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Spotlighting the criticality of lipid quality
control through a mechanistic
investigation of mRNA activity loss in lipid
nanoparticles
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Lipid nanoparticles (LNPs) have gained much attention after the recent launch of mRNA based Covid
vaccines. For mRNA encapsulated within LNPs to be successfully translated into target proteins, the
mRNA must maintain its integrity and also be free of any unintended chemical modifications. Any
process or rawmaterial related impurities—and their degradation products—pose risks of chemically
modifying mRNA, thereby affecting the quality of the final product. Given its inherent chemical
reactivity and close association with the LNP lipids, encapsulated mRNA is especially susceptible to
modifications by reactive impurity species present in the lipids. In our recent efforts to understand
mRNA-lipid interactions within LNPs, we observed that the degradants of labile lipid peroxide species
in ionizable lipids react with nucleotides in mRNA, resulting in loss of mRNA’s translation efficiency in
vitro. Specifically, we identified peroxide species in unsaturated dialkene groups were converted to a
variety of reactive aldehyde products in mRNA LNP formulations. These findings enhance the current
understanding of the adduct formation between mRNA and aldehyde species, and emphasize the
critical role of deep analytical characterization of ionizable lipid stability and purity to enhance LNP
product quality and shelf-life.

Remarkable advancements have beenmade in the development of LNPs for
nucleic acid delivery. While having been successfully utilized for the
transport of siRNA therapeutics, LNP technology has only recently been
adopted in global usage for mRNA delivery during the COVID pandemic1.
LNPs are formed by encapsulating gene cargo such as mRNA in a lipid
mixture, which serves as the vehicle for cellular uptake and enables func-
tional delivery of its cargo2. Ionizable lipids are essential components of
LNPs; the design of these synthetic lipids is critical to tuning the LNP
formulation, and the specific chemical structures are often proprietary.
While various ionizable lipid structures and functional groups continue to
be explored, generally modern designs incorporate at least one ionizable
tertiary amine capable of electrostatic interactions with mRNA in a pH-
dependentmanner3. This crucial interaction enables the formation of LNPs
and their mechanism of escape in acidified endosomes4, but colocalization
of mRNA and lipids opens the possibility for reactions such as chemical
modifications of mRNA to occur. In natural biological settings, various
electrophilic species are recognized for forming modifications in both

mRNA and DNA5–8, with lipid oxidation as a potential source7,8. Previous
studies have extensively investigated this phenomenon for RNA in the
context of cellular or environmental genotoxic agents6,9, though there are
increasing investigations of mRNA lipid interactions in the context of
mRNA therapeutics10–13.

As LNP technology continues to improve, applications are being
sought requiring the delivery of longer transcripts, often longer than 10 kb,
such as self-amplifying mRNA (sa-mRNA). sa-mRNA technology is a
recent breakthrough for vaccine development14–16; unlike conventional
mRNA, sa-mRNA encodes information for non-structural proteins (NSP)
1-4, which, when translated in situ, form the mRNA-dependent mRNA
polymerase (RdRP) complex that serves to amplify its own transcript17. This
unique feature allows sa-mRNA to achieve higher and more sustained
activity with lower doses18. However, longer mRNA transcripts present
increased challenges in maintaining their stability. For an LNP formulation
where lipid concentrations and N/P ratios are conserved, the LNP encap-
sulating a longer sa-mRNA construct will have a lower number of mRNA

1Aditi Consulting, Bellevue, WA, USA. 2CSL Seqirus, Holly Springs, NC, USA. 3These authors contributed equally: Richard S. Kang, Zhichun Wang.
e-mail: jiang.qian@seqirus.com

Communications Chemistry |           (2025) 8:313 1

12
34

56
78

90
():
,;

12
34

56
78

90
():
,;

http://crossmark.crossref.org/dialog/?doi=10.1038/s42004-025-01699-5&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s42004-025-01699-5&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s42004-025-01699-5&domain=pdf
http://orcid.org/0000-0002-7088-5129
http://orcid.org/0000-0002-7088-5129
http://orcid.org/0000-0002-7088-5129
http://orcid.org/0000-0002-7088-5129
http://orcid.org/0000-0002-7088-5129
http://orcid.org/0009-0000-8199-7970
http://orcid.org/0009-0000-8199-7970
http://orcid.org/0009-0000-8199-7970
http://orcid.org/0009-0000-8199-7970
http://orcid.org/0009-0000-8199-7970
mailto:jiang.qian@seqirus.com
www.nature.com/commschem


copies per particle than one containing a shorter conventional mRNA
construct. Consequently, inactivation of a single copy of a longer mRNA
construct by lipid adductionordegradation can exert a greater adverse effect
on compound efficacy. This increased size poses new challenges in the
manufacturing of drug substances and drug products. To ensure a high-
performing drug product, stringent rawmaterial specifications informed by
a thorough evaluation of reactive species and their sources are essential.

Among quality attributes, intact mRNApurity by integrity assessment
is traditionally understood to be the key critical indicator for LNP stability.
Recently, lipidmodification of encapsulatedmRNAhas been shown to have
anotable effect onLNPpotencyduring storage, independent of integrity10,12.
The ultra-low storage temperature required to extend LNP shelf-life poses
practical limitations on their usage and come at considerable cost19.
Improvement in the thermostability profile of LNPs would be an important
step in reducing the cost of therapeutics while expanding their utility in
different areas.

