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Abstract: Polyethylene glycol (PEG) is considered as the gold
standard for colloidal stabilization of nanomedicines, yet PEG is non-
degradable and lacks functionality on the backbone. Herein, we
introduce concomitantly PEG backbone functionality —and
degradability via a one-step modification with 1,2,4-triazoline-3,5-
diones (TAD) under green light. The TAD-PEG conjugates are
degradable in aqueous medium under physiological conditions, with
the rate of hydrolysis depending on pH and temperature.
Subsequently, a PEG-lipid is modified with TAD-derivatives and
successfully used for messenger RNA (mRNA) lipid nanoparticle
(LNP) delivery, thereby improving mRNA transfection efficiency on
multiple cell cultures in vitro. In vivo, in mice, mMRNA LNP formulation
exhibited a similar tissue distribution as common LNPs, with a slight
decrease in transfection efficiency. Our findings pave the road
towards the design of degradable, backbone-functionalized PEG for
applications in nanomedicine and beyond.

Introduction

mRNA as a drug molecule holds immense potential for a wide
range of therapeutic applications, including vaccination,
immunotherapy, protein replacement therapy and genome
editing.*?l mRNA is inactive in unformulated form due to rapid
degradation in the extracellular environment and the inability to
cross the phospholipid cell membrane and reach its molecular

target in the cytoplasm.3l Encapsulation of mRNA in LNPs
exactly addresses these hurdles. LNPs protect mRNA from
degradation, facilitate endocytosis and mediate delivery of intact
mRNA into the cytoplasm of actively phagocyting cells.*% LNP
formulations of small interfering RNA (siRNA; Onpattro) are
approved for the treatment of polyneuropathy while the mRNA-
LNP drug products Comirnaty and Spikevax have reached the
global market as vaccines against Covid-19.1 These LNP
formulations comprise 4 lipid components: (1) an ionizable lipid
for electrostatic complexation of mMRNA and rupturing of the
endosomal membrane, (2) a phospholipid for additional
stabilization of the LNP and enhancing endosomal escape, (3)
cholesterol to enhance fluidity and LNP stability, and (4) a
poly(ethylene glycol)-lipid conjugate (PEG-lipid) for colloidal
stabilization.[" 8!

PEG, is a hydrophilic polymer that is used in many clinically-
approved drug formulations and is known to prolong blood
circulation time and reduce opsonization of nanomedicines.®
Despite the therapeutic benefits, administration of PEGylated
proteinsi*®! and PEGylated nanoparticles>*! can generate
anti-PEG antibodies in the host which is also reported in case of
Covid-19 vaccines*?l. Anti-PEG antibodies result in accelerated
blood clearance of the drug and, thereby, reduce therapeutic
efficacy. Long term accumulation of PEG in the body has also
fostered the quest for PEG alternatives®*”:*! and strategies that
reduce the exposure to PEG. The latter has been attempted by
using PEG conjugates with
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Figure 1. Schematic overview of the PEG photo-modification strategy with 1,2,4-triazoline-3,5-dione (TAD), yielding hydrolysable TAD-PEG conjugates that degrade

in agueous media.

shorter half-life times,*® designing triggered de-PEGylation
strategies,?>?!! or by conjugating targeting or imaging ligands to
PEG [22,23]_

The polyether backbone of PEG is non-degradable under
common physiological conditions and lacks functional groups for
chemical derivatization. Introduction of functional groups onto the
PEG backbone is relatively cumbersome and requires the use of
functional epoxides during the ring-opening polymerization of
ethylene oxide.?*-?¢1 TADs provide an interesting alternative to
introduce functional groups along the PEG backbone (Figure 1).
Under UV or visible light irradiation (A = 320 — 600 nm), the cyclic
azo-compound readily undergoes an a-addition to ethers in a
formal photoreduction, involving the formation of a urazolyl radical
intermediate and a hydrogen abstraction process.?”?8l The thus
formed a-urazolyl ethers contain hemiaminal ether type bonds
that can be hydrolyzed in an aqueous environment.?”
Interestingly, TAD-modification rendered the PEG backbone
prone to hydrolytic cleavage under physiologically relevant
conditions, as demonstrated for a water-degradable organogel
under neutral conditions at 37 °C.1"

