.51 (m, 6H, -
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OCH,CH,(CH,);CH,;), 1.45-1.41 (m, 3H,
CH,0CH,CH(CH,CH;)-), 1.34-1.23 (br, 24H, —OCH,CH-
(CH,CH,)(CH,CH,CH,CH,), 091-0.85 (m, 18H, —OCH,CH-
(CH,CH;)(CH,CH,CH,CH;). *C NMR (101 MHz, CDCL): §
173.4, 71.8, 69.7, 64.3, 59.3, 57.8, 57.7, 53.2, 53.0, 4.6, 32.4, 32.0,
29.8, 29.8, 29.3, 263, 22.8, 22.3, 14.2.
3-((2-Ethylhexyl)oxy)-2,2-bis(((2-ethylhexyl)oxy)methyl)propy! 2-
(4-(2-hydroxyethyl)piperazin-1-yl)acetate (EH.2.EO, IAJD 333). A
mixture of compound EH.2 (200 mg, 0.337 mmol, 1.0 equiv), 2-
(piperazin-1-yl)ethan-1-0l (66 mg, 0.506 mmol, 1.5 equiv), K,CO;
(65 mg, 0.506 mmol, 1.5 e(}uiv), and MeCN (10 mL) was heated to
95 °C and refluxed for 3 h.*” After the mixture was cooled to 23 °C,
the MeCN was removed under vacuum. Subsequently, 20 mL of
water was added, and the mixture was extracted three times with 20
mL of DCM. The combined organic phases were dried over
anhydrous MgSO, and filtered. The filtrate was concentrated to
approximately 3 mL and purified by column chromatography (SiO,)
using DCM/MeOH (50:1 to 20:1) as the eluent. The purified
product was then dried over anhydrous MgSO,, and, after filtration
and solvent evaporation, the title compound was obtained as a light-
yellow oil (200 mg, 92%). 'H NMR (400 MHz, CDCL,): & 4.14 (s,
2H, —CH,0CO-), 3.60 (t, 2H, —NCH,CH,0OH), 3.33 (s, 6H,
—CH,0CH,CH(CH,CH,)-), 3.26-3.16 (d, 81, —CH,0CH,CH-
(CH,CH;)— and —-COOCH,), 2.68-2.50 (br, 10H, —N-
(CH,CH,),NCH,CH,OH), 1.45 (m, 3H,
CH,0CH,CH(CH,CH,)—), 1.38—1.16 (br, 24H, —OCH,CH-
(CH,CH,)(CH,CH,CH,CH;,), 095—0.79 (m, 18H, —OCH,CH-
(CH,CH,)(CH,CH,CH,CH,). 3C NMR (101 MHz, CDCL): &
170.1, 77.2, 74.2, 69.6, 64.4, 59.2, 59.1, 57.7, 52.9, 52.6, 44.7, 39.7,
30.7, 29.1, 24.0, 23.1, 14.1, 11.1. Purity by HPLC: 99+%. MALDI-
TOF MS m/z of [M + H]" caled for C3,H;5N,0q, 644.0; found,
645.0.
3-((2-Ethylhexyl)oxy)-2,2-bis(((2-ethylhexyl)oxy)methyl)propyl 2-
(4-(2-(2-Hydroxyethoxy)ethyl)piperazin-1-yl)acetate (EH.2.2EOQ,
IAJD 334). A mixture of compound EH.2 (200 mg, 0.337 mmol,
1.0 equiv), 2-(2-(piperazin-1-yl)ethoxy)ethan-1-ol (88 mg, 0.506
mmol, 1.5 equiv), K,CO; (65 mg, 0.506 mmol, 1.5 equiv), and
MeCN (10 mL) was heated to 95 °C and refluxed for 3 h. The
reaction mixture was then cooled to 23 °C, and the MeCN was
removed under vacuum. Subsequently, 20 mL of water was added,
and the mixture was extracted three times with 20 mL of DCM. The
combined organic phases were dried over anhydrous MgSO, and
filtered. The filtrate was concentrated to approximately 3 mL and
purified by column chromatography (SiO,) using DCM/MeOH
(50:1 to 20:1) as the eluent. Finally, the product was dried over
anhydrous MgSO,, and, after filtration and solvent evaporation, the
title compound was obtained as a light-yellow oil (210 mg, 91%). 'H
NMR (400 MHz, CDCl,): § 4.13 (s, 2H, —CH,0CO-), 3.75-3.55
(m, 6H, —NCH,CH,0CH,CH,0OH), 3.32 (s, 6H, —CH,0CH,CH-
(CH,CH;)-), 3.27-3.11 (m, 8H, —CH,0CH,CH(CH,CHj,)- and
—COOCH,), 2.60 (br, 10H, —N(CH,CH,),NCH,CH,0H), 1.44
(m, 3H, CH,0CH,CH(CH,CH,)-) and —-COOCH,CH,CH,CH,),
1.34—1.15S (br, 24H, —OCH,CH(CH,CH,)(CH,CH,CH,CH,),
0.93-0.75 (m, 18H, —OCH,CH(CH,CH,)(CH,CH,CH,CH,). *C
NMR (101 MHz, CDCLy): § 174.3, 77.2, 74.2, 72.4, 69.6, 67.4, 64.4,
62.1, 57.8, 53.0, 52.8, 44.7, 39.6, 30.7, 29.1, 24.0, 23.1, 14.1, 11.1.
Purity by HPLC: 99+%. MALDI-TOF MS m/z of Purity by HPLC:
99+%. MALDI-TOF MS m/z of [M + H]" caled for C30H,N,0,,
687.6; found, 688.7; [M + Na]* calculated for C3,H,sN,0,Na, 709.6;
found, 710.3.
3-(Pentadecyloxy)-2,2-bis((pentadecyloxy)methyl)propan-1-ol
(8.PE). Pentaerythritol (12.00 g 88.1 mmol, 1 equiv) was added to a
freshly made NaOH solution (140.8 g NaOH and 120 mL water),
and the mixture was stirred for 1 h at 80 °C. 1-Bromooctane (51.07 g,
264.4 mmol, 3 equiv) and tetrabutylammonium bromide (TBAB)
(3.55 g, 11.01 mmol, 0.125 equiv) were then added to the mixture,
and heating was continued for S h. After S h, the reaction was halted
and allowed to cool to room temperature. The resultant mixture was
diluted with 400 mL of water and extracted three times with 40 mL of
DCM. The combined organic phases were dried over anhydrous
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MgSO, and filtered. The filtrate was concentrated and purified by
column chromatography (SiO,) using hexane/ethyl acetate (100:1 to
60:1) as the eluent, yielding the title compound as a colorless oil (9.14
g 21.9%). 'H NMR (400 MHz, CDCL): & 3.70 (d, 2H, CH,0OH),
3.43(s, 6H, —CH,0CH,(CH,)sCH,), 3.38 (t, 6H,
—CH,0CH,(CH,)(CH,), 3.14(br, 1H, CH,0H), 1.63—1.45 (m,
6H, -OCH,CH,(CH,);CH;), 1.28 (br, 30H, -
OCH,CH,(CH,);CH;), 0.88 (m, 9H, —O(CH,),CH;). *C NMR
(101 MHz, CDCL): & 71.8, 71.5, 66.7, 44.7, 31.9, 31.6, 29.6, 29.4,
293,262, 22.7, 14.1.