We observed unexpected potency loss independent ofmRNA integrity
or other quality attributes and performed an extensive investigation to
characterize the phenomena compromising stability. Ion Pairing Reverse
Phase chromatography (IP-RP) of extracted mRNA was a key tool to dis-
tinguish the presence and degree of the lipid adduction. Liquid Chroma-
tographyMass Spectrometry (LC-MS) was employed to precisely elucidate
chemical identities and structures of the culprit species and of adduct delta
masses. These techniques underscore the importance of deep analytical
characterization todeducemechanismsof lipid adduction.The results of the
investigation illustrate how oxidative stress can impact the stability of LNPs
via the formation of reactive aldehydes by oxidation of unsaturated lipid
groups, highlighting the need for strict lipid quality control during mRNA
vaccine product development.

Results
Detection of mRNA lipid adduction in LNPs
We wanted to characterize sa-mRNA encapsulated in LNPs by an LC
method. We screened LNPs consisting of ~11 kb sa-mRNA, proprietary
ionizable lipid, cholesterol, a phospholipid, and a polyethylene glycol (PEG)
lipid, by analyzing the extracted mRNAwith ion-pairing reverse phase LC-
UV. Notably, for some LNPs, a distinct additional late eluting peak well
resolved from the intact sa-mRNA peak was observed (Fig. 1a); the later
retention time suggested a hydrophobic or adducted mRNA species. The
relative area of this peak varied among different LNPs, though it was
observed that certain families of ionizable lipids, with unsaturated tails,
exhibited a more prominent additional peak (Supplementary Fig. 1).

To evaluate the effect of storage temperature, LNPs made with IL, a
specific proprietary ionizable lipid with unsaturated tails, were stored at
various temperatures (2–8 °C,−20 °C, and−80 °C), and the relative percent
area of the late peak (LP%) was calculated from the integrated peak areas.
The relative area of the additional peak increased with increasing storage
temperature, with a single 2–8 °C timepoint showing a substantial increase
in%area over the frozen storage temperatures (Fig. 1b), indicating potential
thermosensitive mRNA modifications.

The presence of a late peak occurs in IL-formulated sa-mRNA
regardless of the mRNA construct sequence (Supplementary Fig. 1), sug-
gesting a general broader issue in the mRNA-LNP system. Additionally, an
increase in the relative areaof this additional peakcorrespondedwith amore
pronounced decrease in protein expression than mRNA integrity as mea-
sured by capillary electrophoresis (CE) (Supplementary Fig. 2). The result of
this initial exploratory study suggested potential mRNA lipid adduction
affecting mRNA function independently of integrity and led to further
investigations with a goal to mitigate mRNA modifications by controlling
reactive species present in the LNP.

Screening of lipids in mRNA lipid adduction
To confirm that the ionizable lipid, and not other lipid components of the
LNP, was responsible for mRNA lipid adduction, mixtures of sa-mRNA
were made with each lipid component and combinations of IL plus lipid

components at process-relevant ratios as described (Fig. 1c). Only mixtures
that included sa-mRNA and IL produced a late eluting peak. Two-lipid
component mixtures had similar lipid adduction levels compared to the IL
control mixture. A mixture of all four lipid components with mRNA
resulted in the formation of slightly less % lipid adduction, possibly due to
dilution of the ionizable lipid interaction with mRNA. Additionally, we
emphasize that this peak was observed when different sa-mRNAconstructs
were used in LNPs or a lipid and mRNA mixture (Supplementary Fig. 1),
implicating IL in lipid adduction. Since IL itself is not supposed to modify
mRNAs, these findings suggest that unexpected species in IL are solely
responsible for forming lipid modifications on mRNA in the LNP for-
mulation or in the simplified ionizable lipid and mRNA mixture.

Evaluation of ionizable lipid species related to lipid adduction
To better understand the profile of species in IL as they relate to lipid
adduction ofmRNA,we incubated sa-mRNAwith two IL lotswith differing
manufacturing grades. Each lot was mixed with sa-mRNA using a micro-
fluidic mixer and aliquoted for a 48 h time course at ambient temperature.
mRNA was extracted at 2, 4, 24, and 48 h timepoints and stored at−80 °C.
After all timepoints were collected, mRNA was analyzed by IP-RP. IL lot 2
yielded over 2 times more mRNA lipid adduction than IL lot 1 (Fig. 1d).
Interestingly,mRNAlipid adductionwas rapid in thefirst 4 h and plateaued
approaching 48 h, suggesting potential reactive species were consumed at a
faster rate than their formation.

LC-MS analysis was performed to identify the species that might
differ in these two IL lots. Comparison of the total ion chromatograms
(TIC) revealed the intact ILpeak aswell as the species common toboth lots
at various abundances (Fig. 1e). IL was eluted at 9.7 min, with an early
eluting peak at 7.7 min composed mainly of +32 Da delta mass species
along with lesser MS signal of +14 Da and +16 Da co-eluting species
(Supplementary Fig. 3a, b). MS2 fragmentation was performed to inves-
tigate the structure and characteristic fragmentation of these lipid species
(Supplementary Fig. 4). The +32 Da and +14 Da species were unique
masses; for this early eluting +16 Da species, MS2 analysis showed an
absence of a characteristic non-tail +16 Da fragment suggesting this
species was oxidized on the tail(s) (Supplementary Fig. 5a), in contrast to
other +16 Da species.

