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PEG lipids are essential excipients in lipid nanoparticle (LNP) formulations and enable the
transport of therapeutic ribonucleic acids, creating stealth properties for these nanocarriers.
However, an increasing number of studies raise concerns related to the growing presence of
anti-PEG antibodies (APA) in the population. The presence of APAs results in the recognition
and accelerated blood clearance of PEGylated therapeutics, thus diminishing the desired stealth
effect of PEGylation. In this study, we present the isomerization of PEG to randomized PEG
(rPEQG) as an efficient approach for inhibiting APA interaction while preserving the advantages
of PEG. rPEGs were obtained via living anionic ring-opening (co)polymerization (AROP) of
ethylene oxide (EO) with glycidyl methyl ether (GME). This yields rPEGs with narrow molar
mass distributions (M,/M, = 1.04 — 1.07) for all EO:GME compositions synthesized. Chain-
end functionalization of rPEGs with lipid anchor groups was conducted to obtain rPEG lipids
with Ciy-chains (ditetradecylacetamide (DTAA), dimyristoyl-glycerol (DMG)). APA
interaction was investigated via enzyme-linked immunosorbent assay (ELISA) and X-ray
reflectometry (XRR) at monolayers of the rPEG lipid, allowing for a general understanding of
the relation between the chain architecture and APA interaction. LNPs containing rPEG lipids
were formulated and compared to established PEG-based LNPs, showing similar particle sizes,
encapsulation and transfection efficiencies, and cell viabilities for a variety of cell lines. It is
demonstrated that rPEG lipids can prevent APA binding but nevertheless exhibit similar
performance in LNPs as comparable PEG lipids.

INTRODUCTION

The emergence of messenger RNA-based vaccines (mRNA), such as those developed for
COVID-19, represents a groundbreaking advancement in the field of nanomedicine and
vaccinology.! These vaccines harness the inherent property of mRNA to instruct cells to
produce specific viral proteins, triggering an immune response. One critical aspect that has
played a pivotal role in the success of these vaccines is their delivery system: lipid nanoparticles
(LNP).2? Such LNPs consist of four types of lipids, one of which is a poly(ethylene glycol)
(PEG) attached to a lipid anchor, commonly referred to as PEG lipid.* Together with (i)

stabilizing cholesterol, (ii) an ionizable amino lipid complexing the negatively charged mRNA,
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and (iii) “helper” phospholipids facilitating a lipid bilayer, (iv) PEG lipids are formulatedtocs io:
LNPs relying on microflow techniques, enabling the controlled transport of mRNA.® In this
context, PEGylation leads to the particular “stealth effect”,” which allows for enhanced
stability of LNPs regarding nuclease-induced degradation as well as long-term stability during
storage and delivery. This is particularly crucial to maintain the integrity of the mRNA vaccine
until it reaches its desired destination in the body. The PEG lipid enables precise control of the
particle size and prevents aggregation during storage as it acts as a steric barrier.® Especially in
regard to LNP formulation and lipid synthesis, PEG offers an unmatched versatility of
applicable organic solvents, ranging from water to aromatic solvents like toluene.’

The onset of the COVID-19 pandemic has amplified the impact of anti-PEG antibodies (APA).
Prior to the COVID-19 pandemic, the percentage of individuals with APAs was already at 83%
in western countries.!” The presence of APAs in the bloodstream reportedly leads to an

accelerated blood clearance, hypersensitivities,'!?

and strong allergic reactions up to
anaphylactic shock'? against PEGylated drugs and liposomal formulations such as Doxil®.

APAs are evident in individuals who have received prior treatment with PEGylated drugs as

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

well as in those who have never been treated with PEGylated pharmaceuticals.!*!> The

Open Access Article. Published on 29 May 2026. Downloaded on 5/30/2026 10:31:43 PM.

extensive usage of PEG in cosmetics and food additives is held accountable for this

(cc)

phenomenon.

The unprecedented and nearly simultaneous introduction of PEGylated lipids on a global scale
marks a groundbreaking situation in the context of APAs. Vaccination with Comirnaty®
(BioNTech/Pfizer) and Spikevax® (Moderna)® have led to a significant increase of IgG (1.8-
fold and 13.1-fold) and IgM (2.6-fold and 68.5-fold), respectively.'®

Previous research elucidated the recognition mechanism of PEG by APAs. APAs can be
categorized into backbone- and end group-specific antibodies. In the case of both types, the

interaction between the PEG backbone and the antibody paratope is facilitated through Van der
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Waals and hydrogen bond interactions. The Fab paratope of a recently investigated hackbgte: ;5o
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specific APA binds to at least 16 EO units of PEG.!” In comparison, the end group-specific
APA not only captures the methoxy moiety of mPEG but also interacts with several terminal
ethylene oxide (EO) units.'® Although APAs are labelled as “specific”, e.g., end group-specific
APAs also bind, with a lower affinity, to the backbone. Thus, they feature end group selectivity
rather than true specificity.!®?° The binding of antibodies to PEG chains mimicking the surfaces
of PEGylated foreign bodies or liposomes has previously been structurally characterized with
neutron reflectometry (NR), evidencing the formation of dense antibody layers even at

moderate PEG grafting densities.?!"*

Over the past two decades, various potential substitutes for PEG have been designed,?-**
which aim to preserve PEG’s unique property profile: high water solubility, excellent
biocompatibility, and an overall high chemical stability. A subset of these alternatives has
already been utilized in the synthesis of PEG-like lipids and the corresponding LNPs. Among

