Universiteit

4 Leiden
The Netherlands

Facile generation of heterotelechelic poly(2-oxazoline)s towards

accelerated exploration of poly(2-oxazoline)-based nanomedicine
Guyse, J.F.R. van.; Abbasi, S.; Toh, K.; Nagorna, Z.; Li, J.; Dirisala, A.; ... ; Kataoka, K.

Citation

Guyse, J. F. R. van., Abbasi, S., Toh, K., Nagorna, Z., Li, J., Dirisala, A., ... Kataoka, K.
(2024). Facile generation of heterotelechelic poly(2-oxazoline)s towards accelerated
exploration of poly(2-oxazoline)-based nanomedicine. Angewandte Chemie (International
Edition), 63(27). doi:10.1002/anie.202404972

Version: Publisher's Version
License: Creative Commons CC BY 4.0 license
Downloaded from: https://hdl.handle.net/1887/4082204

Note: To cite this publication please use the final published version (if applicable).


https://creativecommons.org/licenses/by/4.0/
https://hdl.handle.net/1887/4082204

GDCh
=

Polymer Chemistry

Research Articles

W) Check for updates

Angewandte
internatianalditiony Chemie
www.angewandte.org

How to cite: Angew. Chem. Int. Ed. 2024, 63, €202404972
doi.org/10.1002/anie.202404972

Facile Generation of Heterotelechelic Poly(2-Oxazoline)s Towards
Accelerated Exploration of Poly(2-Oxazoline)-Based Nanomedicine

Joachim F. R. Van Guyse",* Saed Abbasi’, Kazuko Toh, Zlata Nagorna, Junjie Li,
Anjaneyulu Dirisala, Sabina Quader, Satoshi Uchida, and Kazunori Kataoka*

Abstract: Controlling the end-groups of biocompatible
polymers is crucial for enabling polymer-based thera-
peutics and nanomedicine. Typically, end-group diversi-
fication is a challenging and time-consuming endeavor,
especially for polymers prepared via ionic polymer-
ization mechanisms with limited functional group toler-
ance. In this study, we present a facile end-group
diversification approach for poly(2-oxazoline)s (POx),
enabling quick and reliable production of
heterotelechelic polymers to facilitate POxylation. The
approach relies on the careful tuning of reaction
parameters to establish differential reactivity of a
pentafluorobenzyl initiator fragment and the living
oxazolinium chain-end, allowing the selective introduc-
tion of N-, S-, O-nucleophiles via the termination of the
polymerization, and a consecutive nucleophilic para-
fluoro substitution. The value of this approach for the
accelerated development of nanomedicine is demon-
strated through the synthesis of well-defined lipid-
polymer conjugates and POx-polypeptide block-copoly-
mers, which are well-suited for drug and gene delivery.
Furthermore, we investigated the application of a lipid-
POx conjugate for the formulation and delivery of
mRNA-loaded lipid nanoparticles for immunization
against the SARS-COV-2 virus, underscoring the value

of POx as a biocompatible polymer platform. )

Introduction

Accurate control and modulation of polymer termini are
key in the application of polymers in biomedicine, which is
best exemplified by PEGylation,'™ where the polymer
termini are exploited to conjugate proteins,® nucleic acids,”
targeting ligands or form nanoassemblies.®'" Poly(ethylene
glycol) (PEG) enhances water solubility, colloidal stability
and provides protection from unwanted recognition by the
immune system.'! The simple conjugation of non-immuno-
genic, biocompatible (i.e., “stealth”) polymers is therefore a
widespread and attractive approach to modulate the biodis-
tribution of therapeutics. Another class of polymers well-
suited for this purpose are poly(2-oxazoline)s (POx) and
their structural relatives, i.e. poly(cyclic imino ether)s, which
feature a high degree of structural versatility by merit of the
variable ring-size and substituents of the cyclic imino ether
monomers.!'> ™! In addition to monomer design, a plethora
of post-polymerization modification chemistries are avail-
able to facilitate further tailoring of the polymer backbone
to the needs of specific applications,"™*" such as tissue
engineering and drug delivery.”*"! Hence, POxylated drug
delivery systems enable the fine-tuning of pharmacokinetics
and dynamics by modulation of the polymer structure, as
well as the attachment of targeting or drug moieties on the
backbone, a feature lacking in PEGylated bioconjugates.
Although the structural variation along the POx backbone
presents ample opportunities in biomedicine, facile end-
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group diversification remains a key step in the development
of advanced drug delivery systems.