To further explore which candidate species correlated with lipid
adduction, additional lots of IL (lot 3 and lot 4) were investigated, with the
correspondingpeakprofiles exhibiting amajor difference in the early eluting
peak (Fig. 2a). These lots all passed the release testing for purity by Charged
Aerosol Detection (CAD) with comparable purity values of 97.0%, 97.7%,
98.8%, 98.7% for the IL lots 1–4 respectively, were stored at−80 °Cwithout
solvents, and there was no noteworthy time-delay in assessment. Still, in-
house MS analysis revealed differences in the abundance of additional
species, indicating apotential analytical gap shouldbebridged to identify the
species of interest. With LC-MS, we investigated the relative abundance of
these potential oxide species and each of the extracted ion chromatograms
(XIC) was compared to the % lipid adduction observed in extracted sa-
mRNA frommixtures of sa-mRNA and each respective IL lot. The relative
abundance of +32Da species XIC (Supplementary Fig. 3c) directly corre-
sponded to the level of late eluting species for each IL lot (Fig. 2b), indicating
that this species was involved in the lipid adduction of mRNA. The levels of
+16 Da and +14Da species in the early eluting peak did not show good
correspondence with % lipid adduction (Fig. 2c, d), indicating these species
are not directly involved in lipid adduction. Other minor low-abundance
species were present but were also not observed to correspond with % lipid
adduction. Moreover, we note that it is possible there are other species that
arenot readily detectedbyLC-MS.Nevertheless, basedon theobservationof
the salient +32Da species observed to strongly correlate with lipid
adduction for IL lots, we chose to focus the investigation on this species.

LC-MS analysis of the+ 32Da species
The lipid tails of IL resemble a polyunsaturated fatty acid (PUFA) (two
double bonds at theC9andC12position), which are particularly susceptible
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to oxidation due to their electron-rich double bonds20. In MS2 analysis of
peroxides ofPUFA, sodium ionshavebeen shown to enable identificationof
sites of peroxidation based on characteristic neutral loss products from
fragmentation to identify isomers21. Based on this profiling technique, we
used LC-MS to analyze individual+32Da species of IL to search for these

neutral loss products. MS2 fragmentation revealed the diagnostic sodium
adduct of each of the +32 Da peroxide species with an intact mass of
IL+ 32 Da species and+23 Da [Na+ ] (IL+ 32 Da+23Da = XDa) intact
mass (Fig. 3a). Fragmentation of these peaks showed characteristic species
correspondingwith−140Da and−88 Da neutral loss products of the XDa

Fig. 1 | Identification of sa-mRNA lipid adduction behavior from IL. a Ion
Pairing-Reverse Phase (IP-RP) liquid chromatography was used to identify unad-
ducted main peak and late eluting adducted sa-mRNA peaks using a UV detector
@260 nm from a mixture of IL and sa-mRNA incubated 24 h at ambient tempera-
ture. b Analysis of LNP stability at 2–8 °C, 20 °C, and –80 °C shows mRNA lipid
adduction increases over the period of 9 months. c sa-mRNA was mixed with either

IL, cholesterol, a phospholipid, a PEG lipid, or with a combination of IL with one or
all other lipids and lipid adduction was only observed in IL-containing mixtures.
d Two lots of IL showed differential lipid adduction over a 48 h time course.
e StackedMS analysis of the two IL lots showed greater abundance of an early eluting
species in lot 2, which produced more adducted mRNA.
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sodium adducted peroxide species, respectively, with a high mass accu-
racy < ±0.5 ppm (Fig. 3a, b).

With the+32Da species identified as lipid tail peroxides, it is plausible
that these convert to form reactive products that can modify mRNA. Lipid
peroxides, such as those occurring in PUFAs, can undergo oxidative lipid
degradation that results in the formation of lipid aldehydes by fragmenta-
tion of peroxycyclization intermediates orHock cleavage22–24. As IL contains
unsaturated lipid tail(s) containing peroxidation sites, a representative
reaction is presentedwith the caveat thatmultiple additional oxide products
and therefore aldehyde species are potentially formed (Fig. 3c).

Evaluation of IL peroxide species spiking
Toconfirm the involvementof peroxide species inmRNAlipid adduction in
amixture ofmRNAand IL, a peroxide species spiking studywas performed.
IL lipidwas fractionated byRP-LC, and the peak containing+32 Da species
was collected (Fig. 4b). Fractions were dried under a stream of nitrogen gas
and resuspended in ethanol. LC-UVandLC-MSanalysis of the resuspended
fraction confirmed that the collected early peak contained the +32Da
species. Sa-mRNA and ionizable lipid mixtures were made and spiked with
the isolated+32Da species fraction to evaluate its effect on lipid adduction.
To control for potential peroxide formation in the lipid tails of IL, a variant
with fully saturated lipid tails (IL-F) was synthesized to prevent peroxide
formation by removing the reactive dialkene groups (Fig. 4a). Spiking of the
IL mixture with the +32 Da species resulted in a marked increase in lipid
adduction, while empty fraction control spiking did not (Fig. 4c). The IL-F
and sa-mRNA mixture did not produce adducted mRNA, but +32Da
species spiking into the IL-F mixture produced a corresponding increase in
mRNA lipid adduction. As IL-F does not have dialkene tails that can be

peroxidized and does not form adductedmRNA, this result is evidence that
the unsaturated tails of IL are the source of reactive species.