2627 polyoxazolines®® and poly(oligo(ethylene glycol)methacrylate)

others,?®> polysarcosine,
(POEGMA)? have been developed for lipids as well as bioconjugation and studied by
numerous groups. Each of these alternatives requires customized synthesis routes as well as
individualized polymer-lipid conjugation chemistry. Due to the challenges posed by the
COVID-19 pandemic, the biopharmaceutical industry witnessed accelerated product
development, clinical development, and shortened authority approval times.’®3! This was
particularly notable in the case of lipid manufacturing, where established and scalable
production and GMP protocols play a crucial role. Efficient integration of new technology into
existing value chains in terms of cost and time is a crucial determinant for its practical
implementation.

Here, we present the synthesis of polymer lipids and their incorporation in LNP formulations,

which is based on constitutional isomers of linear PEG.*? The polyether-based PEG alternative
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is obtained by random anionic (co)polymerization of EO and its isomeric dimer glycjdyl mefhytes ot
ether (GME), resulting in randomized PEG (rPEG). The applied polymerization method,
anionic ring-opening polymerization aligns with the established industrial process to produce
pharma-grade PEG, merely adding GME as an additional comonomer. The rPEG structure
preserves the core properties of PEG: water solubility, biocompatibility, non-toxicity, as well
as equal chemistry in terms of solubility, polymer synthesis, and post-modification. Yet most
importantly, rPEGs, in contrast to PEG, are not antigens to APAs.?>* The introduction of
randomly distributed methoxy methylene side chains prevents recognition of the polyether
backbone. This study showcases the tethering of rPEG to two clinically relevant lipid anchors
synthesized via commercially viable pathways. The rPEG lipids are further utilized in LNP

formulations, highlighting rPEGs’ role as a PEG alternative.

RESULTS AND DISCUSSION

Synthesis of rPEG lipids. In this study, rPEG lipids were synthesized in analogy to the

established synthesis routes of the commercially available lipids ALC-0159 (mPEG-N,N-

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

ditetradecylacetamide (mPEG-DTAA)) and mPEG-1,2-dimyristoyl-glycerol (mPEG-DMG)

utilized in the COVID-19 vaccines Comirnaty® (BioNTech/Pfizer) and Spikevax® (Moderna),

Open Access Article. Published on 29 May 2026. Downloaded on 5/30/2026 10:31:43 PM.

respectively.®! Both lipid formulations rely on PEG lipids based on mPEG with a molar mass
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(My) of 2.0 kgmol' (degree of polymerization (DP)=45), ensuring the optimal
hydrophilic/lipophilic balance essential for the formation of stable and well-defined LNPs. The
copolymerization of EO and GME introduces methoxy methylene side chains to the polyether
backbone, which potentially impacts the hydrodynamic radius of rPEG in comparison to
PEG.*? Therefore, the design of rPEGs in the scope of this paper was motivated by the
emulation of the hydrodynamic radius of PEG. Series of samples varying in their composition
were synthesized in accordance with mPEG 2000, aiming either at the same molar mass

(2.0 kg mol ™) or degree of polymerization (DP) (45) to determine paramount parameters, i.e.,
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molar mass and chain length, respectively, and their influence on cell, viabilityscsoitor

physicochemical and antigenic properties.

The rPEGs were synthesized via anionic ring-opening (co)polymerization (AROP) of EO and
GME in dimethyl sulfoxide (DMSO) at 30 °C (Figure 1, Table 1).>> GME was utilized as a
racemic mixture, hence consecutive EO units are interrupted by either one of the two
enantiomers of GME. Polymers ranging from 2.0 to 2.7 kg mol! were synthesized with low

dispersities (P) < 1.09 (Table S1).

A) _o
(o} Lipid . ..
- ‘L/\O‘]'klpl Constitutional Isomers 0{/\/0\1 lrLlPld
PEG lipid n/m
rPEG lipid

B
) xl>+yl>_/ o
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0\ \ o 12
R @ ,O{\/\ . 01\)\/0
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mP(EO-co-GME)-1,2-dimyristoyl-glycerol
(rPEG-DMG)
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m =y (H) or y-1 (CH,OCH,) o

mP(EO-co-GME)-N,N-ditetradecylacetamide
(rPEG-DTAA)

Figure 1. General concept and synthesis of rPEG lipids. (A) Structural comparison of PEG and

rPEG; (B) Synthesis procedure for rPEG lipids.

Further, rPEGs with moderate (36 mol%) and large amounts (50 mol%) of incorporated GME
units were targeted. Previous studies and simulations revealed that the introduction of GME

decreases the statistical abundance of segments consisting of multiple consecutive EO
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repeating units in a chain,’® assuming an ethylene glycol sequence length of 16 ynits g thecs orine
PEG epitope.!” The exploration of varying ratios of GME enables the assessment of
antigenicity, LNP formulation, and mRNA transfection efficiency in this study.

Subsequently, two types of lipids, rPEG-DMG and rPEG-DTAA, were synthesized based on
industrially established synthesis routes. rPEG-DTAA was obtained via a two-step pathway by

(i) oxidation of the terminal hydroxyl moiety of rPEG with 4-acetamido-2,2,6,6-

tetramethylpiperidine-1-oxyl (Ac-TEMPO) and (ii) subsequent amide formation of rPEG-

acetic acid with carbonyl diimidazole and ditetradecylamine (Figure 1B).

