
RSC
Medicinal Chemistry

RESEARCH ARTICLE

Cite this: RSC Med. Chem., 2025, 16,

3273

Received 5th February 2025,
Accepted 12th May 2025

DOI: 10.1039/d5md00115c

rsc.li/medchem

New ionizable lipids for non-viral mRNA delivery
with secondary amine cyclic ether head groups†

Eric L. Dane, ‡*a Aditya R. Pote, ‡a Martin Hemmerling, b

Werngard Czechtizky,b Liping Zhoua and Annette Bak a

Lipid nanoparticles (LNPs) are the most widely used non-viral delivery approach for messenger ribonucleic

acid (mRNA). Among the different components in an LNP, the ionizable lipid plays critical roles in

interacting with the mRNA cargo and facilitating delivery to the cytosol, as well as influencing the LNP's

tissue tropism via the protein corona. To date the most successful ionizable lipids have relied on a tertiary

amine head group as the site of protonation. We hypothesized that potent ionizable lipids based on a

secondary amine could be discovered using a design, make, test and analyze (DMTA) cycle approach.

Starting from a lead lipid with a secondary amine cyclic ether head group, we optimized delivery

efficiency by systematically modifying the lipid linker length, tail symmetry, tail branching pattern, and

head group structure. The mRNA-LNPs formulated with these lipids were evaluated in vivo by quantifying

liver protein expression. Using this rational lipid design strategy, we identified many candidates that

outperformed the benchmark lipid (MC3), supporting the further development of this ionizable lipid class.

Notably, several structure activity relationships (SARs) that highlight how sensitive ionizable lipid activity is

to relatively minor structural changes are reported.

Introduction

Messenger RNA (mRNA) as a therapeutic modality1 has great
potential, both to prevent diseases when used as a vaccine2

and to treat illnesses in areas such as immune-oncology,3

protein replacement,4,5 in vivo CAR T cell therapy,6 and
genomic medicine.7 However, full realization of this potential
hinges on the development of safe and effective approaches
to deliver mRNA to the cytosol of the desired cells for
translation into functional protein.8 Lipid nanoparticles
(LNPs) are the most clinically advanced non-viral delivery
approach for mRNA therapies and have many advantages,
including being synthetic in origin, the potential for being re-
dosable, and demonstrated clinical success in COVID-19
vaccines and human gene editing trials.9,10 A typical LNP has
four components: an ionizable lipid, cholesterol, a helper
lipid and a polyethylene glycol (PEG) lipid. The ionizable
lipid, which complexes mRNA during formulation and then

promotes endosomal escape upon cellular uptake, is an
essential component that influences efficacy and toxicity.10

Significant efforts have been dedicated to the design of novel
ionizable lipids, as documented in many publications and
patents.11 The choice of ionizable lipid has also been shown
to influence mRNA delivery in unexpected and exciting ways,
such as leading to novel tissue tropism12 or improving
vaccine immunogenicity.13

Notable ionizable lipids that have been used successfully
in the clinic and in commercially available drug products
include DLin-MC3-DMA (MC3),14 ALC-0315,15 and SM-102,16

with the first being used in Onpattro® (patisiran)17 to deliver
siRNA to the liver by intravenous (i.v.) dosing and the latter
two examples being used for intramuscular (i.m.) COVID-19
vaccinations, respectively in Comirnaty® (BNT162b2)18 and
SpikeVax® (mRNA-1273).19 Additionally, i.v.-administered
LNPs using the ionizable lipid LP01 have shown recent
success in late-stage human trials delivering gene editing
machinery to hepatocytes for treatment of transthyretin
amyloidosis (TTR).20 Many current efforts in the field are
focused on developing ionizable lipids to see if performance
and tolerability can be further improved, especially when
targeting delivery to tissues outside the liver or muscle.