3-(Octyloxy)-2,2-bis((octyloxy)methyl)propyl 2-Bromoacetate
(8.2). 2-Bromoacetic acid (177 mg, 1.27 mmol, 1.2 equiv) was
dissolved in 10 mL of dry DCM, and 1 drop of DMF was added. After
that, SOCl, (252 mg, 2.12 mmol, 2 equiv) was then added to the
mixture and allowed to stir at 23 °C for 1 h. Afterward, DCM and
excess SOCI, were removed under vacuum to give the S-bromovaleric
chloride. Compound 8.PE (500 mg, 1.06 mmol, 1.0 equiv) and dry
NEt; (177 mg, 1.27 mmol, 1.2 equiv) were dissolved in 10 mL
anhydrous DCM. To this mixture was added the dry DCM solution
(10 mL) of the above 2-bromoacetic chloride dropwise at 0 °C. The
mixture was stirred and allowed to warm to 23 °C over 2 h. Then, 20
mL of water was added, and the mixture was extracted three times
with 20 mL of DCM. The combined organic phases were dried over
anhydrous MgSO, and filtered. The filtrate was then concentrated and
purified by column chromatography (SiO,) using hexane/ethyl
acetate (40:1) as the eluent), yielding the title compound as a
colorless oil (380 mg, 60%). '"H NMR (400 MHz, CDCL,): § 4.24 (s,
2H, —CH,COO0), 4.04 (s, 2H, —OCOOCH,Br), 3.44—3.26 (m, 12H,
—CH,0CH,(CH,)CH,), 1.51 (m, 6H, —~OCH,CH,(CH,);CH,),
129 (br, 30H, —OCH,CH,(CH,);CH;), 0.88 (m, 9H, —O-
(CH,),CH;). BC NMR (101 MHz, CDCL,): § 167.1, 77.2, 71.6,
69.4, 69.3, 66.0, 44.6, 41.0, 31.9, 29.6, 29.5, 29.3, 262, 22.7, 14.1.