Table 1. Overview of characterization of synthesized PEG and respective rPEG lipids.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

Sample PPy DPuoroa) e GMEwT Moo i - Paec
[%] [%] [kg mol™] [kg mol™'] [kg mol ']

mPEG4s-DTAA 45 45 0 0 2.5 2.6 2.4 1.02
PEGY;6-DTAA 33 33 36 36 2.4 2.3 1.9 1.04
PEGY;’-DTAA 30 30 50 49 2.4 2.3 1.9 1.04
PEG;6-DTAA 44 43 36 36 3.0 2.8 2.4 1.06
tPEGS{’-DTAA 44 41 50 49 3.1 3.0 25 1.07
mPEG4s-DMG 45 45 0 0 2.5 2.3 2.3 1.04
rPEG}2°-DMG 45 45 36 36 32 3.1 2.8 1.06
tPEGS,8-DMG 44 44 50 48 3.5 3.4 2.9 1.04

*) determined from rPEG precursor.

Open Access Article. Published on 29 May 2026. Downloaded on 5/30/2026 10:31:43 PM.

A lower yield for the synthesized lipids compared to PEG was observed, which is explained

(cc)

by the occurrence of secondary, terminal hydroxy units of 36 and 50 mol% in correspondence
with the respective GME ratio in rPEG.*> The first oxidative step of DTAA-based lipid
synthesis with a secondary alcohol end group leads to the formation of a ketone chain end.
Other than the carboxylic acid, the ketone moiety will not form the N,N-ditetradecylacetamide,
which thus decreases the conversion and respective yield. Nevertheless, successful separation
of ketone functional rPEG and the targeted lipid structure was feasible, yielding high-purity
rPEG-DTAA.

In addition, rPEG-DMG was synthesized in a four-step reaction (Figure 1B) by (i) base-
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catalyzed tosylation of the hydroxy w-end group. (ii) A dihydroxy glycerol w-end group,¥aScs s tor
introduced via functionalization with solketal and (iii) subsequent acidic acetal cleavage.

Lastly, (iv) rPEG-dihydroxy glycerol was functionalized with myristoyl chloride in a Schotten-

Baumann reaction, resulting in rPEG-DMG with high purity.

(" 1964.8 p-a504 2415.2 )
A) - = rPEGY3® D) : i
33 ';' |
rPEG);®-DTAA S !
> 1
— — .PEGY4° = l H ‘
30 n
c I
rPEG),°-DTAA 8 UUU
£ !
e
S
eI
SEC S Wy
: : : 2000 2200 2400
22 23 24 25 26 \_ m/z )
elution volume [mL] C) 0.36
rPEG_,.'3
= rPEG);’®-DTAA
B) no T rPEGC3® 5,
>
\ rPEG];®-DTAA =
\ - - . PEG® 8
[=
\\ —— PEG);°-DTAA 3
(4]
N
©
£
.
o
c
L L MALDI ToF MS
20 21 22 23 24 25 ' '
1000 2000 3000 4000

elution volume [mL] m/z

Figure 2. Characterization of rPEG-DTAA. (A) Stacked SEC traces of rPEGs and rPEG-

DTAAs with constant M,; (B) Stacked SEC traces of rPEGs and rPEG-DTAAs with constant
DP; (C) Exemplary stacked MALDI-ToF mass spectra of rPEGg'336 and rPEGg'336-DTAA; (D)

Zoom-in of stacked MALDI-ToF mass spectra of rPEGgg36 and rPEGg'336-DTAA.

All polymer lipid samples were purified via semi-preparative high performance liquid

chromatography (HPLC), in accordance to the well-established purification method for
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pharma-grade PEG lipids. 01 101030 beccoontor
The successful synthesis of IPEG-DMG and rPEG-DTAA as well as the absence of precursors
and side products were verified by size-exclusion chromatography (SEC), nuclear magnetic
resonance (NMR) spectroscopy (Figures S7 — S10) and analytical reversed phase (RP) HPLC
(Figures S25 and S26). For the latter, purities of >99%, for the rPEG lipids were determined.
The increase in molar mass, coupled with the concurrent maintenance of a low dispersity, was
confirmed through SEC (Figure 2A,B, Figures S17-S19) and matrix-assisted laser

desorption/ionization time-of-flight mass spectroscopy (MALDI-ToF MS) (Figure 2C,

Figures S11 — S16). In addition, the MALDI-ToF MS further confirms the absence of rPEG

precursors and high end group fidelity and purity of the rPEG lipids. Exemplary for rPEG3; °-

DTAA, the difference in m/z values between [rPEG+K]" and [TPEG-DTAA+K]" was found to
be 450.4 g mol'!, which is close to the theoretical value of 450.8 g mol™! (for M(Linker+Lipid))

(Figure 2D).

Recognition of rPEG lipids by APAs. Following the successful synthesis of structurally

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

varied rPEG lipids, the samples were examined for their interaction with APAs. A competitive

enzyme-linked immunosorbent assay (ELISA) was performed using a backbone-specific 6.3

Open Access Article. Published on 29 May 2026. Downloaded on 5/30/2026 10:31:43 PM.

APA (murine IgG).