In this work, we hypothesized that degradability of the PEG
backbone, resulting from TAD photo-modification, holds potential
to mitigate concerns regarding long term accumulation of
PEGylated substrates in the body, particularly of high molecular
weight PEG.[?° Therefore, we developed a conjugation strategy
to modify biomedically-relevant PEGs with TADs to introduce both
functional groups and degradability along the polyether backbone
in a single, straightforward step. Specifically, we demonstrate that
the hydrolysis rate of TAD-PEG conjugates depends on pH and
temperature of the aqueous environment. We applied these
insights to a commercial PEG-lipid that is used in clinically
approved mRNA LNP formulations. We show for different model
TAD-compounds concomitant introduction of degradability and
functionality onto the PEG backbone. The effect of TAD-
conjugation on the capacity of the TAD-PEG-lipid to provide
colloidal stabilization to mMRNA-LNP was investigated and toxicity
on in vitro cell cultures was studied. Moreover, the ability of TAD-
PEG-lipid formulated mRNA-LNP to exhibit increased transfection
efficiency in vitro was assessed. Finally, in vivo experiments, in
mice, were carried out with the TAD-PEG-lipid formulated mRNA-

LNP to visualize tissue distribution and transfection efficacy
compared to common LNP.

Results and Discussion

Temperature- and pH-dependent Degradation Kinetics of
TAD-PEG in Aqueous Medium

TAD-ether adducts have been observed to undergo
hydrolysis, but a more detailed screening of the degradation
kinetics as a function of both temperature and pH has not yet been
reported. We selected a 2 kDa PEG as a model substrate owing
to its similarity in molecular weight to the PEG-lipid derivatives
used in clinically approved siRNA and mRNA LNP formulations.
Prior to TAD-conjugation, the hydroxyl end groups of bis-
hydroxyl-PEG were reacted with tert-butyl isocyanate to avoid
possible side reactions between the hydroxyl groups and the TAD
reagents. Moreover, the thus incorporated tert-butyl polymer end
groups provide an internal standard, enabling quantification of the
average number of covalently bound TAD units per polymer chain
by *H-NMR analysis.?" For simplicity, the obtained tert-butyl end
capped PEG will be further referred to as PEG in this paper.
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Scheme 1. Conjugation of PEG with B TAD or HexancicAddT AD under green light
irradiation (A = 515-525 nm, 64 mW cm?).

Thus, PEG conjugates with 4-n-butyl-TAD and 6-(3,5-dioxo-
4H-1,2,4-triazol-4-yl)hexanoic acid, further referred to as B“Y'TAD
and HexanoicAddTAD | respectively, were obtained under green light
irradiation (A = 515-525 nm, 64 mW cm2) for 90 min in acetonitrile



(Scheme 1). The degree of substituted polyether repeating units
can be tuned up to 30% by increasing the initial amount of TAD
equivalents.?” In this work, we targeted a degree of substitution
(DS), defined as the average number of ether repeating units in
the PEG backbone modified with TADs, of 4.4, which corresponds
to a 10% degree of functionalization. The TAD-PEG conjugates
were isolated by removal of the solvent under vacuum and
submitted to *H-NMR analysis (Figure S2 and S3), indicating a
DS of 3.2 for HexamoicAddTAD-PEG and 4.2 for W TAD-PEG.