A wide breadth of ionizable lipid structures has been
explored and therefore generalizations are challenging;
however, it can be useful to view the lipid as having three
parts: head, linker, and tail (Fig. 1a).21 Generally, the head
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group contains one or more ionizable amines that
electrostatically complex the mRNA cargo when protonated.
It has been shown that within an LNP the extent of amine
protonation of the ionizable lipid as a function of pH
influences the efficiency of endosomal escape and delivery to
the cytosol.14 In contrast to the more polar head group, the
linker and tail regions are generally hydrophobic, and their
structure plays a key role in how lipids pack within LNPs.
The addition of functional groups, such as esters, disulfides
or silicon ethers, that can act as sites of lipid biodegradability
has been a successful strategy to improve the tolerability of
newer generations of ionizable lipids.22–25 As with amine
ionization, lipid packing within LNPs has been shown to
influence delivery efficiency.26 The addition or removal of
substructures such as cis-double bonds or hydrocarbon
branching has been used to modulate the assembly of lipids
within LNPs.27,28

Our understanding of how ionizable lipid structure
influences LNP-mediated mRNA delivery is growing but still
incomplete. The exploration of new classes of lipids that
differ in significant ways from the most studied examples
offers the potential for improved performance and also
provides opportunities for better mechanistic understanding
of the delivery process. To date, the most successful lipids,
including those we have highlighted, rely on a tertiary amine
as the site of protonation. As part of our efforts to discover
new ionizable lipids based on previously unexplored

structures with the potential for improved or unique
performance, we hypothesized that lipids based on a
secondary amine could be optimized to match or outperform
the delivery efficiency of the well-characterized benchmark
tertiary amine lipid, MC3. Lipids based on secondary amines
attracted our attention for several reasons. First, there is a
greater opportunity to develop new intellectual property
because they have been less explored. Second, in contrast to
a tertiary amine, a secondary amine can act as a hydrogen
bond donor in the neutral state due to the presence of the
N–H bond. Headgroups capable of hydrogen bond donation
have been posited to increase LNP performance and
stability.29 Finally, in aqueous solutions secondary amines
are generally stronger bases than tertiary amines with an
inherently different geometry around the nitrogen,30 and
thus we reasoned that the SAR of the substituents on the
amine, for example relating to the optimal size and the
electron-withdrawing versus electron-donating character, may
be significantly different relative to the SAR previously
observed for tertiary amine lipids. Herein, we report our
synthesis and evaluation of a library of secondary amine
lipids for mRNA-loaded LNPs. Through systematic variations
of key structural elements including the linker, tail, and head
group, we elucidated clear structure activity relationships that
can guide future design of high-performing ionizable lipids.

Results and discussion

As part of an effort to identify active lipids containing an
ionizable secondary amine, preliminary screening (data not
shown) indicated that lipid 1 (Fig. 1a) could promote effective
encapsulation of mRNA in LNPs and subsequent intracellular
delivery. Notably, lipid 1 contained a spirocyclic oxetane head
group derived from 2-oxaspiro[3.3]heptan-6-amine. Oxetanes
have been extensively explored for use in drug discovery
because of their ability to replace gem-dimethyl and carbonyl
groups with metabolically more stable and polar, solubility-
enhancing functionalities, but are not common in ionizable
lipids.31 We reasoned that the compact and conformationally
constrained spirocyclic oxetane substructure had the correct
polarity, size, and electron-withdrawing properties to
promote the needed amine ionization and lipid packing
behavior for efficient nucleic acid delivery.

To understand the influence of lipid structure on excipient
performance, we undertook a study of how linker carbon
chain length, tail architecture, and head group structure
affected in vivo mRNA delivery using a design, make, test and
analyse (DMTA) cycle.32 The design strategy focused on
systematically varying structural elements within the lipid by
making relatively minor changes guided by results from
previous DMTA cycles. The general synthetic approach for
making these lipids is shown in Fig. 1b. Using a series of
ketone diacids that vary in linker length from n = 1–4, we
prepared lipids with symmetric tails (R1 = R2) using a single
diesterification reaction and lipids with asymmetric tails (R1

≠ R2) using sequential mono esterification reactions.