(cc)

The competitive APA interactions of all synthesized rPEG-DTAAs were compared with those
of mPEG-DTAA. Their EC50 (half maximal effective concentration) values were derived from
a 4-parameter logistic regression. For further comparison, the relative APA affinities were

normalized to the mPEG-DTAA reference. All tPEG-DTAAs demonstrated a drastic reduction
in relative APA affinity of >99 % (Figure 3, Table S9). For tPEG3;°-DTAA, rPEGS; -DTAA,

and rPEGng-DTAA, minimal APA recognition across the tested concentration was observed,
and no sigmoidal regression could be applied. Therefore, the determination of an ECso value

was not possible, and the respective relative affinities were not determined (n. d.). Notably,
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rPEG-lipids with 36 mol% GME were recognized at slightly lower concentrations than tos€cs Lo
with 49 mol% GME. This confirms that a higher degree of randomization suppresses APA
binding more effectively.

Similarly, all tested rPEG-DMGs demonstrated a drastically reduced relative APA affinity

(Figure S27, Table S10).

A) g B) 100,
g 1.0 k) 3 _ .
< ...a...,“_i‘-r..r- .It ! i = L ;5 ‘EIEJ
E 0.81 ., ( me § 2
a £ B
‘g 0.61 . mpec,,DTAM - T &l
o 0.44° PEGLE-DTAA , : E
- |+ eEGiPoTAR % 4
N 021~ rPEGY;"-DTAA - g 5l nod.  mod n. d.
® % 045.0TA a %, ALOQ ALOQ ALOQ
P i e S R S ol i)
g 1o 10° 10° 107 10° p«?? 9«?? g“‘?? p«?? 9.43?
-1 & Ly & &
Cpolymer lipid (N9 ML™] qﬁrﬁ“" {ﬁ«;ﬁ é‘;@ {ﬁﬁ ﬁghu
& & & & &

Figure 3. Interaction of mPEG and rPEG lipids and backbone-specific APA (6.3). (A)

Competitive ELISA of mPEG- and rPEG-DTAA (160 — 5 x 10° ng mL?); (B) relative APA
affinities normalized to the ECspo of mPEG-DTAA. The relative affinities of rPEGg'g;%-DTAA,

rPEGg'SQ-DTAA and rPEGﬂfS-DTAA are not determined (n. d.) because their ECsg are above
the highest concentration and can consequently be considered as above limit of quantification

(ALOQ).

To further confirm the absence of specific binding between rPEG lipids and APAs x-ray
reflectometry (XRR) was utilized as an additional method under conditions that closely
resemble the surfaces of lipid-based PEGylated drug delivery systems such as LNPs. Since
LNPs have a diameter in the range of 100 nm (see below) they are much larger than the lipids,

and their surface appears flat to lipids. Therefore, planar monolayers are suitable to mimic the

10


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d6sc00169f

Page 11 of 26 Chemical Science

surface of LNPs. XRR was exemplarily applied to monolayers of rPEGg'S3 °_DMG a%m?@@&ﬁ%@éﬁgfégﬁ
DMG. For this purpose, lipid monolayers containing 90 mol% 1,2-
dipalmitoylphosphatidylcholine (DPPC) and 10 mol% rPEG-DMG were deposited onto the
planar surfaces of aqueous solutions, as described in the Methods section. The utilized molar
fraction is consistent with previously employed ratios for the investigation of APA/PEG
interactions.?"* The monolayers were laterally compressed to a surface pressure of 30 mN m"
!, which coincides with a packing density as in a tensionless lipid layer under water.>* After
compression, APAs were injected underneath the monolayer, as described in the Methods
section, so that the final APA concentration was 0.01 mg ml™'. As positive control, mPEGus-
DMG was used, and two types of negative controls were used, (#1) an antibody-free aqueous
solution and (#2) an aqueous solution of a non-specific IgG antibody, i.e., an antibody of the
same isotype as the APAs that does not selectively bind to PEG. XRR was then measured after
at least 15 h incubation time. An overview of all reflectivity curves obtained with different
PEG lipids and antibodies, including the positive and negative controls, is presented in

Figure 4. The shape of the reflectivity curves R/Rr (where Rr is the reflectivity of an idealized

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

air/water interface) encodes the electron density profiles perpendicular to the air/water

Open Access Article. Published on 29 May 2026. Downloaded on 5/30/2026 10:31:43 PM.

interface. The presence of the lipid monolayer at the air/water interface results in a

(cc)

characteristic electron density profile with a low-density region representing the alkyl chains
and a higher-density region representing the phosphatidylcholine headgroups, followed by the
constant density of water. The polyether chains are essentially invisible because their electron
density is very similar to that of water. In contrast, the antibodies (proteins in general) have a
significantly higher electron density than water, so that their binding or adsorption to the
interface leads to additional modulations in the electron density profile and thus also in the

reflectivity curves.

11
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Figure 4. X-ray reflectivity curves obtained with different PEG lipids and antibodies. A GME

content of 36 mol% was sufficient to suppress the binding of end-group-specific antibodies, as

the reflectivity curve for rPEG2'536-DMG is identical to the negative control. Therefore,

measurements of rPEGgfg—DMG with a higher GME content of 48 mol% were not conducted

with this antibody type (labeled “not applicable).