Following the straightforward synthesis of the two TAD-PEG
conjugates, SEC analysis was used to investigate the hydrolysis
of the embedded hemiaminal ether linkages as a function of time
in different aqueous buffers (i.e., pH 5.5, 7.4 and 9) and
temperature (i.e., 25°C and 40°C) values. These pH values were
selected as a mimic of the endosomal (pH 5.5) and neutral
physiological pH (7.4). A pH value of 9 was selected as a mild
alkaline pH value. Temperature values were selected as an
approximation of room and physiological temperature. TAD
conjugation is a random process and can take place at any o—
carbon position along the polyether chain. Hence, oligomeric
degradation products with varying molecular weights are
expected to be formed.?” Indeed, the SEC elugrams of the TAD-
PEG conjugates in Figure 2 show peak broadening towards
longer elution times, and hence lower molecular weights,
occurring over time. In contrast, no hydrolysis was observed for
the native, unmodified PEG (Figure S4). Over a time course of 2
weeks, extensive TAD-PEG degradation was observed at
ambient temperature in both pH 5.5 and 7.4 buffers.

TAD can be considered as a cyclic analogue of diethyl
azodicarboxylate (DEAD). The latter was reported to form
hemiaminal-type linkages with ethers being susceptible to
hydrolysis in water under neutral conditions forming diethyl
hydrazo-dicarboxylate, alcohol and carbonyl compounds.°-33l
Hence, analogous degradation products are expected to be
formed following the hydrolysis of hemiaminal-type linkages
present in the TAD-PEG adducts. H-NMR analysis of BWTAD-
PEG in aqueous medium supported this hypothesis by showing
resonance peaks that could be attributed to aldehyde, alcohol and
urazole moieties (Figure S5). A plausible mechanism for the
hydrolysis of TAD-PEG adducts likely proceeds through a
zwitterionic  urazole intermediate stabilized via electron
delocalization within the ring structure of the adduct (Scheme 2).
A neutral urazole moiety can hence be eliminated from the
polymer backbone with the formation of an oxonium ether. The
latter can subsequently hydrolyze, forming aldehyde and alcohol
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Scheme 2. Proposed plausible mechanism for the hydrolysis of TAD-PEG
conjugates, illustrated for B“Y'TAD-PEG.
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During the hydrolysis studies, polymer degradation was
observed to proceed almost equally efficient under both neutral
(pH 7.4) and acidic (pH 5.5) conditions, hence enabling PEG
backbone degradation to be induced under milder conditions.
This rather unexpected prominent hydrolysis at pH 7.4 can be
attributed to the increased leaving group capacity of the 1,4-
urazole adduct. In contrast to common acetal or hemiaminal ether
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Figure 2. SEC elugrams of HexandicAcdTAD-PEG and B“Y'TAD-PEG exposed to
aqueous buffers of different pH and temperature as a function of time. (solvent:
THF, standards: polystyrene).

hydrolysis that requires initial protonation of the leaving group for
the reaction to proceed,® the decreased pKa of a urazole moiety
(-5-61%>3) allows it to be expelled even in the absence of a
(strong) acid. Consequently, oxonium intermediates can be
readily formed under milder conditions, thereby initiating
backbone scission along the statistically modified polymer.
Interestingly, only little degradation (<5% after 14 days) was
observed at pH 9 (25°C). We postulate that this pH dependency
arises from the fact that, in an alkaline environment, the free N-H
of the TAD-PEG adduct will be predominantly deprotonated®’]
and thereby prevent urazole elimination. Even though minor
degradation could be seen for the HexaoicAddTAD-PEG at elevated
temperatures (40°C, pH 9), these hydrolysis experiments enabled



the pH to serve as a straightforward trigger for the on-demand
degradation of modified PEGs. Degradation of both TAD-PEGs
was clearly accelerated at 40°C. Moreover, HexandicAddTAD.PEG
showed faster hydrolysis than BUYTAD-PEG during all
experiments, an observation that can likely be ascribed to either
the more hydrophilic environment around the degradation sites or
to a catalytic effect arising from the incorporated carboxylic acid
moieties.
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Figure 3. Hydrolysis of Hex@icAcdTAD-PEG and B'WTAD-PEG monitored by *H-
NMR spectroscopy. The ‘% remaining’ is here defined as the fraction of non-
hydrolyzed TAD conjugate relative to the initial amount of TAD conjugate,
determined via integration of the a-urazolyl CH proton.