MS analysis of lipid adduction in mRNA oligomers
Toverify aldehydeproducts fromperoxide species of ILwere responsible for
mRNA lipid adduction, direct MS analysis of mRNA oligomers was per-
formed.Using a 45mermRNA (ODN45)with 14184.142 Damonoisotopic
mass, we observed formation of lipid modifications when mixtures were
made with IL and incubated for 4 days at room temperature. Additionally,
we used IL-C (Fig. 4a), which is an IL variant having an additional 84 Da
mass due to an alternative linker, which could be used to confirm the
identity of lipidmodifications. IL-C also contained+32 Da species, and IP-
RP mRNA lipid adduction analysis of sa-mRNA extracted from IL-C
mixtures showed equivalent lipid adduction levels as IL (Fig. 5a).

For mixtures with IL, late-eluting species with differing elution times
and mass ranges were detected in the extracted oligomer. Two major
clusters of adducts were observed: late eluting species with 6.25–7.25min
retention time were in the 100–160 Da delta mass range, while late eluting
species with 8.0–8.5 min retention times ranged from 600–850 Da delta
mass (Fig. 5b). Figure 5c depicts major observed adduct delta masses and
a comparison to the theoretical delta masses. Among earlier late eluting
species, the most abundant observed delta masses were 154.1 Da, 138.1 Da
and 122.1 Da. For later eluting species, the most abundant observed
delta masses were 777.6 Da, 793.6 Da, 809.6 Da, and 825.6 Da. The
4-hydroperoxy nonenal (4HNE) lipid “tail”23 is an expected product of IL
peroxide degradation, and when bonded as an imine, produces a 154.1 Da
species matching the observed delta mass species with 1.3 ppmmass error.
Delta mass species 138.1 Da and 122.1 Da correspond with 154.1 Da −1O

Fig. 2 | Mass spectrometry analysis of IL ionizable lipid and the relationship with
lipid adduction. a Stacked chromatograms using a UV detector @214 nm for
analysis of four lots of IL showing various species. The four lots were used in sa-

mRNA mixtures, and the extracted mRNA Late Peak (lipid adduction) corre-
spondence with b+ 32 Da, c+ 14 Da, or d+ 16 Da oxidation species in each lot.
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and−2O, respectively, which are possible oxidation variants of 4HNE. The
theoretical aldehyde “body” product of IL peroxide degradation when
bonded as an imine produces a 623.5 Da deltamass. The sum of the “body”
and “tail” adduct masses amounts to 777.6 Da delta mass, which matches
the observed 777.6 Da late eluting species with 2.2 ppm error. 793.6 Da,
809.6 Da, and 825.6 Da species correspond with 777.6 Da +1O,+2O, and

+3O, respectively, which are possible “body” oxidation variants of any
additional unsaturated lipid tail(s).

The prevalence of “body”+ “tail”modifications from IL as dominant
species onODN45 indicates that someperoxide degradation occurred upon
interaction of the ionizable lipid and mRNA, allowing both aldehyde pro-
ducts to be in proximity to react with the oligomer. Notably, combinations

Fig. 3 | Structural elucidation of+ 32 Da peroxide
species. aMS2 fragmentation analysis of the sodium
adduct of the +32 Da species (X Da) shows a char-
acteristic 140 Da fragment of a C9 peroxide species
and b an 88 Da fragment of a C13 peroxide species.
c IL has tails containing unsaturated dialkene groups
that are susceptible to peroxidation at the C9 or C13
position. Dialkene tails convert to form reactive
aldehyde species along with various other oxidation
byproducts.
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ofmodifications corresponding to “body”+ “body” or “tail”+ “tail”masses
were not observed, though “body” only mass-ranged species were observed
at lower abundances. Indeed, a species with mass corresponding to the
“body” aldehyde peroxide degradation product was detected in IL working
stocks in ethanol (Supplementary Fig. 6), indicating some aldehyde pro-
ducts were formed prior to mixing with mRNA.

MS analysis of lipid adduction in DLin-MC3-DMA/oligomer
mixtures
Having identified peroxide degradation products as the primary source of
reactive aldehydes involved in mRNA lipid adduction by IL, we wanted to
further verify this mechanism in a well-known ionizable lipid. DLin-MC3-
DMA(MC3)was evaluateddue tohavingunsaturated tails.As in IL, LC-MS
analysis of MC3 revealed an early eluting species containing dominant
+32 Da species among others and a late eluting peak corresponding to
adductedmRNAwas observed inmixtures ofMC3and sa-mRNAusing the
IP-RP mRNA lipid adduction assay (Supplementary Fig. 7). ODN45

extracted from a MC3 mixture showed the presence of the 154.1 Da “tail”
4HNE species, and the later eluting species corresponded to the mass of a
potential oxidation variant of MC3 “body” (Fig. 5c). This is different from
ODN45 extracted from mixtures with IL or IL-C which had modifications
corresponding to “body” + “tail” masses. Despite this difference, the pre-
sence of discrete “body” and “tail” sized modifications aligns with the mass
of presumed reactive aldehyde products of MC3.