In this respect, considerable efforts have been focused
on introducing various termini to POx,”*! but the process
of end-group diversification is typically synthetically exhaus-
tive, and frequently not quantitative, leading to incomplete
functionalization (Figure 1).’°*] Therefore, a strategy that
focuses on the post-polymerization diversification of a single
end-group is synthetically more attractive, enabling prompt,
divergent, yet highly reproducible synthesis. So far, only a
handful of functional groups (azides, alkynes, esters,
alkenes) can be directly introduced on the o-terminus
without protecting groups to facilitate end-group diversifica-
tion via post-polymerization modification. These functional
groups are, however, poorly suited for the introduction of
relatively simple molecules with diverse functionalities, viz.
azide-alkyne cycloadditions are better suited for bioconjuga-
tion purposes, non-activated esters are relatively poor
electrophiles,”™ whilst the reaction trajectory of radical
thiol-ene is concentration dependent (see Supporting In-
formation). In the meanwhile, the difficulty of end-group
diversification of the a-terminus is contrasted by the facile
end-group diversification of the o-terminus, whereby the
electrophilic 2-oxazolinium can be ring-opened with a wide
variety of commercially available O-, N-, or S-based
nucleophiles. Inspired by the simplicity and broad scope of
the nucleophilic termination reaction, we sought to initiate
the cationic ring-opening polymerization (CROP) with a
latent electrophilic moiety, susceptible to nucleophilic sub-
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stitution with a similar substrate scope. In this work, we
demonstrate excellent chemoselectivity between the living
electrophilic 2-oxazolinium o-terminus and an electrophilic
pentafluorophenyl o-terminus for a variety of nucleophiles
via tuning of the reaction parameters. Subsequently, the
intact pentafluorophenyl moiety underwent a selective para-
fluoro substitution with O-, N-, and S-nucleophiles, thus
enabling facile end-group diversification and yielding a wide
array of POx functionalized with thioether, amine, or azide
ends.

Given the importance of heterotelechelic PEGs in
nanomedicine,”! and literature highlighting POx as a
viable alternative,”>* we explored the synthesis of proto-
type drug and gene-delivery vehicles, namely block-copoly-
mers, liposomes, and lipid-based nanoparticles (LNPs), by
introducing a POx-conjugate synthesized by the pentafluor-
ophenyl chemistry proposed herein. The liposomes prepared
using these novel POx-lipids exhibited prolonged circulation
following intravenous injection for several hours, confirming
the stealth effect of POx when successfully grafted on the
surface of nano-assemblies. Importantly, we report on the
first application of a lipid-POx conjugate for the formulation
and delivery of mRNA-LNPs, which were not inferior to
PEG in terms of gene expression in the liver. We also show
that POx-lipids can be used as the stabilizer in mRNA
vaccines and induce robust cellular and humoral immunity
against spike protein of the Coronavirus Disease 2019
(COVID-19). The findings of this study provide an easy and
versatile method for the end-group diversification of
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Figure 1. Schematic overview of the synthesis of heterotelechelic poly(2-oxazoline)s whereby previous approaches are iterative or suffer from poor
reactivity or substrate scopes. Current work presents a simple and versatile approach for the expeditious generation of heterotelechelic poly(2-

oxazoline)s.
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poly(cyclic imino ethers), which will have a tremendous
advantage on the synthesis of advanced drug delivery
systems, benefitting from the stealth effect of the polymer
chain and its reactivity to attach targeting moieties on the
backbone with more freedom compared to PEG.

Results and Discussion
Reactive Heterotelechelic POx

The large structural diversity of the POx backbone gives a
clear incentive for the development of nanomedicine
applications, on the condition that heterotelechelics can be
obtained with high end-group fidelity, conform to hetero-
telechelic PEGs. Previous studies, however, have shown the
presence of H-initiated species, typically seen in MALDI-
TOF-MS spectra,??*#! which compromise the end-group
fidelity on the a-end. These H-initiated species arise due to
chain transfer reactions over the course of the CROP, either
via intrinsic chain transfer, i.e. beta-elimination, or extrinsic
chain transfer, i.e. impurities. Recent research has indicated
that these species can contribute up to 20 mol % of the final
product,® which severely limits the synthetic utility of the
a-end, and POx in general. Indeed, we observed such species
in MALDI-TOF-MS spectra, even when the polymerization
was performed at low temperatures to limit chain transfer
(P <1.10),*'*! with reagents purified according to literature.
Gratifyingly, we found that optimized purification of
reagents led to the reduction of H-initiated species, as they
could no longer be detected by MALDI-TOF-MS, whilst the
D fell below 1.05 for degrees of polymerization (DP) 90,
thus corroborating the purity of the obtained polymers.
Furthermore, under these conditions, even a 42 kDa POx
could be successfully ionized in reflector mode, representing
the highest reported Mw for POx via MALDI-TOF-MS to
date (Figure S2A-C).