In addition to SEC, *H-NMR analysis of the a-CH proton
signals corresponding to the formed a-urazolyl ether products (cfr.
Figure S2-S3) was used to gain quantitative insights into the
hydrolysis kinetics of the TAD-PEG conjugates. Similar
experimental conditions as for SEC analysis (vide supra) were
selected. Data obtained by *H-NMR analysis (Figure 3) were fully
consistent with SEC analysis data, i.e. hydrolysis of
HexanoicAddTAD-PEG was faster than B“WTAD-PEG at pH 5.5 and
7.4, whereas at pH 9 minimal hydrolysis was observed. At higher
temperature, hydrolytic degradation proceeded faster, while the
native, unmodified PEG remained invariant over 14 days in
aqueous medium at pH 5.5 and 40°C (Figure S6). Table 1
summarizes the calculated half-life times (t12) for the hydrolysis of
BWITAD-PEG and HexanoicAddTAD-PEG assuming apparent 1St
order kinetics. Notably, fitting the experimental data to a linear
regression model yielded a reliable estimation of the degradation
half-life times only at conditions where significant hydrolysis was
detectable by *H-NMR. Hence, in the case of the observed very
slow degradation at pH 9, linear regression analysis was not
possible (Table 1 and Figures S7-12).

Table 1. Calculated half-life times (tu2) and R? values corresponding to the linear
regression fit for the hydrolysis of BYYTAD-PEG and Hex@noicASdTAD-PEG at
different pH and temperatures (T).

tiz R? ti R?

| s @ @) @
@ pH7.4 @ pH5.5

pH7.4 pH5.5

BWTAD-PEG | 40°C 38 0.998 2.8 0.998
25°C 21.8 0.998 16.3 0.999
HexanoicAcidTAD- 40°C 2.0 0.990 19 0.989
PEG 25°C 7.0 0.946 7.1 0.933
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Synthesis and Characterization of Degradable TAD-PEG-
lipids

1,2-dimyristoyl-rac-glycero-3-methoxypolyethylene  glycol-2000
(PEG-DMG, 2 kDa PEG), used in Moderna’s Spikevax mRNA-
LNP formulation!”], was conjugated with HexancicAcdTAD and
BWITAD, respectively, in a similar fashion as PEG (vide supra)
(Scheme 3). *H-NMR analysis (Figure S13 and S14) indicated
successful covalent polymer conjugation with an experimental DS
of 3.8 for HexanoicAcdTAD-PEG-DMG and 3.9 for BUTAD-PEG-
DMG. Notably, attempts to verify DS of TAD-PEG-DMG
conjugates by electrospray ionization (ESI) and matrix-assisted
laser desorption/ionization-time of flight (MALDI-TOF) mass
spectrometry (MS) were unsuccessful due to overlapping charge
distributions (Figure S25) or insufficient ionization (data not
shown), respectively. We then functionalized diethyl ether, as a
small molecule model compound, with B“Y'TAD in a similar fashion
(vide supra) to monitor hydrolysis (Figure S26). Investigation of
the hydrolysis products via ESI-MS indicated formation of free
urazole (Figure S27) while this technique was not successful for
the detection of the remaining hydrolysis products.
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Scheme 3. Synthesis of HexanicACdTAD-PEG-DMG and B“Y'TAD-PEG-DMG.