3-(Octyloxy)-2,2-bis((octyloxy)methyl)propyl 3-Bromopropa-
noate (8.3). 3-Bromopropanoic acid (2.10 g, 13.7 mmol, 1.3 equiv)
was dissolved in 15 mL of dry DCM and 1 drop of DMF was added.
SOCl, (1.99 g, 27.5 mmol, 2.6 equiv) was added and the mixture was
stirred at 23 °C for 1 h. Afterward, DCM and excess SOCI, were
removed under reduced pressure to give 3-bromopropanoyl chloride.
Compound 8.PE (5.0 g, 10.5 mmol, 1.0 equiv), dry NEt; (1.39 g, 13.7
mmol, 1.3 equiv), and 4-dimethylaminopyridine (0.258 g, 2.1 mmol,
0.2 equiv) were dissolved in 10 mL of dry DCM. To this mixture was
added the dry DCM solution (10 mL) of the above 3-
bromopropanoyl chloride dropwise at 0 °C. The mixture was stirred
and allowed to warm to 23 °C over 2 h. Subsequently, 20 mL of water
was added, and the mixture was extracted three times with 20 mL of
DCM. The combined organic phases were dried over anhydrous
MgSO, and filtered. The filtrate was concentrated and purified by
column chromatography (SiO,) using hexane/ethyl acetate (40:1) as
the eluent, yielding the title compound as a colorless oil (4.9 g,
76.2%). '"H NMR (400 MHz, CDCL,): § 4.12 (s, 2H, —CH,COO0),
3.43 (t, 2H, —OCOCH,CH,CH,Br), 3.38—3.30 (m, 12H,
-CH,0CH,(CH,)¢CH;), 2.37-2.31 (m, 2H, -
CH,0COCH,CH,CH,Br), 1.67-1.57 (m, 2H, -
CH,0COCH,CH,CH,Br), 1.51 (m, 6H, —OCH,CH,(CH,);CH,),
129 (br, 30H, —OCH,CH,(CH,);CH,), 0.89 (m, 9H, —O-
(CH,),CH;). *C NMR (101 MHz, CDCL,): § 173.0, 77.4, 71.7,
68.5, 68.5, 64.5, 44.5, 32.5, 32.5, 31.9, 29.5, 29.4, 29.5, 28.0, 26.1,
22.5, 14.0.

3-(Octyloxy)-2,2-bis((octyloxy)methyl)propyl 4-Bromobutanoate
(8.4). 4-Bromobutyric acid (2.29 g 13.74 mmol, 1.3 equiv) was
dissolved in 1S mL of dry DCM, and 1 drop of DMF was added.
SOC, (3.27 g 27.48 mmol, 2.6 equiv) was added and the vacuum to
give the 4-bromopropanoyl chloride. Compound 8.PE (5.0 g, 10.5
mmol, 1.0 equiv), dry NEt; (1.39 g, 13.74 mmol, 1.0 equiv), and 4-
dimethylaminopyridine (258 mg, 2.1 mmol, 0.2 equiv) were dissolved
in 10 mL of dry DCM. To this mixture were added the dry DCM
solution (10 mL) and the above 4-bromopropanoyl chloride dropwise
at 0 °C. The mixture was stirred and allowed to warm to 23 °C over a
2 h period. Afterward, 20 mL of water was added, and the mixture was
extracted three times with 20 mL of DCM. The combined organic