With these optimized conditions in hand, we explored
the development of reactive heterotelechelic POx. Initially,
we explored radical thiol-ene chemistry to enable end-group
diversification under mild conditions, which in theory allows
diversification of the o-end with a variety of commercially
available thiols. However, the thiol-ene chemistry was
associated with significant formation of side products and
low isolated yields (see Supporting Information, section 3),
which is presumably caused by the too low concentration of
reactants to support radical propagation,'! seemingly limit-
ing the practical application of thiol-ene chemistry to low
molecular weight polymers. To address these shortcomings,
we explored the use of pentafluorobenzyl-based initiators,
as pentafluorophenyl (PFP)-groups, such as
poly(pentafluorostyrene) or poly(pentafluorobenzyl acryl-
ates), have been shown to be reactive to a wide range of
substrates, reacting with high efficiency with a variety of N-,
O- and S-nucleophiles in a single reaction trajectory, viz. a
para-fluoro substitution.") This chemistry, therefore,
would be an attractive approach for the a-end-group
diversification of POx, as long as the PFP-groups are
unreactive towards the N-, O- and S-nucleophiles employed
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in the termination step of the cationic ring-opening polymer-
ization (CROP). An additional complication is that the
termination step of the CROP typically requires the addition
of excess of the N-, O- or S- nucleophiles to ensure
quantitative reaction,”>* and avoid undesired side-reac-
tions, such as overalkylation in the case of amines.® Thus
far, its exploration in the polymerization of 2-oxazolines has
been limited to the synthesis of (multi)blockcopolymers by a
condensation reaction of the 2-oxazolinium and pentafluor-
obenzyl chain ends with bis-or multifunctional thiols,®!
presumably due to a lack of chemoselectivity between the
termination reaction and the para-fluoro-substitution under
the investigated conditions (vide infra). While the authors
claimed that termination with KOH in MeOH proceeds in a
selective fashion leaving the PFP moiety intact, our more
detailed investigation via '’F NMR indicates otherwise, even
when the terminator is applied under substoichiometric
conditions (Figure S3A). These results indicate the challeng-
ing nature of facilitating chemoselectivity between the 2-
oxazolinium species and PFP-groups in the termination
reaction and highlight the value of combining multiple
characterization techniques to assess chemoselectivity.
Hence we investigated the polymerization kinetics and
termination of pentafluorobenzyl bromide/tosylate initiated
2-oxazoline polymerizations under different experimental
conditions (reaction time, temperature, and solvent), to
enable selective termination of the living 2-oxazolinium
chain end with different N-, O-, and S-nucleophiles,
consequently affording the first heterotelechelic POx bear-
ing the PFP-moiety at the a-end, and azide, amine, ester or
thioether groups at the w-end. In addition, we also describe
the derivatization of these heterotelechelics via para-fluoro
substitution to obtain novel heterotelechelic combinations.
Polymerization kinetics and Selective termination. Start-
ing with the commercially available pentafluorobenzyl
bromide or tosylate, we briefly investigated the polymer-
ization kinetics of 2-ethyl-2-oxazoline (EtOx) in MeCN
(Figure S1). Both initiators displayed fast initiation, linear
first order kinetics, and a quasi-living polymerization proc-
ess, despite earlier claimed slow initiation for bromide-based
initiators.”**! For further reading we refer the reader to
section 3 of the Supporting Information. Next, we inves-
tigated the selective termination of the living polymer chains
by sodium azide, as both the 2-oxazolinium and the PFP
moieties have been shown to efficiently react with the azide
anion upon mild heating in dipolar aprotic solvents,“’*? thus
presenting an ideal starting point to probe the differential
reactivity of both electrophiles. Towards this end, the
polymerization of (EtOx) was initiated with pentafluoroben-
zyl bromide in acetonitrile (MeCN), and the polymerization
was allowed to proceed at 70 °C until a monomer conversion
of >90 % was reached. Next, 10 molar equivalents of NaNj;
relative to the initiator were added to the polymerization
mixture, and the mixture was left to stir at room temper-
ature and periodically sampled to monitor the conversion of
the PFP moiety by “FNMR (Figure S3). Initially, the
characteristic "’F signals for the intact PFP moiety are
observed. Please note that splitting of the signal occurs due
to slow cis/trans-isomerization of the amide bond on NMR
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time scale, and as the reaction time increases, peaks
corresponding to the tetrafluorophenyl azide appear, in-
dicating that careful control of the reaction time could allow
isolation of the desired heterotelechelic product. This was
also confirmed by isolating polymers with different DPs
after stirring 16 h in the presence of NaNj, as can be seen
from Figure2 for a poly(2-ethyl-2-oxazoline) (PEtOx)
prepared with an [M]/[I]=50. Figure S4 shows that the
obtained polymer possesses a narrow molecular weight
distribution with ®=1.04, which is in line with dispersity
values expected for quasi-living ring-opening polymeriza-
tions, while Figure 2 demonstrates that the terminal PFP-
groups remained intact. This is further supported by the
MALDI-TOF-MS measurements in Figures 2 & S4, where a
monomodal mass distribution is obtained, whereby the
experimental spectrum closely matches the simulated spec-
tra. The presence of the pentafluorobenzyl group was
further confirmed via 'HNMR (Figure S5), due to the
characteristic benzyl signals appearing at 4.55-4.75 ppm,
whereby the relative ratio of the integral of polymer side-
chain CH; and pentafluorobenzyl protons (135/3=45) ex-
actly matches the DP of the most intense signal observed in
MALDI-TOF-MS, m=4682.12 Da, which confirms the
absence of side reactions, slow initiation (Figure S1 &
Supporting Information, section 3), and the high purity of
the obtained product. Similarly, terminating the polymer-
ization with acetate salts also enabled the selective introduc-
tion of the corresponding ester at the o-terminus, demon-
strating  adequate  selectivity under  conventional
polymerization conditions (Figure S6-7). However, termina-
tion of the polymerization with amine or aliphatic thiols
under these conditions led to a loss of selectivity, leading to
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a mixture of heterotelechelic products, regardless of the
employed reaction temperature or reaction time (Figure S8).
For aliphatic thiols in particular, the para-fluoro-substitution
took place before quantitative reaction with the 2-oxazoli-
nium species (Figure S9-10).