Following modification, the hydrolysis of the TAD-PEG-DMG
conjugates in aqueous pH 5.5 and pH 7.4 buffers and at
temperatures of 4, 25 and 37 °C, mimicking cold, ambient storage
and physiological temperatures, was investigated by 'H NMR
spectroscopy. The rate of hydrolysis appeared slightly faster at a
pH of 5.5 compared to pH 7.4 and increased with temperature
(Figure 4). Hydrolysis was minimal at 4 °C, suggesting the
suitability of TAD-PEG-DMG LNP formulations for cold storage.
On the other hand, HexanoicAddTAD-PEG-DMG hydrolysis appeared
to be faster than the one of BWTAD-PEG-DMG. Hence, the
influence of temperature, pH and nature of TAD-substitution
showed a similar trend for the TAD-PEG-DMG conjugates as for
the TAD-PEG model substrates. Table 2 summarizes the
calculated ty, for the hydrolysis of B“WTAD-PEG-DMG and
HexanoicAcdTAD-PEG-DMG assuming apparent 1%t order kinetics.
Also in this case, fitting of the experimental data to a linear
regression model yielded a reliable estimation of the degradation
half-life times only at conditions where significant hydrolysis was
detectable by *H-NMR. Hence, in the case of the observed very
slow degradation at 4 °C, linear regression analysis was not
possible (Table 2 and Figures S16-19).
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Figure 4. Hydrolysis of HexanoicAddTAD.PEG-DMG and B“WTAD-PEG-DMG
monitored by *H-NMR spectroscopy. The ‘% remaining’ is here defined as the
fraction of non-hydrolyzed TAD conjugate relative to the initial amount of TAD
conjugate, determined via integration of the a-urazolyl CH proton.

Table 2. Calculated half-life times (t12) and R? values corresponding to the linear
regression fit for the hydrolysis of B'YTAD-PEG-DMG and HexanoicAcdTAD-PEG-
DMG at different pH and temperatures (T).

T tie R2 ti2 R2
(days) @ (days) @
@ pH7.4 @ pH5.5
pH7.4 pH5.5
0,
suyTAD-PEG. | 37°C 12.7 0.932 35 0.990
DMG 25°C 36.2 0.977 20.1 0.985
wexanoicacaTap | 37°C 31 0.990 25 0.998
-PEG-DMG 25°C 17.4 0.993 16.8 0.995

Formulation of mMRNA in LNP with TAD-PEG-lipids

To assess the applicability of the TAD-PEG-DMG conjugates
for MRNA LNP formulation, mRNA encoding for enhanced green
fluorescent protein (eGFP) was formulated into LNPs containing
PEG-DMG, HexanoicAcdTAD-PEG-DMG and BYWTAD-PEG-DMG,
respectively. LNPs were prepared by solvent displacement,
adding a buffered (pH 4.0) aqueous solution containing mMRNA to
a lipid mixture in ethanol under vigorous stirring. The lipid mixture
comprised ALC-0315 as an ionizable lipid (used in
BioNTech/Pfizer Comirnaty mRNA-LNP formulation), 1,2-
distearoyl-sn-glycero-3-phosphocholine (DSPC) as a
phospholipid, cholesterol and TAD-PEG-DMG at a 50/10/38.5/1.5
molar ratio®8. LNP formulations were dialyzed against deionized
water to remove ethanol. Biophysical characterization of the
obtained mMRNA LNP formulations was done by dynamic light
scattering (DLS) to determine their size, electrophoretic mobility
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for the zeta-potential, RiboGreen RNA assay for mRNA
encapsulation efficiency and 2-(p-toluidino)-6-napthalenesulfonic
acid (TNS) assay for measuring the apparent pKa. The obtained
results are summarized in Table 3.