https://doi.org/10.1021/acs.biomac.4c01599
Biomacromolecules 2025, 26, 726—737


pubs.acs.org/Biomac?ref=pdf
https://doi.org/10.1021/acs.biomac.4c01599?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Biomacromolecules

pubs.acs.org/Biomac

phases were dried over anhydrous MgSO, and filtered. The filtrate
was then concentrated and purified by column chromatography
(SiO,) using hexane/ethyl acetate (40:1) as the eluent, yielding the
title compound as a colorless oil (5.3 g, 80.6%). '"H NMR (400 MHz,
CDCl;) § 4.13 (s, 2H, —CH,C0OO), 3.46 (t, 2H, —
OCOCH,CH,CH,Br), 3.39-3.31 (m, 12H,
—CH,OCH,(CH,),CH,), 249 (t, 2H, —OCOCH,CH,CH,Br),
2.18 (m, 2H, —CH,0COCH,CH,CH,Br), 1.51 (m, 6H, —
OCH,CH,(CH,);CH,), 1.29 (br, 30H, —OCH,CH,(CH,);CH,),
0.88 (m, 9H, —O(CH,),CH,). 3C NMR (101 MHz, CDCL): 6
172.3, 77.2, 71.6, 69.5, 69.5, 64.4, 44.4, 327, 32.6, 31.9, 29.6, 29.5,
29.3,27.9, 26.2, 22.7, 14.1.
3-(Octyloxy)-2,2-bis((octyloxy)methyl)propyl 5-Bromopenta-
noate (8.5). 5-Bromovaleric acid (2.74 g 13.75 mmol, 1.3 equiv)
was dissolved in 15 mL of dry DCM, and 1 drop of DMF was added.
SOC, (3.27 g, 27.5 mmol, 2.6 equiv) was added, and the mixture was
stirred at 23 °C for 1 h. Afterward, DCM and excess SOCI, were
removed under vacuum to give the S-bromovaleric chloride.
Compound 8.PE (5.0 g, 10.57 mmol, 1.0 equiv), dry NEt; (1.39 g,
13.75 mmol, 1.3 equiv), and 4-dimethylaminopyridine (0.258 g, 2.1
mmol, 0.2 equiv) were dissolved in 10 mL of dry DCM. To this
mixture were added the dry DCM solution (10 mL) and the above -
bromovaleric chloride dropwise at 0 °C. The mixture was stirred and
allowed to warm to 23 °C over a 2 h duration. Subsequently, 20 mL
of water was added, and the mixture was extracted three times with 20
mL of DCM. The combined organic phases were dried over
anhydrous MgSO, and filtered. The filtrate was then concentrated
and purified by column chromatography (SiO,) using hexane/ethyl
acetate (40:1) as the eluent, yielding the title compound as a colorless
oil (5.3 g 78.8%). 'H NMR (400 MHz, CDCL,) & 4.15 (s, 2H,
—CH,CO0O0), 3.53 (t, 2H, —OCOCH,CH,CH,Br), 3.39-3.33 (m,
12H, —CH,OCH,(CH,)CH,), 2.47 (t, 2H, —OCOCH,CH,CH,Br),
2.18 (m, 4H, —CH,0OCOCH,CH,CH,CH,Br), 1.53 (m, 6H, —
OCH,CH,(CH,);CH,), 130 (br, 30H, —OCH,CH,(CH,);CH,),
0.89 (m, 9H, —O(CH,),CH;). *C NMR (101 MHz, CDCL): &
173.7, 71.7, 69.3, 64.1, 59.0, §7.3, 57.2, 53.1, 3.0, 45.0, 32.1, 32.3,
29.7,29.7, 29.7, 26.1, 22.5, 22.1, 14.0.
3-(Octyloxy)-2,2-bis((octyloxy)methyl)propyl 2-(4-(2-
Hydroxyethyl)piperazin-1-yl) Acetate (8.2.EO, IAJD 331). A mixture
of compound 8.2 (500 mg, 0.84 mmol, 1.0 equiv), 2-(piperazin-1-
yl)ethan-1-ol (131 mg, 1.01 mmol, 1.2 equiv), K,CO; (139 mg, 1.01