To address this issue, we hypothesized that selective
termination could be facilitated if the involved transition
states could be energetically discriminated, namely the 2-
oxazoliunium species, and the formed Meisenheimer com-
plex in the nucleophilic aromatic substitution. We rational-
ized that this could be achieved by switching to an apolar
polymerization solvent, as the activation energy for prop-
agation in the CROP, and presumably termination, drops in
apolar solvents, while the formation of the Meisenheimer
complex is energetically disfavored in apolar solvents due to
a lack of stabilizing dipolar interactions. To our delight,
performing the polymerization in chlorobenzene with the
commercially available PFBz-OTs as initiator allowed the
selective termination and isolation of the desired hetero-
telechelic products (Figure 2). For full experimental and
characterization details, we refer the reader to the Support-
ing Information (Figures S11-14). We should, however,
acknowledge that the use of PFBz-OTs as initiator in PhCl
exhibits slow initiation of the CROP (Figure S1, Supporting
Information section 3), an issue that can be addressed by
increasing the reaction temperature,® the addition of
triflate salts, or the use of the corresponding oxazolinium
salts as initiators.

Para-fluoro Substitution. With these reactive heterotele-
chelic POx in hand, we subsequently explored their deriva-
tization for facile end-group diversification. Initially, the
azide fluoro-substitution was performed in order to further
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ectra: MALDI-TOF-MS

19F NMR P
E— Experimental

[ F ortho meta
Theoretical 1 /' Am=99 D ,
N N Theoretical 2| 2M=99a _
3 3 1
N Theoretical 3 1’ I
F ¥ oéj 45 TheoretlcaM ‘ ’r\‘
AVE
| L
Ho " T W )
h 5100 5150 5200 5250 5300
HO meta ortho Experimental | .
Theoretical 1|  Am=99 Da
Theoretical 2| | ~
[
I
- \ h
ortho meta 5100 ) 5150 5200 5250 5300
Experimental Am= 99 Da .h
/\o)\/\ N