DLS analysis indicated the formation of nanoparticles with a
low polydispersity index (PDI) for all LNPs. B“WTAD-PEG-DMG
LNP had a slightly larger diameter compared to PEG-DMG LNP.
HexanoicAddTAD-PEG-DMG LNPs were much larger, having a
diameter of 226 + 6 nm, which is outside the optimal range (~100
nm) for successful in vivo application.®® The size difference
observed between the two TAD-PEG-DMG LNPs may be
attributed to various factors. Hydrophilic (urazole and carboxylic
acid) and hydrophobic (alkyl chains) moieties were incorporated
into the PEG backbone and are presumably located on the LNP
surface as evidenced by their colloidal stability in aqueous media.
However, it is also possible that the TAD-modified PEG interacts
with other LNP components, through electrostatic interactions,
hydrogen bonding, and hydrophobic interactions, and the
interplay of these interactions likely determines the final LNP size.
DMG-PEG LNP had a close to neutral zeta-potential in buffers at
pH 5.5 and 7.4, while TAD-PEG-DMG LNP had strongly negative
zeta-potential at pH 7.4 and a more mildly negative zeta potential
at pH 5.5. We attribute these negative values to the acidic NH
protons of the urazole with a reported pK, = 5.5 Moreover, the
carboxylic acid moieties introduced along the polymer backbone
of HexanoicAddTAD-PEG-DMG also likely contributed to the negative
zeta-potential values although only a subtle difference in zeta-
potential between both TAD-PEG-DMG LNPs was observed.
Nonetheless, TAD maodification reduced the apparent pK, of
HexanoicAcdT AD-PEG-DMG LNP but not of BY'TAD-PEG-DMG LNP.
Encapsulation efficiency of mRNA in TAD-PEG-DMG LNP was
similar to PEG-DMG LNP, suggesting that anionic charges from
the TAD moieties did not hinder the electrostatic complexation
between mRNA and the ionizable lipid. We tested the stability of
the LNP by incubating them at pH 55 and 7.4, and at
temperatures of 25 and 37 °C. DLS analysis indicated that all LNP
formulations maintained their colloidal stability as no change in
size or light scattering intensity was observed (Figure S20). Thus,
the extent of TAD-PEG-DMG degradation that occurred within
this time frame did not lead to an apparent colloidal destabilization
of the LNPs.

In Vitro mRNA Transfection Efficiency of TAD-PEG-lipid
LNP

MRNA LNP transfection was tested in vitro on 4 different cell
lines: murine colon adenocarcinoma (MC38), murine colorectal
carcinoma (CT26), murine dendritic cells (DC2.4) and human T
lymphocytes (Jurkat). mRNA encoding for eGFP, as a reporter
protein, was used in combination with Cy5-1,2-distearoyl-sn-
glycero-3-phosphoethanolamine (DSPE-Cy5) labeled LNP for
concomitant flow cytometry analysis of eGFP expression and
cellular uptake of LNP. B“WITAD-PEG-DMG LNP exhibited, on all
cell lines, a higher transfection efficiency than PEG-DMG and
HexanoicAcd TAD-PEG-DMG LNP (Figure 5), at low (50 ng
mRNA/well) and high (200 ng mRNA/well) mRNA dose.

The increased transfection efficiency of TAD-PEG-DMG LNP was
not attributed to higher cellular uptake of the LNPs. Uptake of
BUYITAD-PEG-DMG LNP was on par with PEG-DMG LNP, based
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Table 3. Biophysical properties of formulated LNPs with unmodified, B“¥'TAD- and HexanicAcdT AD- modified PEG-DMG.

Diameter* PDI Zeta potential> @ pH  Zeta-potentia®? @ pH mMRNA . encapsulation  Apparent

(nm) 7.4 (mV) 5.5 (mV) efficiency (%)* pKa®
PEG-DMG 116 + 2 0.136 5+5 3+19 44 +2 6.6
BUWTAD-PEG-DMG 144 + 2 0.094 -32+8 -7+6 56 + 1 6.6
HexanoicAddT AD-PEG-DMG 226+ 6 0.110 -35+8 -11+11 51+5 6.3

1z-average diameter measured by DLS. 2Measured in 20 mM HEPES buffer, pH 7.4. 3Measured in 20 mM acetate buffer, pH 5.5.4%41 4Measured by RiboGreen
RNA assay, calculated as the fraction of encapsulated mRNA in LNP to total amount of mRNA used in the formulation. SMeasured by TNS assay, calculated as the
pH corresponding to 50% LNP protonation. Data represents the average of 3 experimental repeats + standard deviation.