mmol, 1.2 equiv), and MeCN (15 mL) was heated to 95 °C and
refluxed for 3 h.*” The reaction mixture was cooled to 23 °C, and the
MeCN was removed under vacuum. Subsequently, 20 mL of water
was added, and the mixture was extracted three times with 20 mL of
DCM. The combined organic phases were dried over anhydrous
MgSO, and filtered. The filtrate was concentrated to approximately 3
mL and purified by column chromatography (SiO,) using DCM/
MeOH (50:1 to 20:1) as the eluent. The product was dried over
anhydrous MgSO,, and, after filtration and solvent evaporation, the
title compound was obtained as a light-yellow oil (500 mg, 92%). 'H
NMR (400 MHz, CDCl,): § 4.16 (s, 2H, —CH,0CO-), 3.61 (t, 2H,
—NCH,CH,0H), 3.39-3.30 (m, 12H, —CH,0OCH,(CH,),CHj,),
3.21 (s, 2H, —COOCH,-), 2.70-2.51 (br, 10H, —N-
(CH,CH,),NCH,CH,0H); 1.561 (m, 6H, -
OCH,CH,(CH,);CH;), 1.37-1.19 (br, 30H, -
OCH,CH,(CH,);CH,), 0.92—0.81 (m, 9H, —O(CH,),CH,). *C
NMR (101 MHz, CDCly): § 170.1, 77.2, 71.6, 69.5, 64.4, 59.2, 59.2,
57.6,52.9, 52.6, 44.5, 31.9, 29.6, 29.5, 29.3, 26.2, 22.7, 14.1. Purity by
HPLC: 99+%. MALDI-TOF MS m/z of [M + H]" caled for
Cy H, N, O, 643.6; found, 643.0.
3-(Octyloxy)-2,2-bis((octyloxy)methyl)propyl 2-(4-(2-(2-
Hydroxyethoxy)ethyl)piperazin-1-yl)acetate (8.2.EO, IAJD 332). A
mixture of compound 8.2 (630 mg, 1.06 mmol, 1 equiv), 2-(2-
(piperazin-1-yl)ethoxy)ethan-1-ol (221 mg, 1.27 mmol, 1.2 equiv),
K,CO; (176 mg, 1.27 mmol, 1.2 equiv), and MeCN (15 mL) was
heated to 95 °C and refluxed for 3 h.*’ The reaction mixture was
cooled to 23 °C, and MeCN was removed under reduced pressure.
Subsequently, 20 mL of water was added, and the mixture was
extracted three times with 20 mL of DCM. The combined organic
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phases were dried over anhydrous MgSO, and filtered. The filtrate
was concentrated to approximately 3 mL and purified by column
chromatography (SiO,) using DCM/MeOH (50:1 to 20:1) as the
eluent. The product was then dried over anhydrous MgSO,. Finally,
filtration and evaporation of the solvent yielded the title compound as
a light-yellow oil (550 mg, 76%). '"H NMR (400 MHz, CDCLy): §
4.15 (s, 2H, -CH,0CO-), 3.71-3.58 (m, 6H, —
NCH,CH,OCH,CH,O0H), 3.40-3.28 (m, 12H,
—CH,OCH,(CH,),CH,), 3.18 (s, 2H, —COOCH,—), 2.60 (br,
10H, —-N(CH,CH,),NCH,CH,0-), 1.50 (m, 6H, -
OCH,CH,(CH,);CH,), 1.27 (br, 30H, —OCH,CH,(CH,);CH,),
0.93—0.76 (m, 9H, —O(CH,),CH;). *C NMR (101 MHz, CDCl,):
5 170.1, 77.2, 72.4, 71.6, 69.4, 67.4, 64.3, 62.1, 59.2, 57.8, 53.0, 52.8,
44.5, 319, 29.6, 29.5, 29.3, 262, 22.7, 14.1. Purity by HPLC: 99+%.
MALDI-TOF MS m/z of [M + H]* caled for C3H,N,0,, 687.6;
found, 687.5.