The reflectivity curve of the monolayer containing mPEG4s-DMG in the absence of
antibodies (negative control #1, Figure 4A) corresponds to the characteristic structure of a neat
lipid monolayer. As the only significant feature, it exhibits one pronounced intensity minimum
at around g,=0.25 A"!. The reconstructed electron density profile with alkyl chain and
headgroup layers is shown in Figure SA. The profile is consistent with a configuration
schematically illustrated next to the plot on the right (Figure 5B). Strikingly, the reflectivity
curve of the monolayer containing mPEG4s-DMG in the presence of non-specific antibodies
(negative control #2, Figure 4B) is virtually identical, demonstrating that non-specific

antibodies do not adsorb non-specifically to the lipid layer.

12
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Figure 5. (A and C) Electron density profiles reconstructed from the x-ray reflectivity curves
of lipid monolayers containing mPEG4s-DMG in the absence of antibodies (A) and after
incubation in the presence of end group-specific APAs (C); (B and D) Schematic illustrations
of the monolayer architecture and the corresponding antibody binding configuration; (E)

protein volume fraction profile reconstructed from the electron density profile in panel (B).

The reflectivity curves of the positive controls, a lipid monolayer containing conventional
mPEG45-DMG on an aqueous solution of backbone-specific APA (Figure 4C) or end group-
specific APA (Figure 4F), exhibit additional features that can be clearly attributed to antibody
binding: Reflectivity oscillations at lower g,-values (between 0.04 A' and 0.2 A™!) are
indicative of the formation of thicker layers with elevated electron density. In simple terms, the
q--period of the oscillations reflects the layer thickness, while the oscillation amplitude

increases with increasing electron density of the formed protein layers. The more antibody
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curves of the positive controls with end group-specific and backbone-specific APAs reveals
differences, which results from the different distributions the antibodies assume in the different
binding modes. This was shown in previous studies on brushes of mPEG using neutron
reflectometry.?! For illustration and exemplification, Figure 5C shows the reconstructed
electron density profile for a lipid monolayer containing mPEG4s-DMG exposed to end group-
specific APAs. The bound APAs are seen as regions of elevated electron density. The electron
density profile is consistent with a configuration schematically illustrated next to the plot on
the right (Figure SD). The associated approximate protein volume fraction distribution,
deduced as described in the Methods section, is shown in Figure SE. The width of the
distribution (= 10 — 15 nm) can be understood as the overall extension of the protein layer and
is consistent with the linear dimension of an IgG antibody. The maximum protein volume
fraction of 25-30% is indicative of a relatively dense but not fully packed protein adsorption
layer.*®> Overall, the distribution is comparable in extension and maximum volume fraction to
those previously reported for IgG antibodies bound to PEG brushes.?!*? Finally, the bound
antibody mass per unit area, [}, is obtained through integration of the volume fraction
distribution, as described in the Methods section, and amounts to 3.9 mg m in the illustrated

example (Figure 6).
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Figure 6. Bound antibody mass per unit area as obtained by integration of the protein volume

fraction profiles for different mPEG and rPEG lipids and antibodies. The bound antibody mass
of the end group-specific APA to rPEG2‘536-DMG, as well as the backbone specific APA to

rPEGY42-DMG, and the non-specific AB to mPEG4s-DMG, were below the limit of detection

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(LOD). The bound antibody mass of the end group-specific APA to rPEG342-DMG has not

been determined, as the binding to rPEG2‘536-DMG was already successfully suppressed, and

Open Access Article. Published on 29 May 2026. Downloaded on 5/30/2026 10:31:43 PM.

the bound mass is below the LOD.

(cc)

Replacement of mPEG4s5-DMG with rPEG2'536—DMG in the monolayer dramatically changes
the reflectivity curve obtained after incubation of end group-specific APAs (Figure 4G). In
fact, the reflectivity curve is indistinguishable from the curve obtained for two negative
controls, demonstrating that antibody binding remains below the detection limit, which we
conservatively estimate as < 0.6 mg m™ (Figure 6). This result confirms that the chosen
polymer architecture and GME content disturbs the binding of the end group-specific antibody.

From a prior study, it has been established that interaction of end group-specific APA and PEG

15


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d6sc00169f

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

Open Access Article. Published on 29 May 2026. Downloaded on 5/30/2026 10:31:43 PM.

(cc)

Chemical Science Page 16 of 26

necessitates not only the presence of the methoxy group but also three additional gonsegUfiye s ior
ethylene oxide units.*? Additionally, while end group-specific antibodies are capable of binding
to the polymer backbone, this interaction requires significantly increased concentrations.”’ A
moderate GME content of 36 mol% is sufficient to suppress binding of end group-specific
APAs to surfaces that mimic those of LNPs or other drug delivery nanocarriers. It was therefore
unnecessary to further increase the substitution ratio for experiments with end group-specific

APAs and the binding of the end group-specific APA to rPEGg‘fB-DMG was not further

investigated The reflectivity curve after incubation with backbone-specific APAs changes

drastically, too, if mPEG4s5-DMG is replaced with rPEG2'536—DMG. The oscillations at low ¢
do, however, not entirely disappear (Figure 4D), which demonstrates that some binding of
backbone binding APAs remains at a GME content of 36 mol%. By increasing the GME
substitution ratio to 48 mol% (i.e., by replacing mPEG45-DMG in the monolayer with
rPEGgfg-DMG), the oscillations disappear completely (Figure 4E), indicating undetectably

low antibody binding. Figure 6 summarizes the bound antibody mass per unit area, 'y}, for

all samples investigated. The recognition of rPEGg'S3 *.DMG by backbone-specific APAs but
not by end-group specific APAs may be rationalized by the higher probability of finding
consecutive EO repeating units in the backbone as compared to the chain end.