on flow cytometry of the cellular Cy5 fluorescence. Uptake of
HexanoicAddTAD-PEG-DMG LNP was significantly lower. Whereas
this could be attributed to a difference in surface chemistry (i.e.
deprotonated carboxylic acid moieties could contribute to
electrostatic repulsion with the negatively charged cell surface),
the almost two-fold larger diameter of HexanoicAdTAD-PEG-DMG
LNP might also have a major impact on the observed differences
in cellular uptake. Notably, TAD-conjugation did not have a
negative impact on the viability of cells treated with LNPs (Figure
S21). Confocal microscopy of cells treated with fluorescently (i.e.,
PE-Cy5) labelled LNP revealed a dotted pattern (Figure S28),
indicative of LNP located in endosomal vesicles. Improving
endosomal escape remains a critical challenge in RNA delivery,
with literature reports suggesting less than 2% of the
encapsulated RNA escaping the endosome.*? To assess
whether TAD-conjugation of PEG-DMG would alter the
endosomolytic properties of the LNP, we tested hemolysis at pH
5.5 as a mimic for the endosomal pH. All LNPs induced a similar
percentage of hemolysis, suggesting that TAD-modification does
not endow the LNP with additional membrane destabilizing
properties (Figure S22). To assess whether TAD-conjugation of
PEG-DMG alters the colloidal stability of LNP in serum, we
incubated LNP formulations in 10% serum at 37°C, followed by
analysis via asymmetric field flow fractionation-multi angle light
scattering (AFFF-MALS). We found that all LNPs increased in
size, likely due to protein adsorption onto their surface, but
remained stable for up to at least 3 days as no signs of aggregate
formation emerged in the elugrams depicted in Figure S23. The
underlying reason for the enhanced transfection efficiency of
TAD-PEG-DMG LNP therefore remains elusive and will be
subject of future studies. Notwithstanding, our results highlight the
potential of a rather simple, one-step modification on the PEG
backbone to improve the transfection efficiency of mMRNA LNP in
vitro.

In Vivo mRNA Transfection Efficiency of TAD-PEG-lipid
LNP

Transfection efficiency in vivo, in mice, was evaluated using
mRNA encoding for firefly luciferase (Fluc), as a reporter protein,
in combination with Cy7-1,2-distearoyl-sn-glycero-3-
phosphoethanolamine (DSPE-Cy7) labeled LNP for concomitant
bioluminescence imaging of the luciferase expression and tissue
distribution of LNP. Balb/c mice received a 5 pg mRNA dose by
intravenous injection into tail vein. 4 h and 24 h post injection
luciferase expression was measured by bioluminescence imaging.
After the 24 h time point, the major organs were dissected, and
their bioluminescence was measured. The photon flux was
measured for quantification of the Fluc expression level. B'YTAD-
PEG-DMG LNP induced a Fluc expression lower than PEG-DMG
LNP, both on the level of the whole-body Fluc expression (Figure
6A) as well as on the tissue level in liver and spleen (Figure 6B).
Fluc expression and Cy7 fluorescence showed similar profiles,
indicating that protein, i.e., Fluc, was effectively produced in those
tissues where LNPs accumulated (Figure 6B-C). Predictably,
HexanoicAddTAD-PEG-DMG LNPs induced negligeable luciferase
expression and tissue accumulation (Figure S24) likely due to
their large size (vide supra).®¥ Several recent studies reported on
the impact of the surface charge of LNPs on their biodistribution,
with the ability to target different tissues.***341 This was not
observed in our case. TAD modification could also alter the
protein corona of the LNP which is known to impact cellular
interaction. In particular, the influence of TAD-modification on the
adsorption of apolipoprotein E, which mediates uptake of LNP by
hepatocytes in the liver, might be of relevance and merits
attention in future studies.® On the one hand, it should be noted
that PEG-DMG is quickly released from the surface of LNP and
replaced by serum proteins.*¢! Hence, it is likely to assume that
the longevity of B“YTAD-PEG-DMG on the LNP surface was
insufficient to alter the pharmacokinetic profile of the LNP and to
augment mRNA transfection upon cellular uptake, as was
observed in vitro. On the other hand, the slightly larger size of
BWITAD-PEG-DMG compared to PEG-DMG LNP could
potentially also have altered the pharmacokinetic profile, as
overall deposition of B“W'TAD-PEG-DMG LNP in liver and spleen
was lower.
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Figure 5. Flow cytometry analysis of (A) eGFP expression and (B) cellular uptake of LNPs stabilized by TAD-modified and unmodified PEG-lipids on different cell
lines (i.e. murine colon adenocarcinoma, MC38; murine colorectal carcinoma, CT26; murine dendritic cells, DC2.4; and human T lymphocytes, Jurkat). Data are
presented as the median fluorescence of 3 experimental repeats + standard deviation. Statistical significance was calculated with two-way ANOVA with multiple