Fig. 1 (a) Example of a secondary amine ionizable lipid with the
substructures of the lipid labeled. (b) General synthetic approach for
preparing lipids.
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Notably, preparation of the ketone diacids was easily scalable
as they could be purified by recrystallization. To prepare
diesters for asymmetric tailed lipids, the ketone diacid (1
equiv.) was reacted with heptadecan-9-ol (0.5–0.6 equiv.) as
the limiting reagent to promote formation of the mono
esterification product. Both the desired mono- and undesired
diesterification products were observed in the crude reaction
mixture, but could be readily separated using flash silica
chromatography. Yields for monoesterification products
varied from 28 to 44% based on the alcohol. Conversion of
the second carboxylic acid into an ester proceeded as
expected and gave yields ranging from 40–84%.
Subsequently, the head group was installed via a reductive
amination of a primary amine and the final lipid was
purified to greater than 95% purity based on UPLC-CAD
analysis.

We first tested whether candidate lipids led to high quality
LNPs under a set of standardized formulation conditions
using a modified mRNA cargo encoding an eGFP reporter
protein. The lipid nanoparticle composition, N/P ratio, and
formulation process were held constant in order to focus
specifically on the effect of the ionizable lipid. The LNP
composition was ionizable lipid/cholesterol/DSPC/DMPE-
PEG2000 (50/38.5/10/1.5 mol%) and the ratio between the
nitrogen atoms on the ionizable lipid and phosphorus atoms
of the mRNA (N/P ratio) was 3 : 1. Lipids that formed LNPs
with a high (>85%) encapsulation efficiency (% EE) of mRNA
and a Z-average diameter of less than 100 nm as measured by
dynamic light scattering (DLS) (see Table S1†) were prioritized
for further evaluation in vivo in mice. The LNPs tested were
stable in PBS buffer for a minimum of two weeks and did not
show significant changes in size or encapsulation over this
period (data not shown). Specifically, LNPs were administered
intravenously (0.3 mg kg−1 RNA dose) via tail vein injection
and the amount of eGFP expressed in the liver after 24 hours
was quantified by ELISA. An MC3 LNP with the same cargo,
based on the FDA-approved formulation used in the siRNA
therapy Onpattro®,33 was included in each study as a
benchmark for comparison.

The linker portion of the lipid joins the head group and
the tail regions, and variation in linker length was the first
SAR studied. As shown in Fig. 2a, lipids with two identical
tails derived from 3-pentyloctan-1-ol gave similar results for
linker lengths of n = 1 (2), 3 (1), and 4 (3), with all three
performing significantly better than the MC3 comparator,
demonstrating that this type of lipid with symmetric tails
formed from a branched alcohol was relatively insensitive to
linker length over the range n = 1–4. In contrast, lipids with
tails formed from 2 different alcohols (Fig. 2b), the straight-
chain primary 1-nonanol and the branched secondary
heptadecan-9-ol, showed superior activity when the linker
was shorter, as in lipid 4 (n = 1) (P < 0.0001). However, lipids
with longer linkers, such as lipid 5 (n = 2) and lipid 6 (n = 3,
see Fig. 3a and S1†) were much less effective. Because the
lipids in both Fig. 2a and b share the same head group and
have a total of 26 carbon atoms in the tail region, the effect

of linker length variation on hydrophobicity was similar
between both sets of compounds, suggesting that the
difference in behaviour between the symmetric and
asymmetric tail lipids was not driven by this property.
Notably, the symmetric tail lipids had an additional
branching point in the tail in comparison to the
asymmetric tail lipids, and thus we reasoned that having
fewer branching points in the tail makes the asymmetric
tail lipid packing more sensitive to the effect of increasing
linker length.