Lipid nanoparticle formulation and in vitro transfection of LNPs containing rPEG lipids.
It must be ensured that rPEG lipids can be formulated into LNPs with the same properties and
performance as LNPs based on PEG lipids to benefit from the favorable antigenic properties
of rPEG lipids in RNA delivery. Relevant physico-chemical properties for lipid nanoparticles
are the size, the polydispersity index (PDI), the zeta potential, and the RNA encapsulation
efficiency, whereas the performance of the particles can be evaluated by means of the

transfection efficiency.
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LNP formulations containing rPEG-DTAA as a stealth lipid and firefly luciferase mRINACS Lo
(FLuc mRNA) as a cargo were prepared and compared to their respective PEG analogues.
Characterization of the obtained rPEG-DTAA LNPs revealed a similar mean diameter of the
PEG and rPEG LNPs between 109 and 137 nm and PDIs 0f 0.13 — 0.18 (Figure 7). In addition,
the zeta potentials of the LNPs containing rPEG-DTAA and mPEG4s-DTAA were found to be

similar both before (43.0 to 52.6 mV) and after dialysis (-14.3 to -8.8 mV) (Table S3).

150
1
1004 !
=
5
T
©
504 (@)
0

MPEG,s-  rPEGY®-  rPEG3S-  rPEGS®-  rPEGY; -
DTAA DTAA DTAA DTAA DTAA

Figure 7. Physico-chemical characterization of LNP formulations determined via DLS.
Hydrodynamic diameters (bars) and PDIs (yellow circles) of mPEG4s-DTAA and rPEG-

DTAA:s.

It was observed that LNPs containing rPEG-DTAA with a DP similar to that of mPEGus-
DTAA had mean diameters and zeta potentials closely resembling the mPEG4s-DTAA
formulations. A table containing the particle size, PDI, and zeta potential of the obtained LNPs
can be found in the Supporting Information (Table S3). The results suggest that the main
contribution to the size of the nanoparticles derives from the hydration of the backbone, while
it 1s independent of the amount of methoxymethylene side groups within the investigated

compositions. This is in accordance with the results observed for the hydrodynamic radii of
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assessed using agarose gel electrophoresis (AGE) and RiboGreen assay. Both methods
confirmed comparable mRNA encapsulation efficiency for all rPEG-DTAAs and mPEGys-
DTAA (Figure 8), ranging from 83% to 91%. In a similar manner, mPEG45-DMG and rPEG-
DMG-based LNP formulations also showed similar RNA encapsulation efficiencies, too

(Table S8).

100 ~

80 11

60 1

20 A

encapsulation efficiency [%]

I
MPEG,s- rPEG3S®- rPEGY®- rPEGY®- rPEG;"-
DTAA.  DTAA  DTAA  DTAA  DTAA

Figure 8. RiboGreen assay of LNPs containing mPEG4s-DTAA and rPEG-DTAA.

To compare the performance of all LNPs, the transfection efficiency was evaluated across
various human cell lines including HeLa, Jurkat, C2C12, HepG2, and A549 using a luciferase
assay (FLuc mRNA). Overall, rPEG lipid-based formulations achieved transfection
efficiencies comparable to those of established PEG lipids (Figure 9), as demonstrated by the
similar levels of luciferase expression detected. It can thus be concluded that rPEG lipid
formulations are taken up by cells and effectively deliver mRNA into a variety of cells in full

analogy to clinically established mPEG lipid formulations.
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Figure 9. Luciferase assay of LNPs containing mPEG4s5-DTAA and rPEG-DTAA. The

diagram shows the luminescence for 5 cell lines, as specified in the inset.

Cytotoxicity of lipids and LNPs based on rPEG-lipids. Cell viability of rPEG lipids and
rPEG LNPs was investigated via 3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-
2-(4-sulfophenyl)-2H-tetrazolium (MTS) assays (Table S4 —S7). The cytotoxicity assays
showed that cells treated with rPEG lipids or LNPs maintained a higher or similar viability as
cells treated with the PEG-based lipid or formulation, respectively (Figure 10, Figures S23
and S24). In detail, the viability of treated cells remained above 89% in both formulations for
concentrations between 0.5 — 1.0 ug ml"! indicating that all tPEG formulations enable high

delivery efficiency without compromising cell health and cell metabolism.
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Figure 10. Comparison of cell viability based on MTS assay of LNPs containing mPEGas-

DTAA or rPEG-DTAA.

Optical microscopy analysis (Figure S22) was conducted to visually assess cell viability in
both untreated and treated samples indicating that the treatment did not induce visible signs of
cytotoxic stress, such as cell rounding, membrane blebbing, or detachment. The microscopy
results align with the findings from standard cytotoxicity assay, also confirming that rPEG

formulation does not compromise cell health under the applied assay conditions.