Discussion
In this study, we identified peroxide-derived ionizable lipid species involved
in sa-mRNA lipid adduction, finding characteristic MS2 fragments in
diagnostic sodium adducts. We additionally evaluated sa-mRNA lipid
adduction in LNPs and mixtures with ionizable lipids using IP-RP chro-
matography and characterized lipid modifications formed on various
mRNA constructs using LC-MS. We show that ionizable lipids with per-
oxidized unsaturated lipid tails undergo cleavage to form reactive aldehyde
products, which directly modify mRNA and can compromise mRNA

Fig. 4 | Key role of IL dialkene peroxide in lipid adduction. aChemical structure of
IL ionizable lipid and its variants IL-F containing fully saturated tails, and IL-C
containing an alternative linker, and (6Z,9Z,28Z,31Z)-heptatriaconta-6,9,28,31-
tetraen-19-yl 4-(dimethylamino)butanoate (MC3). b The early eluting +32 Da
peroxide species of IL was fractionated using LC-UV @214 nm and c spiked into

mixtures of a high purity lot of IL and sa-mRNA,which resulted in amarked increase
in adducted mRNA. Mixture of fully saturated variant IL-F and sa-mRNA did not
produce a adducted mRNA but spiking with the+32 Da peroxide species markedly
increased % lipid adduction.
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activity. Theoretical mRNA lipid adduction calculations in this study were
based upon a hypothetical imine bond with primary amine-containing
nucleotides, though conjugations such as an enamine bond, Michael
addition, or other mechanisms, are not ruled out25. It should also be noted
that other electrophilesnot readily detectedby currentLC-MSmethodsmay
also react with nucleophiles in LNPs. The studies in this manuscript pri-
marily involved IL with dialkene in the tail(s), and lipid variants with the
same type of tail(s), but the results serve as a broaderwarning regarding lipid
peroxidation and reactive aldehyde mechanisms and their impact on lipid
delivery systems for genetic medicines.

Understanding the factors influencing mRNA stability in LNPs
remains vital for the safe and effective development of vaccines and ther-
apeutics. In this context, examining lipid species associated with mRNA
lipid adduction is critical to establishing appropriate manufacturing

controls for raw materials, gaining a comprehensive understanding of the
phenomena, and devising effective mitigation strategies. To date, mechan-
isms of nucleic acid lipid adduction6–8,10,12,26 and peroxidation of PUFAs27,28

have been previously characterized, particularly in the context of cellular
and environmental factors. To our knowledge, this is the first work
demonstrating mRNA lipid adduction by ionizable lipids via aldehyde
cleavage products of peroxide species in the context of LNP stability,
ionizable lipid quality control, and vaccine product development.

Based on the results in this study, we propose the following model for
mRNA lipid adduction to occur by ionizable lipid peroxide species. mRNA
phosphates are brought near ionizable lipids through interactions with
ionizable tertiary amines1. Hydrophobic tails of IL are normally segregated
from the surrounding aqueous environment due to immiscibility. Peroxides
on lipid tails, with potentially greater exposure to the aqueous environment,

Fig. 5 | Identification of lipid modifications in an mRNA oligomer. a IP-RP
mRNA lipid adduction analysis of IL and variants IL-C and IL-F from sa-mRNA
mixtures showing that only IL and IL-C containing dialkene groups form adducted
mRNA. b Representative UV chromatogram @260 nm from LC-MS analysis of
mRNA oligo incubated with ionizable lipid for 4 days at ambient temperature,

showing two late eluting regions for peaks with two clusters of delta mass ranges.
c Tables of the theoretical mass of tail and body modifications based on possible
aldehyde products of peroxide degradation, whichmatch observed deltamasses with
high accuracy and low mass error.
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can undergo degradation by various mechanisms including Hock cleavage,
peroxyradical cleavage, or hydroxyradical β-scission23 (Fig. 6b). The
resulting aldehyde products can interact with nucleophilic amines found in
mRNA bases facilitated by the proximity of mRNA at the hydrophobic/
hydrophilic interface (Fig. 6c). This is exemplified in our observation that
mixtures containing mRNA and highly hydrophobic dodecyl aldehyde
(DA) lacking an ionizable tertiary amine do not produce detectable mRNA
lipid adduction, however when DA is spiked into mixtures of sa-mRNA
with IL, lipid adduction is observed (Supplementary Fig. 8). Our results
imply that the amphipathic nature of the ionizable lipid with its charged
tertiary amine and lipid tails play a role in facilitating the adduction of the
encapsulated mRNA25. In summary, reactive species, including but not
limited to lipid aldehydes, which may not readily react with mRNA, are
effectively brought into proximity with mRNA by the ionizable lipid acting
as a bridge between lipid components and hydrophilic mRNA.

Lipid oxidation by reactive oxygen species (ROS) is a known source for
producing bioactive compounds, of which aldehydes are critical due to their
ability to amplify and propagate damage29. With the aldehyde-generating
capacity of lipid peroxides combined with the bridging effect provided by
the ionizable lipid, mRNAs in LNPs are vulnerable to these damaging oxide
products. Alkene bonds—due to their weak π bonds—are generally regar-
ded as “hot spots” for oxidative reactions30, highlighting the importance of
lipid designs with functional groups that are resistant to oxidation by ROS.

As we have demonstrated, peroxidized lipids can be a crucial con-
tributor to lipid adduction in LNP formulations. It has been shown that
peroxidation in unsaturated tails can occur by auto-oxidation and photo-
oxidation20,21. However, it is crucial to address potential specific con-
taminants that promote ROS generation and subsequent peroxidation8,31.
For example, species such as Copper are transition metals that can catalyze
the formation of peroxides32. We observe that IL lots with greater levels of
peroxide species producemore adductedmRNAand have correspondingly
higher levels of transition metals (Supplementary Table 1). Due to the
damaging effects that transitionmetals can have on lipids as well as mRNA,
their levels must be stringently controlled in their feed stocks as well as
excipients, which are combined with the drug product.