Theoretical 1 \
N/\,Ir Theoretical 2 \
45 |
FF oéj 520007Da_ || 5299.07Da WL\L

A
5150 5200 5250 5300

ortho meta
Experimental
N; Theoretical 1 || ‘f
Theoretical 2

'\‘]' Am=99Da |
LR,
FF 041 *® \ |
v T 5147.01Da | | 5245.94 ba Wi
Y

_ VL

430 140 -1 e -7 5100 5150 5200 5250
chemical shl(t ppm) m/z

Figure 2. Overview of representative examples of selective w-end termination and a-end functionalization performed in this work, corroborated by
the corresponding '°F NMR and MALDI-TOF-MS spectra of the given structures. Experimental monoisotopic masses are only given for spectra
with sufficient resolution, theoretical spectra account for known fragmentation patterns of azides and boc-groups.”*"*? For comprehensive analysis
and additional examples the reader is referred to the Supporting Information.
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prove the purity of the polymers synthesized in the previous
section. Here, we adjusted the conditions reported by Noy
et al.*"! to obtain a PEtOx with two azide end-groups, viz.
an alkyl azide and a tetrafluorophenylazide terminus. The
transformation proceeded in a controlled fashion, as the
DMF-GPC (Figure S15) showed a comparable molecular
weight distribution to that of the starting material, with no
evidence of chain coupling reactions. Furthermore, the
YF NMR clearly showed only two “°F signals, indicating that
indeed the fluor in para-position was solely substituted, and
that para-substituted tetrafluorphenyl azides were formed,
which was also evident from the chemical shift of the meta-
fluorines (Figure 2). Finally, MALDI-TOF-MS further sup-
ported the formation of the product, as the peaks corre-
sponding to the expected fragmentation products were
present in the experimental spectrum (Figure 2). It should
be noted, however, that additional product peaks were
present, which could not be identified. These peaks presum-
ably arise from the photochemical transformation of the
para-substituted tetrafluorophenyl azides,™ which is in-
duced by the laser irradiation under the experimental
conditions, thus yielding highly reactive nitrenium ions
which can react with the matrix. Nevertheless, these results
further confirm that selective azide termination is possible,
as well as demonstrate that highly reactive para-substituted
tetrafluorphenyl azides can be formed, which could be
potentially employed in photochemical transformations or
azide-alkyne cycloadditions.[>*” Next, we focused on the
base-catalyzed para-fluoro thiol substitution as a large
variety of commercially available thiols could potentially be
coupled under relatively mild conditions. A screening
experiment indicated that triethylamine could successfully
catalyze the coupling of aliphatic thiols, such as 1-thioglycer-
ol, if significant excess of base and thiol (6 and 5 equivalents
relative to PFP) were applied in DMF, in combination with
mild heating and prolonged reaction times (16 h, 60°C).
Nonetheless, the reactions were successful as the character-
istic product peaks could be seen in MALDI-TOF-MS and
'"H and “F NMR (Figure S16). Although successful, KOtBu
as a base was found to be more potent (Table S2), as the
reaction was completed within 1 hour at room temperature
by employing 5 equivalents of thiol and 4 equivalents of
base. Unfortunately, attempts to reduce the molar excess of
base and thiol were unsuccessful, as the reaction did not
reach full conversion even after 4 days. Hence, DBU was
explored as a catalyst, enabling full conversion of the PFP
moiety within 1 hour at room temperature with as little as
1.35 equivalents of DBU and 1.5 equivalents of thiol (Fig-
ure 2). Nevertheless, the screening of different thiols
revealed that 2 equivalents of thiol and 1.8 equivalents of
DBU presented optimal conditions for a broad variety of
thiols, including mercaptoethanol, cysteamine, mercaptopro-
pionate and 1-thioglucose tetra acetate (Figures S17-S24).
Of note is that thiolates can also reduce alkyl azides,® "
however under the employed reaction conditions no reduc-
tion towards amines was noted via analytical ion exchange
chromatography (Figure S25), suggesting that the reduction
is kinetically not relevant under these conditions.
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Having demonstrated the successful modification with
thiols and azides, we subsequently explored the para-fluoro
substitution with various amines. Initially, we adopted the
conditions of Noy et al.,® however, it became apparent that
these conditions went paired with significant formation of
side-products. A screening experiment suggested that the
side-products were formed as a result of the thermal and
base-induced decomposition of DMF, whereby the in situ
generated N,N-dimethylamine effectively competed with the
desired amine (see Figure S27). Hence, N-meth-
ylpyrrolidone (NMP) was selected as a more suitable
solvent, thus enabling the efficient introduction of a large
variety of amines, including piperidine, ethanolamine, ethyl-
enediamine, 3-aminopropionaldehyde diethylacetal, and
hydrazine. In Figure 2, the characterization for the 3-amino-
propionaldehyde diethylacetal substituted polymer is shown
as a representative example, while the other examples are
shown in Figures S28-34.