Fig. 2 The effects of linker length on protein expression in liver
following systemic administration of eGFP mRNA-LNPs containing
lipids with symmetrical tails (a) and asymmetrical tails (b) in mice are
shown. For (a and b), mice (N = 4, BALB/c mice per group) were
injected i.v. with 0.3 mg kg−1 eGFP mRNA LNPs with terminal collection
of liver samples at 24 h post-dose. eGFP levels were quantified by
ELISA. Error bars are the standard error of the mean (S.E.M.) and
statistical comparisons were based on a one-way ANOVA with
Dunnett's test for multiple testing correction comparing each lipid with
MC3 evaluated concurrently in the same experiment.
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The importance and role of branching points in the tail
alcohols was further explored to improve the activity of
asymmetric tail lipids with longer linkers (n > 1). As shown
in Fig. 3 for lipids 7–17, the R-group was varied while holding
the heptadecan-9-ol tail, the linker length (equivalent to n = 3
in Fig. 2), and head group constant. In contrast to lipid 6,
where R was an unsubstituted nonyl chain and which
demonstrated low in vivo activity relative to MC3 (Fig. S1†),
lipid 7 with a methyl group and lipid 8 with an ethyl group
in the 1-position of the nonyl chain outperformed the MC3
benchmark (3-fold expression vs. MC3, P = 0.0027 and
0.0003, respectively), whereas a propyl group in this position
(9) did not lead to a statistically significant improvement over
the benchmark. As shown in Fig. 3c, lipid 15 with the methyl
group in the 2-position of the nonyl chain was significantly
better than the MC3 comparator (4-fold expression vs. MC3, P
= 0.0003), but 16 with the methyl group in the 3-position was
not. However, replacing the methyl with an ethyl group in
the 3-position led to an improved lipid, 17 (6-fold expression
vs. MC3, P < 0.0001). Addition of gem-dimethyl substitution
at the 1-position (10) or a fused cyclopropyl ring connected at
the 2- and 3-positions (11) did not lead to lipids that were
more active than the benchmark. Taken together, these
observations highlight that adding a branching point to the
unsubstituted nonyl chain of lipid 6 has the potential to
greatly improve the activity of lipids with linkers of n > 1 (as

n is defined in Fig. 2). A methyl group was most effective in
the 1- or 2-position of the nonyl chain, but not as effective in
the 3-position, whereas an ethyl group appeared effective in
both the 1- and 3-positions based on the lipids tested.

In addition to looking at the placement of the carbon
branching, we were interested to probe how sensitive
nonsymmetric tail lipids were to alcohol chain length. In lipid
12, it was observed that the use of 1-methyl-hexan-1-ol led to a
potent lipid (4-fold increase of expression vs. MC3, P <

0.0001). To explore this approach further, lipids 13 and 14
were synthesized with nonidentical linker lengths allowing for
the alcohol length to be modulated within compounds that
are structural isomers of lipids 7, 15, and 16. The synthesis of
13 and 14 required an alternative synthetic approach that is
described in the ESI.† As compared to lipid 7, in lipid 13 a
C2H4 fragment is moved from the tail to the linker region,
whereas in lipid 14, a C2H4 fragment is moved from the linker
to the tail region. Compared to MC3, both 13 (5-fold increase
in expression vs. MC3, P < 0.0001) and 14 (3-fold increase in
expression vs. MC3, P = 0.0028) performed well, with 13
trending toward higher protein expression. These results
suggest varying linker and alcohol tail length simultaneously
may be a strategy to further improve lipid activity. Additionally,
variation of the alcohol tail length may be a strategy to control
lipid biodegradability as it has been reported that the
combination of a longer linker and shorter alcohol tail can

Fig. 3 (a) The parent structure of the asymmetrical tail lipids that were tested, along with the structures of 6, 13, and 14. (b and c) The effects of
additional branching and changing alcohol and linker length on protein expression in liver following systemic administration of eGFP mRNA-LNPs
in mice are shown. For (b and c), mice (N = 4, BALB/c mice per group) were injected i.v. with 0.3 mg kg−1 eGFP mRNA LNPs with terminal
collection of liver samples at 24 h post-dose. eGFP levels were quantified by ELISA. Error bars are the standard error of the mean (S.E.M.) and
statistical comparisons were based on a one-way ANOVA with Dunnett's test for multiple testing correction comparing each lipid with MC3
evaluated concurrently in the same experiment.
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lead to more rapid lipid biodegradations, a property that is
associated with improved safety.16,22