3-(Octyloxy)-2,2-bis((octyloxy)methyl)propyl 2-(4-(2-
Hydroxyethyl)piperazin-1-yl)acetate (8.2.EO, IAJD 331). A mixture
of compound 8.2 (500 mg, 0.84 mmol, 1.0 equiv), 2-(piperazin-1-
yl)ethan-1-ol (131 mg, 1.01 mmol, 1.2 equiv), K,CO; (139 mg, 1.01
mmol, 1.2 equiv), and MeCN (1S mL) was heated to 95 °C and
refluxed for 3 h.*” After the reaction mixture was cooled to 23 °C, the
MeCN was removed under reduced pressure. The resulting mixture
was then extracted three times with 20 mL of DCM after addition of
20 mL of water. The combined organic phases were dried over
anhydrous MgSO, and filtered. The filtrate was concentrated to
approximately 3 mL and purified by column chromatography (SiO,)
using DCM/MeOH (50:1 to 20:1) as the eluent. The product was
dried over anhydrous MgSO,. Finally, filtration and evaporation of the
solvent yielded the title compound as a light-yellow oil (500 mg,
92%). 'H NMR (400 MHz, CDCL,): & 4.16 (s, 2H, —~CH,0CO—),
3.61 (t, 2H, —-NCH,CH,0H), 3.39-3.30 (m, 12H,
—CH,0CH,(CH,)(CH,), 321 (s, 2H, ~COOCH,—), 2.70~2.51
(br, 10H, —N(CH,CH,),NCH,CH,0H); 1.561 (m, 6H,
-OCH,CH,(CH,);CH;), 1.37—-1.19 (br, 30H, -
OCH,CH,(CH,);CH,), 0.92—0.81 (m, 9H, —O(CH,),CH;). 3C
NMR (101 MHz, CDCL,): & 170.1, 77.2, 71.6, 69.5, 64.4, 59.2, 59.2,
57.6, 52.9, 52.6, 44.5, 31.9, 29.6, 29.5, 29.3, 26.2, 22.7, 14.1. Purity by
HPLC: 99+%. MALDI-TOF MS m/z of [M + H]' caled for
C3;H,sN, Oy, 643.6; found, 643.0.

3-(Octyloxy)-2,2-bis((octyloxy)methyl)propyl 2-(4-(2-(2-
Hydroxyethoxy)ethyl)piperazin-1-yl)acetate (8.2.EO, IAJD 332). A
mixture of compound 8.2 (630 mg, 1.06 mmol, 1 equiv), 2-(2-
(piperazin-1-yl)ethoxy)ethan-1-ol (221 mg, 1.27 mmol, 1.2 equiv),
K,CO; (176 mg, 1.27 mmol, 1.2 equiv), and MeCN (15 mL) was
heated to 95 °C and refluxed for 3 h.*” The reaction mixture was
cooled to 23 °C, and the MeCN was removed under reduced
pressure. Then, 20 mL of water was added, and the mixture was
extracted three times with 20 mL of DCM. The combined organic
phases were dried over anhydrous MgSO, and filtered. The filtrate
was concentrated to approximately 3 mL and purified by column
chromatography (SiO,) using DCM/MeOH (50:1 to 20:1) as the
eluent. The product was further dried over anhydrous MgSO,.
Filtration and evaporation of the solvent yielded the title compound
as a light-yellow oil (550 mg, 76%). '"H NMR (400 MHz, CDCL;): §
4.15 (s, 2H, -CH,0CO-), 3.71-3.58 (m, 6H, —
NCH,CH,OCH,CH,0H), 3.40-3.28 (m, 12H,
—CH,0CH,(CH,),CH;), 3.18 (s, 2H, —COOCH,-), 2.60 (br,
10H, -N(CH,CH,),NCH,CH,0-), 1.50 (m, 6H,
—OCH,CH,(CH,)CHj,), 1.27 (br, 30H, —OCH,CH,(CH,);CH,),
0.93—0.76 (m, 9H, —O(CH,),CH,). *C NMR (101 MHz, CDCl,):
6 170.1, 77.2, 72.4, 71.6, 69.4, 67.4, 64.3, 62.1, 59.2, 57.8, 53.0, 52.8,
44.5, 319, 29.6, 29.5, 29.3, 262, 22.7, 14.1. Purity by HPLC: 99+%.
MALDI-TOF MS m/z of [M + H]* caled for C3H,oN,0,, 687.6;
found, 687.5.