Finally, alkoxides were explored as a last set of
substrates in the para-fluoro substitution. Here, phenol was
chosen as a model compound, whereby the corresponding
alkoxide was generated by in situ deprotonation with
triazabicyclodecene (TBD) as a base. The reaction was
shown to proceed with mild stoichiometric excess at room
temperature in NMP for 24 hours. As is evident from the
data in Figures 2 & S35-36, the transformation proceeded
smoothly without noticeable side-reactions, as the DMF-
GPC still showed the characteristic narrow molecular weight
distribution, while the ’F NMR showed the expected signals
corresponding to the ortho- and meta-fluorines. Finally, the
MALDI-TOF-MS spectra provide conclusive proof that the
desired compound was obtained, further demonstrating the
absence of side-reactions.

Exploration of Pentafluorophenyl-Functional POx in
Nanomedicine Applications

Having demonstrated both the selectivity and versatility of
PFP chemistry and its use for other POx and different
molecular weights (Figures S46-S50), we subsequently ap-
plied it to the synthesis of constructs for nanomedicine.
First, we synthesized o-amine and w-azide heterotelechelic
POx through selective azide termination of the CROP and
subsequent para-fluoro substitution with excess ethylenedi-
amine. These polymers were subsequently utilized as macro-
initiators for the ring-opening polymerization of N-carbox-
yanhydrides, thus yielding defined N;-POx-polypeptide
block-copolymers (< 1.10) as shown in Figure S37. These
polymers are well-positioned for nanomedicine research,”"!
which is currently ongoing, given the success of N;-PEG-
polypeptide block-copolymers in pre-clinical and clinical
trials.”*’? In addition to well-defined block-copolymers, we
explored the synthesis of POx-lipid conjugates, as polymer-
lipid conjugates have garnered spotlight attention in recent
years as a crucial component in lipid-based gene-delivery
systems. Utilizing the 1-thioglycerol modified PFP-POx-Nj;
as a precursor, various lipids could be efficiently introduced
through a simple Steglich esterification with the correspond-
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ing fatty acids. Two lipid conjugates were synthesized
utilizing oleic acid (DO) as the lipid tail with different
polymer chains, yielding DO-PEtOx-N; and DO-PMeOx-N,
(Figure 3A-B and Figure S38-41). These lipids were formu-
lated in liposomes composed of 1,2-dioleoyl-sn-glycero-3-
phosphocholine (DOPC)/Cholesterol/dioleate (DO)-POx in
a 62.5/32.5/5 molar by a thin-film hydration method and
subsequent extrusion for size control.

Through this method, well-defined liposomes were
obtained with a hydrodynamic radius of 127 nm and 143 nm
for the DO-PEtOx and DO-PMeOx formulations, respec-
tively (Figure 3D-E). Next, fluorescently labeled liposomes
were prepared by incorporating 0.3 mol % of the lipophilic
dioctadecyl-3,3,3 3 tetramethylindodicarbocyanine dye
(DiD) in the formulations, and their circulation was
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Figure 3. Generation of polymer-lipids and their use in stealth lip-
osomes. A+ B) SEC elugram and zoom of experimental MALDI-TOF-
MS spectrum (black) of dioleyl-functional PEtOx and PMeOx, respec-
tively. Red and blue signals denote theoretical spectra, while * denotes
oxidized product. C) Schematic representation of liposome preparation
with the respective molar ratios of each component. D +E) Intensity-
based size distribution obtained from DLS for PEtOx- and PMeOx-
functionalized liposomes, respectively (n=3 for each plot).