CONCLUSION
To address the need for PEG alternatives in lipid-based drug delivery, a PEG isomerization
(rPEG) approach for the synthesis of novel polymer-lipids has been implemented. As a proof
of concept, we demonstrate that rPEG formulations exhibit physico-chemical properties and
performance comparable to those of established PEG-based LNP formulations. ELISA and
XRR measurements of rPEG lipids with 36 mol% and 49 mol% GME content, which can be

referred to as moderate and high degree of randomization, respectively, further confirm their
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significantly reduced antigenicity at pharmaceutically relevant concentrations against diffefents Sior
types of anti-PEG antibodies. rPEG lipids not only address growing concerns regarding PEG
immunogenicity but also maintain the critical attributes essential for effective drug delivery.
The combined results demonstrate the suitability of rPEG-lipid containing LNPs for RNA
delivery and constitute a relevant advancement in the design of safer and more versatile drug
delivery nanocarrier systems. In future in vivo studies we aim at an investigation of the blood
circulation times of rPEG lipid-containing LNPs after repeated dosing. We will also study

whether the random incorporation of GME can prevent the formation of anti-rPEG antibodies

in vivo to establish rPEG as a promising PEG alternative.

METHODS
Experimental details can be found in the Supporting Information.

ASSOCIATED CONTENT

Supporting Information
The Supporting Information is available free of charge.

Reagents and equipment, Methods, NMR spectroscopy, size exclusion chromatography,
MALDI-ToF MS, HPLC, ELISA, XRR, LNP formulation, DLS, MTS Assay, Luciferase
Assay, Ribogreen Assay, Synthesis of GME, the reported copolymers, and the lipids,

characterization of the reported compounds.

AUTHOR INFORMATION

Corresponding Author

21


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d6sc00169f

Chemical Science Page 22 of 26

*Holger Frey — Department of Chemistry, Johannes Gutenberg-University, Duesbergweg 11055 5 or

SCO0169F

Open Access Article. Published on 29 May 2026. Downloaded on 5/30/2026 10:31:43 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

14, 55128 Mainz, Germany; https://orcid.org/0000-0002-9916-3103; Email: hfrey@uni-
mainz.de
Author Contributions

pP.D. and C.B. contributed equally. The manuscript was written through the contributions of

all authors. All authors have given approval to the final version of the manuscript.

Funding Sources

European Research Council, ERC Advanced Grant for the project RandoPEGmed, Project

101055434 (H.F., P.D., RM., GM.L, J. S.).

Acknowledgement

E. Berger-Nicoletti is acknowledged for MALDI-ToF measurements and valuable support

for SEC characterization.

H.F., P.D., C.B., RM., G.M.L and J. S. acknowledge financial support from the European

Research Council (ERC Grant No. 101055434).

REFERENCES

1 U. Sahin, K. Kariké and O. Tiireci, Nat. Rev. Drug Discov., 2014, 13, 759—780.
2 R. Tenchov, R. Bird, A. E. Curtze and Q. Zhou, ACS Nano, 2021, 15, 16982—-17015.
3 X. Hou, T. Zaks, R. Langer and Y. Dong, Nat Rev Mater, 2021, 6, 1078—1094.

4 M. D. Howard, M. Jay, T. D. Dziubla and X. Lu, J. Biomed. Nanotechnol., 2008, 4, 133—

148.

5 L. Schoenmaker, D. Witzigmann, J. A. Kulkarni, R. Verbeke, G. Kersten, W. Jiskoot

and D. J. A. Crommelin, Int. J. Pharm., 2021, 601, 120586.

6 G. Pasut and F. M. Veronese, Prog. Polym. Sci., 2007, 32, 933-961.

22


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d6sc00169f

Page 23 of 26

Open Access Article. Published on 29 May 2026. Downloaded on 5/30/2026 10:31:43 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

10

11

12

13

14

15

16

17

18

Chemical Science

J. Herzberger, K. Niederer, H. Pohlit, J. Seiwert, M. Worm, F. R. Wurm and H, Efy, 55w

3CO00169F

Chem. Rev., 2016, 116, 2170-2243.

M. J. W. Evers, J. A. Kulkarni, R. van der Meel, P. R. Cullis, P. Vader and R. M.

Schiffelers, Small Methods, DOI:10.1002/smtd.201700375.
J. Brandrup, E. H. Immergut and E. A. Grulke, Polymer Handbook, 1999.

M. F. S. Deuker, V. Maildnder, S. Morsbach and K. Landfester, Nanoscale Horizons,

2023, 8, 1377-1385.

A. Chanan-Khan, J. Szebeni, S. Savay, L. Liebes, N. M. Rafique, C. R. Alving and F.

M. Muggia, Ann. Oncol., 2003, 14, 1430-1437.
J. Szebeni, Mol. Immunol., 2014, 61, 163—173.

P. Sellaturay, S. Nasser, S. Islam, P. Gurugama and P. W. Ewan, Clin. Exp. Allergy,

2021, 51, 861-863.

Q. Yang, T. M. Jacobs, J. D. McCallen, D. T. Moore, J. T. Huckaby, J. N. Edelstein and

S. K. Lai, Anal. Chem., 2016, 88, 11804—-11812.

S. A. Gaballa, T. Shimizu, H. Ando, H. Takata, S. E. Emam, E. Ramadan, Y. W. Naguib,

F. M. Mady, K. A. Khaled and T. Ishida, J. Pharm. Sci., 2024, 113, 555-578.

Y. Ju, W. S. Lee, E. H. Pilkington, H. G. Kelly, S. Li, K. J. Selva, K. M. Wragg, K.
Subbarao, T. H. O. Nguyen, L. C. Rowntree, L. F. Allen, K. Bond, D. A. Williamson,
N. P. Truong, M. Plebanski, K. Kedzierska, S. Mahanty, A. W. Chung, F. Caruso, A. K.