B RESULTS AND DISCUSSION

Both IAJDs and LNPs are not toxic, and additional details on
this issue will be reported in a different publication. Figure 1
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Figure 1. Comparison of representative in vivo images of luciferase activities of EH-based PE IAJDs with two-, three-, four-, and five-carbon linkers.
The results marked with an asterisk (*) are from previously published data.*®

presents the data for the eight ethylhexyl substituted PE-based
IAJDs and the delivery of Luc-mRNA with their DNPs. pK,
values of the IAJDs are in blue on the first row after the IAJD
numbers. Dimensions and polydispersities of the resulting
DNPs, determined by DLS, are summarized on second row in
black, followed by total flux (in p/s) in red. Delivery to lymph
nodes values are provided alongside the overall image of the
mice, while values for targeted delivery to lung, liver, and
spleen organs are shown beneath the individual images of the
corresponding organs.

The first observation is that pK, values of IAJDs are
determined by linker length. Two- and three-carbon linker
IAJDs, have the lowest pK, values followed by four- and five-
carbon linker IAJDs respectively. This demonstrates the
inductive effect of the linker on the pK, of IA attached to it.
The two-carbon linker contains an electron-withdrawing ester
carbonyl at the second carbon, which inductively increases the
positive charge on the protonated nitrogen from piperazine,
thereby decreasing its pK,. A smaller effect is seen for the
three-carbon linker. A reverse effect is observed with four- and
five-carbon linkers. In these cases, the electron-withdrawing
character of the ester carbonyl is dominated by the electron-
donating character of the longer alkyl group, which stabilizes
the positive charge on the protonated nitrogen attached to it
and thus increases the pK,. The lowest pK, in this case may
occur for the nitrogen attached to the hydroxyethyl group(s).
The second significant effect of the linker length, derived from
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the number of conformers, is visibly apparent. The longer
linker containing five-carbons provides the most fluid IAJDs,
while the three-carbon linker generates the most viscous
IAJDs. A lower pK, and less flexible three-carbon linker favor
deprotonation and increased stability of DNPs, while longer-
linkers have the opposite effect. The two-carbon linker has the
lowest pK, and only one favorable conformer, while longer-
linkers have more conformers (Figures S42 and S43).
Therefore, longer linkers provide better bilayer stability. The
optimum combination of pK, and bilayer stability was detected
for the linker containing 3 carbons. However, additional
research required to elucidate this complex combination is in
progress, and it will be reported soon.

We will now discuss the role of the linker-length on the total
and targeted in vivo delivery of Luc-mRNA. At least three in
vivo experiments were performed after the coassembly of
IAJDs with Luc-mRNA, without optimization for dimensions
and polydispersities. Whole body luciferase activities for IAJD
313, IAJD314, and IAJD334 containing a three-carbon and
two-carbon linkers were 7.43 x 10%, 8.43 X 108, and 7.51 x 10®
p/s respectively. These luciferase values are up to three times
higher than the corresponding values for IAJD93 and IAJD288,
containing four- and two-carbon linkers, and about three times
higher than for IAJDs 325 and 326, which are based on five-
carbon linkers and for two-carbon linker IAJD333. Luciferase
activities in the spleen are also up to two times higher when
comparing IAJDs 314 and 334 with 288 newly synthesized
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Figure 2. Comparison of in vivo images of luciferase activities of n-octyl-based pentaerythritol IAJDs with two-, three-, four-, and five-carbon
linkers. The results marked with an asterisk (*) are from previously published data.*®

ones and IAJD333 containing three-, two-, and four-carbon
linkers, respectively. There is a general trend indicating higher
whole body or organ-specific luciferase activities for IAJDs with
three- and two-carbon linkers. The lowest activities are
consistent for five-carbon linkers.