F+G) Fluorescence intensity in murine ear-lobe vein relative to tissue
as a function of time after administration of DiD-labeled PEtOx- and
PMeOx-functional liposomes, respectively (n=3 for each plot). Data
represented as the mean+SEM (n=3). Error bands are highlighted in

gray.
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observed by intravital confocal laser scanning microscopy.
Both liposome formulations containing either PEtOx or
PMeOx showed prolonged circulation following intravenous
injection in mice. Interestingly, PMeOx showed a first order
one-compartment elimination kinetics, compared to PEtOx
which showed a rapid drop followed by slow elimination
that fits well into a 2-compartment elimination model. This
could be attributed to the higher hydrophilicity of PMeOx,
providing the liposome surface a better stealth effect against
elimination, whereas the PEtOx liposomes can be consid-
ered as pseudo-stealth.” Importantly, however, the ob-
served blood circulation profiles correspond well to the
obtained half-lives of earlier reported POx-liposomes,”
which do not utilize this tetrafluorophenyl (TFP) linker
technology, thus indicating that this linker has a negligible
influence on the pharmacokinetics of the liposome in mice.

Lipid-based nanoparticle (LNP) mediated mRNA deliv-
ery. In contrast to the prevalently used PEG-lipids, our
system has a hydrophobic TFP linker between polymer and
lipid components. The two liposomes used in Figure 3
displayed long blood circulation, indicating that the linker
has negligible effects on the liposome behavior in the blood.
However, the hydrophobic linker could influence the
functionality of lipid-based nanoparticles (LNPs) when the
desorption of polymer-lipids is needed in the blood. In LNP-
mediated small interfering RNA (siRNA) delivery, the
hepatic gene knockdown was superior for dimyristyl (C14)-
functional PEG relative to distearyl (C18)-functional PEG,
which correlates with their desorption rate in plasma, 45 %/h
and 0.2%/h, respectively.™ Similar effects have been
observed in the LNP-mediated delivery of mRNA,™
indicating the importance of the lipid-polymer design for
efficient RNA delivery. In such settings, the hydrophobic
TFP linker may impair LNP function by inhibiting the
desorption of PEtOx-lipid. Therefore, we tested the func-
tions of PEtOx-lipid in the systemic administration of
mRNA LNPs, which could require desorption of PEtOx-
lipid in the blood to obtain protein expression in the liver
and other organs. mRNA LNPs were formulated from POx-
lipids featuring different fatty acid tails, D-Lin-MC3-DMA
(MC3) as ionizable cationic lipid, DSPC, and cholesterol as
helper lipids. The commercial 1,2-dimyristoyl-rac-glycero-3-
methoxypolyethylene glycol (DMG-PEG) (C14) lipid, a
widely used component of siRNA and mRNA LNPs, was
set as a benchmark. In short, mRNA was formulated with
either DMG-PEG, dimyristyl (DM)-PEtOx-Nj; (Figure S42—
43) or DO-PEtOx-N;, whereby the polymers displayed
comparable chain lengths of 45 repeating units. Utilizing
microfluidics, LNPs were obtained with a narrow size-
distribution around 70-80 nm as measured by DLS, with
comparable mRNA encapsulation efficiencies (Table S3), all
of which were stable for at least 7 days (Figure S44). Next,
the formulated LNPs were intravenously injected into mice,
and the protein expression was assessed using IVIS in live
mice and the isolated major organs (Figure 4). Figure 4B-E
shows that DM-PEtOx was able to elicit comparable mRNA
introduction efficiency in the liver to the commercially
available DMG-PEG, despite the presence of the hydro-
phobic TFP linker in the former. This result suggests that
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Figure 4. Generation of POXylated LNPs for mRNA delivery in-vivo. A) Preparation of mRNA-loaded LNPs using microfluidic mixing. B) Firefly
luciferase expression in Balb/C mice injected intravenously with LNPs 4 h post-injection. C) Quantification of the firefly luciferase expression in
Balb/C mice injected intravenously with LNPs 4 h and 24 post-injection (n=3). Data represented as the mean (+ /-) SEM. Two-way ANOVA
followed by Tukey's test. *p < 0.05, **p < 0.01. ***p < 0.001, ****p < 0.0001, ns: non-significant. D) Biodistribution of firefly luciferase expression
in major organs isolated from Balb/C mice injected intravenously with LNPs 24 h post-injection. E) Quantification of the firefly luciferase
expression in the organs 24 h post-injection, as assessed by ex vivo measurements (n=3). F) Immunization of mice with DMG-PEG and DM-
PetOx-N3 LNPs featuring the SARS-COV-2 spike protein-encoding mRNA following a prime-boost administration schedule. G) Spike protein-
specific IgG production. H) Induction of cellular immunity in spleens of vaccinated mice (n=4). Data represented as the mean (+ /-) SEM. One-
way ANOVA followed by Tukey’s test. *p < 0.05, **p < 0.01. ***p < 0.001, ****p < 0.0001, ns: non-significant.