Wheatley, J. A. Juno and S. J. Kent, ACS Nano, 2022, 16, 11769-11780.

J. T. Huckaby, T. M. Jacobs, Z. Li, R. J. Perna, A. Wang, N. L. Nicely and S. K. Lai,

Commun. Chem., 2020, 3, 124.

M.-T. T. Nguyen, Y.-C. Shih, M.-H. Lin, S. R. Roffler, C.-Y. Hsiao, T.-L. Cheng, W.-

W. Lin, E.-C. Lin, Y.-J. Jong, C.-Y. Chang and Y .-C. Su, Commun. Chem., 2022, 5, 88.

23


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d6sc00169f

Open Access Article. Published on 29 May 2026. Downloaded on 5/30/2026 10:31:43 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

19

20

21

22

23

24

25

26

27

28

29

30

Chemical Science

M. R. Sherman, L. D. Williams, M. A. Sobczyk, S. J. Michaels and M. G P, Sdifer, 55 or

3C00169F

Bioconjug. Chem., 2012, 23, 485—-499.

M. G. P. Saifer, L. D. Williams, M. A. Sobczyk, S. J. Michaels and M. R. Sherman, Mol.

Immunol., 2014, 57, 236-246.

V. M. Latza, 1. Rodriguez-Loureiro, G. Fragneto and E. Schneck, Langmuir, 2018, 34,

13946-13955.

E. Schneck, 1. Berts, A. Halperin, J. Daillant and G. Fragneto, Biomaterials, 2015, 46,

95-104.

K. Knop, R. Hoogenboom, D. Fischer and U. S. Schubert, Angew. Chemie Int. Ed., 2010,

49, 6288—-6308.

T. T. Hoang Thi, E. H. Pilkington, D. H. Nguyen, J. S. Lee, K. D. Park and N. P. Truong,

Polymers (Basel)., 2020, 12, 298.

X. Yu, H. Li, C. Dong, S. Qi, K. Yang, B. Bai, K. Peng, M. Buljan, X. Lin, Z. Liu and

G. Yu, ACS Nano, 2023, 17, 23814-23828.

D. Bi, D. M. Unthan, L. Hu, J. Bussmann, K. Remaut, M. Barz and H. Zhang, J. Control.

Release, 2023, 356, 1-13.

S. S. Nogueira, A. Schlegel, K. Maxeiner, B. Weber, M. Barz, M. A. Schroer, C. E.
Blanchet, D. I. Svergun, S. Ramishetti, D. Peer, P. Langguth, U. Sahin and H. Haas,

ACS Appl. Nano Mater., 2020, 3, 10634-10645.

L. Simon, N. Marcotte, J. M. Devoisselle, S. Begu and V. Lapinte, Int. J. Pharm., 2020,

585, 119536.

J. Chen, A. Rizvi, J. P. Patterson and C. J. Hawker, J. Am. Chem. Soc., 2022, 144,

19466—-19474.

A. K. Wong, M. Mooghali, R. Ramachandran, J. S. Ross and J. D. Wallach, JAMA Netw.

24

Page 24 of 26


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d6sc00169f

Page 25 of 26

Open Access Article. Published on 29 May 2026. Downloaded on 5/30/2026 10:31:43 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

31

32

33

34

35

Chemical Science

Open, 2023, 6, €2331753. View Article Online

DOI: 10.1039/D6SCO0169F

R. Tenchov, J. M. Sasso and Q. A. Zhou, Bioconjug. Chem., 2023, 34, 941-960.

P. Dreier, R. Matthes, F. Ful}, J. Schmidt, D. Schulz, G. M. Linden, R. D. Barent, S.
Schiittner, B. W. Neun, E. Cedrone, M. A. Dobrovolskaia, M. Bros and H. Frey, J. Am.

Chem. Soc., 2025, 147, 21538-21548.

M. Deuker, D. Schulz, K. Koynov, S. Morsbach, H. Frey and K. Landfester, Adv. Sci.,

2025, e21061.
D. Marsh, Biochim. Biophys. Acta - Rev. Biomembr., 1996, 1286, 183—-223.

G. G. Gochev, R. A. Campbell, E. Schneck, J. Zawala and P. Warszynski, Adv. Colloid

Interface Sci., 2024, 329, 103187.

25


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d6sc00169f

Open Access Article. Published on 29 May 2026. Downloaded on 5/30/2026 10:31:43 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Chemical Science Page 26 of 26

View Article Online
DOI: 10.1039/D6SCO0169F

Lipids and Lipid Nanoparticles Functionalized with Randomized

Poly(Ethylene Glycol) (rPEG) for mRNA Delivery

Philip Dreier’- >, Caroline Bockhard" *, David Seibel, Olaf Soltwedel, Rebecca Matthes',
Gregor M. Linden’, Dominik GébeF, Thomas Endres’, Johannes Scheiger’, Regine von

Klitzing’, Emanuel Schneck” and Holger Frey"*

Data Availability Statement

The data supporting this article have been included as part of the extended
Supplementary Information.


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d6sc00169f