Figure 2 summarizes the results for PE-based IAJDs
containing n-octyl in their hydrophobic part. A similar pK,
trend was observed. It is important to note that the ethylhexyl-
based IAJDs from Figure 1 are constitutional isomers of the n-
octyl-based IAJDs from Figure 2. Therefore, while their
activities are expected to be different,”* trends in pK, and in
vivo experiment values must be similar. IAJDs 317, 331, and
318 containing three- and two-carbon linkers show the highest
whole body luciferase flux activities of 8.63 X 10, 6.00 X 10°,
and S5.15 X 10° p/s, respectively. The whole-body luciferase
activity of approximately 9 X 10° p/s for IAJD 317 is the
highest obtained so far for the delivery of Luc-mRNA mediated
with DNPs based on IAJDs. As with the results from Figure 1,
total luciferase flux activities of IAJDs 317 and 318 containing
three-carbon linkers are 1.5 to 3.3 times higher than those of
the corresponding IAJDs 249 and 312 containing four-carbon
linkers as well as IAJDs 319 and 320 with five-carbon linkers
and of IAJDs 331 and 332 with two carbon-linkers. A similar
trend was observed for luciferase activities in the spleen. In all
cases, IAJDs with three-carbon linkers are more active than
those with four- or five- and even two-carbon linkers by a
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factor of about 1.4 when comparing IAJD 317 and IAJD 249
and by a factor of about 3.3 to 3.9 for the other IAJDs.

Figure 3 combines all results of the entire library of 16 IAJDs
from Figures 1 and 2, including data not shown in these figures
along with their statistical analysis. Figure 3 contains both
unpublished and published data. The published data are
marked with an asterisk (*) and refer to IAJD codes 93, 288,
and 249. As shown in Figures 1 and 2, these IAJDs were also
resynthesized, and their data were compared with the results
obtained from the new samples. When inspecting Figure 3, we
proceeded from left to right. To aid in the visualization of these
data, we compare both IAJD numbers with their schematic
cartoon representations, as shown in Scheme 1. The first set of
data is for IAJD 333, which contains a two-carbon linker,
compared with IAJDs 313, 93%, and 93, which have three- and
four-carbon linkers, and IAJD 325, which has a five-carbon
linker. The three-carbon linker IAJD313 has the highest
activity, and this trend repeats for all sublibraries summarized
in Figure 3.

B CONCLUSIONS

In conclusion, the maximum luciferase activity was observed
for all three-carbon linker IAJDs 313, 314, 317, and 318 in all
four sublibraries investigated. The linker length decides the pK,
of the IA, but also at least for the case discussed here, it also
determines the number of its conformers, which most probably
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Figure 3. Comparison of in vivo luciferase activity of pentaerythritol
IAJDs with different linker lengths. Results marked with an asterisk
(*) are from previous published data.*®

provides a cooperative and synergistic effect’® on the delivery
of mRNA. This trend was unexpected and could not have been
predicted before performing these in vivo experiments. This
tendency highlights the extraordinarily important role of the
linker length in interconnecting the IA to the hydrophobic
domain of the IAJDs. Depending on the balance between the
inductive effects of the linker and the hydroxyethyl
substituents, the protonated nitrogen from piperazine most
probably changes position, with pK, and DNP stability
determining in vivo activity. We expect that the linker length
concept reported here is general for all IA-based mRNA
delivery systems including IAJDs and 4-component LNPs. We
also expect that different steric restrictions interconnecting the
linker to the hydrophobic part provide access to different in
vivo activities for the linker providing the lowest pK, values.
The results reported here have demonstrated that a complete
elucidation of primary structure—activity in all systems for the
delivery of mRNA must involve the primary structure of the
hydrophilic domain, the structure of the ionizable amine, the
primary structure of the hydrophobic part, and the linker
interconnecting the hydrophilic to the hydrophobic fragments,
including in more recently developed IAJDs.”* More experi-
ments along this line with different libraries of IAJDs to
elucidate completely the primary structure—activity depend-
ence for IAJDs are in progress and will be reported soon.
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