neither POx chains nor the TFP-linker largely impairs the  lipid-desorption is required. While DM-PEtOx was able to
mRNA delivery process to the major organs and that the provide considerable gene expression, the in vivo protein
TFP-linker can be successfully applied in settings where expression levels for DO-PEtOx were limited. Presumably,
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these limited expression levels originate from the higher
membrane association of DO-PEtOx, relative to DM-PEtOx
and DMG-PEG. Besides gene expression, the toxicity of all
formulations was investigated by measuring different plasma
biochemical markers of the liver and kidney relative to mice
injected with PBS (Figure S45). These results indicate the
potential of the investigated polymer lipids as an alternative
to PEG-lipids, although further optimization, including
PEtOx lengths, is needed to identify optimal compositions
for specific applications."”

Finally, since the newly developed POx-lipids displayed
excellent potential for the delivery of mRNA, we assessed
the potential of the DM-PEtOx formulation in the admin-
istration of mRNA encoding the COVID-19 spike protein,
whereby the cellular immunity and antigen-specific antibody
production was monitored. Here, mice were intramuscularly
(i.m) injected with Sug of mRNA in a prime-boost series
separated three weeks apart. Two weeks after the last dose,
blood plasma and spleens were collected for the quantifica-
tion of humoral and cellular immunity, respectively. Fig-
ure 4G-H shows that the DM-PEtOx formulation was able
to induce both cellular immunity and antibody production
relative to unvaccinated mice, demonstrating the potential
of POx-lipids in LNP-vaccination technology. POx can be a
potential substitute for those with contraindications to
current COVID-19 vaccines due to a history of severe
allergy to PEG-lipids, although allergic properties of POx
should be thoroughly examined in the future. Additionally,
the POx backbone can serve as a versatile platform for
attaching targeting moieties to deliver the LNPs to specific
cells with more tunability compared to PEG which only
allows functionalizing at its terminus.

Conclusion

In summary, we present a simple, single post-polymerization
modification step to facilitate the diversification of POx end-
groups, potentiating rapid development of heterotelechelic
libraries of this structurally diverse polymer class of which
we presented a 25-membered example. The presented
methodology is in principle orthogonal with several func-
tional groups that have been incorporated along the polymer
chain (e.g. esters, alkynes, alkenes, azides),”>’**! which we
demonstrated for ester functional POx. As demonstrated in
this manuscript, the development of such libraries facilitates
the exploration of POx into nanomedicine applications,
allowing the synthesis of well-defined block-copolymers,
polymer-lipid conjugates, as well as polymers with a
targeting ligand, such as glucose.®™! We briefly demonstrated
the potential of this chemistry in in vivo settings, namely the
formulation of liposomes and nucleic acid-loaded lipid
nanoparticles. The tetrafluorophenyl linker between poly-
mer and lipid in these formulations was found to have no
significant impact on the performance of these formulations
in vivo, as the obtained liposomes displayed blood circu-
lation profiles in mice similar to literature reports of
analogous structures.** Furthermore, for LNP-mediated
nucleic acid delivery, the presence of this hydrophobic linker
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did not impair gene expression, as expression levels were
similar to those obtained for PEG-lipids, indicating that the
in vivo polymer-lipid desorption from the LNPs was not
impacted by the hydrophobicity of this linker. Importantly,
these novel POx-based formulations did not show any
significant toxicological markers relative to PBS, indicating
the absence of acute toxicity. Finally, these lipid-POx
conjugates were applied in the formulation of SARS-CoV-2
spike mRNA for vaccine development, whereby the new
formulations were found to induce cellular immunity and
antibody production relative to unvaccinated mice, demon-
strating the potential of POx-lipids in LNP-vaccination
technology. Notably, the successful formulation of stealth
liposomes and mRNA-LNPs that could be used for liver
targeting and COVID-19 vaccines with azide-functionalized
surfaces is encouraging to further investigate ligand installa-
tion in the future.
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