comparisons (ns: non-significant; *p < 0.05; **p < 0.01; ***p < 0.001).
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Figure 6. (A) In vivo bioluminescence after 4h and after 24h post intravenous administration of LNP: (A1) Bioluminescence imaging. (A2) Quantification of luciferase
expression by measurement of the photon flux. (B) Luciferase expression in dissected tissues after 24 h. (B1) Bioluminescence imaging (a: kidneys, b: liver, c:
spleen, d: lungs, e: heart). (B2) Quantification of luciferase expression by measurement of the photon flux. (C) Tissue distribution of the Cy7 signal after 24h. (C1)
Fluorescence imaging. (C2) Quantification of the fluorescent signal. Data are presented as the mean luciferase radiance (or Cy7 fluorescence) + standard deviation,
n = 3. Statistical significance was calculated with one-way ANOVA with multiple comparisons (ns: non-significant; *p < 0.05; **p < 0.01; ***p < 0.001).
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Conclusion

In conclusion, we have demonstrated that photo-modification
of PEG and PEG-lipid with hexanoic acid and butyl TAD
derivatives  concomitantly  introduces  functionality and
degradability along the PEG backbone. Hydrolysis kinetics of
TAD-PEG and TAD-PEG-lipid were dependent on pH and
temperature of the aqueous environment and were also slightly
influenced by the nature of the TAD substituent. TAD-PEG-lipid
LNPs could efficiently encapsulate mRNA into LNP without
impacting LNP stability. However, only B“WTAD-PEG-DMG
afforded sub 150 nm sized LNPs. In vitro, on multiple cell lines,
TAD-PEG-DMG formulated mRNA LNPs showed higher
transfection efficiency than common PEG-DMG LNPs.
Furthermore, TAD-modified LNPs were non-toxic within the
tested concentration range in vitro. Finally, in vivo studies in mice
of BWTAD-PEG-DMG formulated mRNA LNPs showed a similar
biodistribution, with predominant targeting of liver and spleen,
similar to common PEG-DMG LNP, with the overall transfection
efficacy only being slightly lower.

Our herein presented findings provide a first glimpse of TAD-
modified PEGs to provide a powerful strategy in a nanomedicine
context. Our initial study highlights many promising aspects that
merit further investigation, including (1) the exact role of the TAD
derivatives on improving in vitro mRNA transfection, (2) whether
the use of longer alkyl PEG-lipids that have greater longevity on
the LNP surface might have a more profound effect on the
biodistribution of LNPs in vivo, (3) whether the degree of
substitution can be altered to tune the rate of overall degradation,
(4) whether specific functionalities can be introduced on
commercial PEGs to exploit other purposes, by using TAD
compounds bearing, e.g., a fluorescent tracer or targeting ligand,
and (5) whether the inherent degradability of TAD-PEG can be
leveraged to mitigate PEG-related side-effects of nanomedicines
or protein conjugates.
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TOC text: Conjugation of triazolinediones to poly(ethylene
glycol) under visible light irradiation, introduces labile bonds into
the polymer backbone. These polymers can be used for
engineering mRNA lipid nanoparticle formulations with a
polymer coating that is degradable under physiologically

relevant aqueous conditions.
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