To improve the purity of critical LNP components, such as the
ionizable lipids, it is essential to develop analytical methods for monitoring
specific species of interest. These methods will help ensure lipid quality and
reduce the risk of mRNA lipid adduction during LNP production and
storage. In this study, we conducted a thorough investigation into the
underlying mechanisms of mRNA lipid adduction using an array of ana-
lytical techniques such as IP-RP-LC and LC-MS. These tools enable the
identification of oxidation species and related reactive aldehyde species,
which play a role in mRNA lipid adduction. The insights inform the design

of appropriate controls and specifications for raw material manufacturing,
which can mitigate the risk of reactive species to enable the robust devel-
opment of mRNA-based LNP vaccines and therapies with greater stability
and efficacy.

Materials and methods
LNP synthesis
Briefly, sa-mRNA(1.34 g/L;CSLSeqirus) in sodiumcitrate (50mM;pH6.0;
Teknova) and lipids (25.6mM) in ethanol were mixed in a 3:1 aqueous to
ethanol volume ratio (N/P = 7) using a microfluidic mixer (Precision
Nanosystems). Lipids used in the formulation include a phospholipid 1,2-
distearoyl-sn-glycero-3-phosphocholine (DSPC; Avanti), cholesterol
(Sigma-Aldrich), a PEG lipid 1,2-dimyristoyl-rac-glycero-3-methox-
ypolyethylene glycol-2000 (DMG-PEG; NOF American Corporation), and
IL (WuXi STA, the full structure beyond the tail(s) is proprietary). LNPs
were immediately diluted in-line with sodium citrate buffer and con-
centrated using tangential-flowfiltration (TFF) and subsequently diafiltered
with a cryo buffer (Cytiva). LNPs were filteredwith a 0.8/0.2 µm guard filter
(Sartorius) followed by a 0.45/0.2 µm sterile filter (Sartorius) and stored
at −80 °C.

RNA/ionizable lipid mixtures
For sa-mRNAmixtures with IL, sa-mRNA (0.053mg/mL) in water and IL
lipid (1.919mg/mL; WuXi STA) in ethanol were mixed in a 2:1 aqueous to
ethanol ratio in 50 µL in sodium acetate (37.5 mM; pH 5.5; Thermo Fisher
Scientific; AM9740). Mixtures were stored at ambient temperature for 2 h.
For the 48 h stability study, sa-mRNA (0.053mg/mL) in citrate buffer
(50mM; pH 6.0) and IL (1.919mg/mL) in ethanol were mixed using a
Benchtop NanoAssemblr (Precision Nanosystems) at a 2:1 flow rate ratio
and 12mL/min total flow rate. For mRNA oligomer mixtures with IL,
mRNA oligomer ODN45 (0.053mg/mL) with sequence 5’-rUrUrUrUr-
UrArArCrArUrUrUrCrArArArArArArArArArArArArArArArArArAr-
ArArArArArArArArArArArArA-3’ (IDTDNA) and IL, IL-C, IL-F (Wuxi
AppTec) in ethanol were mixed in a 3:1 aqueous to ethanol ratio to
0.047mg/mL oligomer and 2.559mg/mL ionizable lipid in sodium acetate
(37.5mM; pH 5.5). For mRNA oligomer mixtures with MC3 (Fisher Sci-
entific), 0.047mg/mL oligomer and 3.544mg/mL ionizable lipid in sodium
acetate (37.5 mM; pH 5.5) were mixed in a 3:1 aqueous to ethanol ratio.
Mixtures were stored at ambient temperature for 4 days. For sa-mRNA
mixtures made with combinations of a phospholipid (Avanti), cholesterol
(Sigma-Aldrich), a PEG lipid (NOF America), and IL (WuXi STA), sa-
mRNA inwater and lipids in ethanolweremixed at a 3:1 aqueous to ethanol
ratio in the following combinations: sa-mRNA, IL; sa-mRNA, phospholi-
pid; sa-mRNA, cholesterol; sa-mRNA,PEG lipid; sa-mRNA, IL, cholesterol;

Fig. 6 | Proposedmodel for lipid adduction ofmRNA from peroxide species of IL. aTertiary amines interact with phosphates inmRNA. b Peroxidized lipid tails exposed
to the aqueous environment convert to c aldehydes which can d react and bond with amines in nearby nucleotides.
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sa-mRNA, IL, phospholipid; sa-mRNA, IL, PEG lipid; sa-mRNA, IL,
phospholipid, cholesterol, PEG lipid.Mixturesweremade in sodiumacetate
(37.5mM; pH 5.5) and stored at ambient temperature for 48 h.

RNA Extraction from LNPs and mRNA/ionizable lipid mixtures
LNPs andmixtures of mRNA and lipids were extracted in a 1:10 dilution in
60mM ammonium acetate in isopropyl alcohol (IPA) and centrifuged at
4 °C for 20min at 14,000 rpm. Pellets were washed with 1mL of IPA and
centrifuged at 4 °C for 5min at 14,000 rpm. Pellets were air dried and
resuspended in RNAse-free water (Promega), and mRNA concentrations
were measured with a Nanodrop LITE (Thermo Scientific).

IP-RP-LC-UV mRNA lipid adduction assay
Chromatographic separation of samples was performed on a Vanquish
UHPLC (Thermo Scientific) using a reverse-phase column at 0.2mL/min
flow rate at 55 °C. Mobile phase A (MPA) was triethylammonium acetate
(TEAA)(100mM; Millipore-Sigma) in water, and mobile phase B (MPB)
was TEAA (100mM) in acetonitrile (Millipore-Sigma). Separationmethod
MPB%: 10%hold for 3min, 10–30% in 2min, 30–60% in 0.5min, 60–100%
in 2.5 min, 100% hold for 1min, 100–10% in 0.1 min, and 10% hold for
2.9min. ExtractedmRNAsampleswere injected at 200 ng, and elutedpeaks
were detected at 260 nm wavelength using a UV detector.