Having seen the importance of both tail and linker
structure on lipid performance, our attention turned to
understanding how varying head group structure influenced
lipid activity while holding the linker and tails constant, as
shown in Fig. 4 (lipids 1, 18–28). All of the head groups
investigated had an oxygen-containing, saturated heterocycle
ranging in ring size from four to six, with each ring size
having examples of lipids with improved activity relative to
the MC3 benchmark. In addition to the parent
2-oxaspiro[3.3]heptan-6-amine head group (1), an oxetane
connected to the amine nitrogen through a methylene spacer
at the 3-position (18) was also effective, suggesting that the
rigidity imparted by the bispiro linkage was not essential for
the lipid activity. Furthermore, lipids with five (19, 24)- and
six (20, 21, 28)-member cyclic ethers displayed efficient
mRNA delivery. On the other hand, some head groups led to
lower activity. For example, when the nitrogen was connected
to a tetrahydropyranyl (27) or a 1,4-dioxanyl (26) ring at the
2-position via a methylene linker the resulting lipids did not
outperform MC3. A dramatic loss in activity was observed
with methyl substitution to form a quaternary carbon at the
connecting position of the head group ring, as in 22, 23, and
25 in comparison to the non-methylated parent structures 18,
19, and 20, respectively. As the electronic effect of methyl
substitution on amine basicity is expected to be relatively

minor, we propose that the effect of methyl substitution on
head group size and hydrophobicity are responsible for the
decreased lipid performance.

The in vivo evaluation of our novel lipids measured
protein production at a single time point (24 h), which was
chosen for our SAR studies based on known mRNA-LNP
expression kinetics to report on the period of greatest protein
translation.34 However, future studies exploring the time
course of protein expression, the ability to delivery diverse
mRNA cargoes, and biodistribution will be needed to fully
understand how LNPs prepared with the lead lipids reported
here compare to other high-performing LNP formulations.

In order to gain insight on lipid safety, mechanism of
action, and performance when given by other routes of
administration, we explored selected lipids in additional
experiments. The in vitro cytotoxicity of LNPs prepared from
lipids 8, 18, 20, and 22 were compared to MC3 LNPs using a
lactate dehydrogenase (LDH)-based assay in a Huh-7-derived
cell line (Fig. S2†). In the dose range tested (0.25–1.0 μg mL−1

mRNA), all of the LNPs had a minimal effect on cell viability,
with cell viabilities above 80% at all doses. None of the novel
lipids showed increased cytotoxicity relative to MC3. We also
sought to use in vitro studies to shed light on why some of
our best performing lipids, such as 8 and 18, outperformed
the MC3 benchmark, whereas other lipids, such as 22,
performed poorly. Although in vitro measures such as protein
production or LNP uptake often fail to strongly correlate with

Fig. 4 (a) The parent structure of the lipids tested. (b–d) The effects of head group structure on protein expression in liver following systemic
administration of eGFP mRNA-LNPs in mice are shown. For (b–d), mice (N = 4, BALB/c mice per group) were injected i.v. with 0.3 mg kg−1 eGFP
mRNA LNPs with terminal collection of liver samples at 24 h post-dose. eGFP levels were quantified by ELISA. Error bars are the standard error of
the mean (S.E.M.) and statistical comparisons were based on a one-way ANOVA with Dunnett's test for multiple testing correction comparing each
lipid with MC3 evaluated concurrently in the same experiment.
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in vivo activity, choosing the right cell models and using
multiparametric measurements are essential for improving
this correlation.32 While in vitro models are useful for
comparing different LNP chemistries, they can lead to weak
correlations with in vivo results and possibly misleading
conclusions if only a few factors are considered in assessing
correlation efficiency. However, it has been proposed that
LNPs demonstrating improved endosomal escape efficiency
could lead to higher in vivo potency.35 Therefore, we used a
Huh-7 cell line engineered to express mCherry-Galectin 9
(GAL9) to monitor the ability of LNPs to induce endosomal
membrane disruption by observing GAL9 puncta formation
using confocal fluorescence microscopy.36 In order to
normalize the degree of endosomal disruption to the amount
of LNP internalized, the mRNA was labeled with a Cy5-
fluorophore and the ratio of GAL9 puncta to Cy5 puncta was
quantified. LNPs prepared using the lipids 8 and 18
demonstrated significantly higher levels of endosomal
disruption in agreement with their superiority over MC3
in vivo, whereas the poor performing lipid 22 was comparable
to MC3 (Fig. S3†). These results suggest that lipids 8 and 18
outperform MC3 in vivo at least in part due to an increased
efficiency of endosomal membrane disruption and escape.

Finally, we compared LNPs prepared using lipids 1 and 20
to a benchmark SM-102 LNP when administered
intramuscularly (Fig. S4†). As in the i.v.-dosed studies, the
mRNA cargo expressed eGFP and the dose was 0.3 mg kg−1.
After 24 hours, the amount of eGFP protein produced in the
injected thigh muscle from LNPs made with 1 and 20 was
similar to the SM-102 LNP, with the latter group trending
higher. At the same time point, the liver expression of eGFP
was significantly higher for SM-102 relative to 1, but was not
statistically different from 20. These results suggest that the
lead lipids identified in this work have the potential to be

dosed via other routes of administration beyond i.v. and can
effectively deliver mRNA to cells outside the liver.

Conclusions

Our hypothesis that ionizable lipids based on a secondary
amine could be optimized to match or outperform the
delivery efficiency of a representative tertiary amine
benchmark (MC3) was confirmed by our identification of
multiple lead candidates. These lead secondary amine lipids
demonstrated superior mRNA delivery and translation in the
liver, highlighting their potential as high-performing
alternatives to tertiary amine lipids. This finding marks an
important step forward in expanding the chemical space of
ionizable lipids. While these initial results are encouraging,
further studies of these lipids will be required to understand
whether secondary amine head groups have unique
advantages relative to tertiary amines. The formation of
N-nitroso amine impurities, which can be potent mutagens,
is a concern for amine-containing compounds, especially
secondary amines.37 Whether these impurities represent a
significant concern for secondary amine ionizable lipids will
depend on if they are formed to an appreciable extent during
synthesis and LNP formulation and what levels are of
concern given the LNP dosing amount and frequency.

The systematic design and testing of this library allowed
us to draw several nonobvious lessons to inform the design
of future candidates as summarized in Table 1. For example,
we found that the activity of symmetrical tail lipids derived
from identical branched alcohols was relatively insensitive to
linker length over the range tested (n = 1–4), whereas lipids
with one unbranched tail and one branched tail only showed
good activity with the shorter linker length (n = 1). We
suspected that addition of a branching point in the tail could

Table 1 Key SAR lessons

Property SAR observation Representative examples

Linker
length

For symmetrical tail lipids, the linker lengths
tested (n = 1–4) did not impact performance,
with all leading to high protein expression
in vivo

For asymmetrical tail lipids, the shorter linker
length (n = 1) outperformed longer linker
lengths (n = 2–3) significantly

Tail
branching

Asymmetrical tail lipids with additional
branching outperformed lipids with an
unbranched tail

Head
group size
and
branching

Cyclic ether ring sizes of 4 to 6 performed
well, but the addition of a methyl group
caused a dramatic loss in activity

RSC Medicinal ChemistryResearch Article

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

7 
M

ay
 2

02
5.

 D
ow

nl
oa

de
d 

on
 6

/1
4/

20
26

 3
:2

7:
43

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5md00115c


RSC Med. Chem., 2025, 16, 3273–3280 | 3279This journal is © The Royal Society of Chemistry 2025

rescue activity for longer linker length lipids (n > 1) and
observed that methyl or ethyl substituents led to
significantly improved activity. Finally, we observed that
cyclic ether head groups with 4- to 6-membered ring sizes
were tolerated and that the spirocyclic oxetane was not
essential for activity. However, addition of a methyl group
at the site of ring attachment led to much lower activity for
all ring sizes tested. Taken together, these SAR observations
highlight that ionizable lipid activity can be sensitive to
relatively small changes in chemical structure. However,
other structural modifications, such as changing linker
length or varying the cyclic ether ring size were tolerated
when examining lipids with symmetrical tails. Further
understanding will likely require both additional
biophysical characterization of lipid packing and ionization
behavior, as well as improved LNP modeling to fully
describe ionizable lipid SAR. Clinically-relevant mRNA
cargos, as opposed to the tool mRNA we employed, may be
more complex and challenging to deliver, but the highly
active lipids identified are excellent candidates for further
testing in mRNA-based therapies.
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