Fractionation of IL with LC
Lipid fractionation was performed on a Vanquish UPLC (Thermo Scien-
tific) using an XBridge BEH C18 OBD Prep Column, 130Å, 5 µm,
10 × 100mm(Waters) column at 50 °Cwith 0.95mL/min flow rate.Mobile
phases used were as follows: MPA was trifluoracetic acid (TFA) (0.1%;
Millipore-Sigma) in water, and MPB was TFA (0.1%) in isopropanol
(Thermo Fisher Scientific). Samples were separated using the following
MPB% %: 30% hold for 5min, 30–70% in 0.1min, 70–77% in 6.9min,
77–100% in 0.1min, 100% hold for 2.9min, 100–30% in 0.1min, and 30%
hold for 3.9min. Approximately 100 µg (5 µg/µL) of lipid was injected per
run for 12 runs, and eluted peaks were detected at 214 nm wavelength, and
peaks of interest were collected using a fraction collector. Fractions were
dried using a stream of dry nitrogen gas and resuspended in ethanol
(Koptec). Fractionated samples were resuspended in the combined volume
of ethanol used for 6 sample injections, and recovery was estimated at 80%.
Positive mode IP-RP LC-MS of fractions was performed to confirm the
masses of isolated species.

Negative mode LC-MS for mRNA oligomer/ionizable lipid
mixtures
ESI-MS was performed using an Orbitrap Exploris 240 (Thermo Fisher
Scientific) in negative ion mode using nitrogen sheath and auxiliary gas.
Analysis was performed with ion transfer tube temperature 325 °C,
vaporizer temperature at 325 °C, negative voltage of 2500 V, sheath gas 45
Arb, aux gas 15Arb, sweepgas 2Arb.OrbitrapResolutionwas 120,000,with
scan range 570–2000m/z and 70%RF lens. AGCTarget was Standard, with
a custom injection time of 100ms. 200 ng of extractedmRNAoligomerwas
separated using an ACQUITY Premier Oligonucleotide C18 2.1 ×50mm
column with 130 Å pore size and 1.7 µm particle size (Waters) at a 0.2 mL/
min flow rate at 55 °C using a column pre-heater on a Vanquish UHPLC
(Thermo Scientific). MPA was triethylamine (10mM; TEA) (Millipore-
Sigma) and hexafluoro-2-propanol (HFIP) (50mM; Sigma-Aldrich) in
water, andMPB was TEA (10mM) and HFIP (50mM) in methanol (50%;
Millipore-Sigma). Separation method MPB %: 2-10% in 3min, 10-30% in
2min, 30–60% in 0.5 min, 60–100% in 2.5min, 100% hold for 1min, 100-
2% in 0.1 min, and 2% hold for 2.9 min. UV was also collected at 260 nm.
Peakdeconvolutionwasperformed inBioPharmaFinder IntactMassmode.

LC-MS structural elucidation of lipids and unknown species
ESI-MS was performed using an Orbitrap Exploris 240 (Thermo Scientific)
in positive ion mode using nitrogen sheath and auxiliary gas. Analysis was
performed with ion transfer tube temperature 275 °C, vaporizer

temperature at 300 °C, positive voltage of 3250 V, sheath gas 40Arb, aux gas
10 Arb, sweep gas 1 Arb. The MS1 resolution was 120,000 with scan range
105–1200m/z and 70% RF lens. AGC Target was Standard, with a custom
injection time of 50ms. Standard intensity and dynamic exclusion filters
were applied. Data-dependent MS2 was performed with an isolation win-
dowof1.5m/z,Orbitrap resolutionof 30,000, and steppednormalizedHCD
collision energy of 25/30%. The scan range was defined by the first mass of
40m/z. AGC Target was Standard, with a custom injection time of 54ms.
Approximately 1.125 µg (1125 ng/µL) of lipid was injected, and samples
were separated using an ACQUITY UPLC BEH C18 2.1 ×50mm column
with130 Åpore size and1.7 µmparticle size (Waters) at a 0.25mL/minflow
rate. MPA is TFA (0.1%) in water. MPB is TFA (0.1%) in isopropanol. The
Vanquish UHPLC system had a column temperature of 50 °C using a
column pre-heater and oven (Thermo Scientific). Lipid was separated using
the following MPB %: 30% hold for 5min, 30-70% in 0.1min, 70-77% in
6.9min, 77–100% in 0.1min, 100% hold for 2.9 min, 100-30% in 0.1min,
and 30% hold for 3.9 min. UV was also collected at 214 nm. Data analysis
was performed in FreeStyle and Skyline33,34 software.

sa-mRNA activity assay
BHK-21 cells (ATCC; catalog #BHK-21 [C-13]) were cultured in growth
media (DMEM+ 1%Pen/Strep+ 5%FBS+ 1%Glutamax (L-glutamine)).
A population of 1×106 cells in 250 µL in Opti-MEM (Gibco; catalog
#31985062) was electroporated with a Genepulser (BioRad, catalog
#11668019) with 100 ng extracted mRNA. Cells were transferred to 6-well
plates with outgrowth media (DMEM+ 1% Pen/Strep + 5% FBS+ 1%
Glutamax) and incubated for 18 h at 37 °C before staining with anti-H1/H5
and anti-N1 antibodies, followed by analysis with anAccuri flow-cytometer
(BD). An sa-mRNA reference standard was included as an assay control
(Supplementary Fig. 2). The gating strategy is exemplified in Supplemen-
tary Fig. 9.

Capillary electrophoresis
The samples were analyzed on a Sciex PA800 Plus system with a laser-
induced fluorescence detector. The extracted mRNA was diluted to
approximately 25 µg/mL and combined with Formamide (Thermo Scien-
tific) at a ratio of 1:1 and SYBR Green II (Thermo Scientific) in dimethyl
sulfoxide (Fisher Chemical) at a ratio of 1:500. The sample was heated at
70 °C for 2min and transferred to ice. After cooling for 5min, the samples
were briefly centrifuged and degassed. The gel and dyemixture consisted of
1% polyvinylpyrrolidone, 1x Tris (89mM)-buffered borate (89mM) with
2mM EDTA (Invitrogen), 4M urea (Sigma-Aldrich), and 1:5000 SYBR
Green II. Pressure injection of 0.5 psi for 5 s was used. Separation proceeded
at 5.0 kV for 17min. Data was analyzed using 32 Karat software.

ICP-MS analysis of lipids
ICP-MS analysis of IL was performed on an Agilent 7700x in Hemode. To
100mg of each sample in a tared microwave digestion vessel, 200 μL nitric
acid (HNO3) and 1000 μL of water were added. A digestion blank was
prepared without the addition of a sample. Vessels were digested at 190 °C
for 10min in a microwave digestion system and brought to 10mL final
volume in water after cooling to ambient conditions. A single-point cali-
bration reference standard was at 100 ppb by pipetting 100 μL of a multi-
element custom standard into 10mL final volume with HNO3 (2%; v/v)
(Supplementary Table 1).

Dodecyl aldehyde (DA) spiking of mRNA/ionizable lipid mixtures
For sa-mRNAmixtures with IL, sa-mRNA (0.075mg/mL) in water and IL
lipid (1.5mg/mL) in ethanol weremixed in a 3:1 aqueous to ethanol ratio in
40 µL in sodiumacetate (37.5 mM; pH5.5). ForDA (Sigma-Aldrich) spiked
mixtures, DA was diluted in ethanol andmixed with IL at 5%, 25%, or 50%
by weight of IL before being mixed with sa-mRNA. For DA-spiked control
samples, DAwasmixed with sa-mRNA at 5%, 25%, or 50% byweight of IL.
Mixtures were stored at ambient temperature in the dark for 48 h and
extracted as described (Supplementary Fig. 8).
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Statistics and reproducibility
Assay measurements were taken from distinct samples. Formal statistical
analyses were not performed as this is an observational descriptive study.
Evaluation of late eluting species were performed using RP-IPwithUVdata
for initial identification of the lipid modifications, and stability in a time
course are representative results which were replicated > 60 times with
similar results (Fig. 1). Screening of lipid components of LNPs and their
combinations inmixtureswith ILwere replicated2 timeswith similar results
(Fig. 1). Experiments analyzing the levels of species in different lots of IL
using XIC data versus the capacity of the IL lot to produce adductedmRNA
using the lipid adduction assay were replicated 3 times with similar results
(Fig. 2). Fragmentation analysis of IL species using LC-MS2 was replicated 3
times with similar results (Fig. 3). Experiments where peroxide species were
fractionated by RP-LC and spiked into mixtures of IL and sa-mRNA were
replicated 3 times with similar results (Fig. 4). Experiments using LC-MS to
analyze lipid modificationmass onmRNAoligomer frommixtures with IL
were replicated 4 times with similar results and with IL-C and MC3
experiments were replicated 2 times with similar results (Fig. 5).

For data shown in the supplementary information, the lipid adduction
assay with late peak observation has been performed > 60 times, and
representative testing results were chosen to summarize screening studies
(Supplementary Fig. 1). Experiments evaluating relativemRNA integrity by
lipid adduction assay and CE versus activity were replicated 3 times with
similar results (Supplementary Fig. 2).MS analysis of early elutingpeak in IL
lotswas performed3 timeswith similar results (SupplementaryFig. 3 and4).
Analysis of the presence or absence of characteristicMS2 mass fragments of
IL in two different +16 Da species was performed 3 times with similar
results (Supplementary Fig. 5). Analysis of characteristic MS2 fragments to
identify IL and peroxide degradation products of peroxidized IL was per-
formed 3 times with similar results (Supplementary Fig. 6). Experiments
assessing adducted mRNA inmixtures of MC3 and sa-mRNAusing IP-RP
mRNA lipid adduction assay and species in MC3 lipid using LC-MS were
performed 2 times with similar results (Supplementary Fig. 7). Experiments
where DA was spiked into mixtures of sa-mRNA and IL and extracted sa-
mRNA was analyzed using the IP-RP mRNA lipid adduction assay were
repeated 3 times with similar results (Supplementary Fig. 8). Evaluation of
elemental species in IL batches using ICP-MS was performed once (Sup-
plementary Table 1).

Reporting summary
Further information on research design is available in the Nature Portfolio
Reporting Summary linked to this article.

Data availability
The source data supporting the graphs and charts are available in the Sup-
plementary Data file. The data within this paper and other findings of this
study are available from the corresponding author upon reasonable request.
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