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The long-term stability of mRNA lipid nanoparticles (LNPs) is governed by the chemical resilience of their

constituent lipids, yet the specific degradation pathways triggered by real-world stressors remain poorly

defined. Here, we systematically mapped lipid-specific vulnerabilities in mRNA-LNPs formulated with

three clinically relevant ionizable lipids, DLin-MC3-DMA (MC3), SM-102, and ALC-0315, under controlled

thermal, photo-oxidative, and mechanical stress conditions. Luciferase-encoding mRNA-LNPs were

prepared via microfluidic mixing using a standardized composition of ionizable lipid, helper phospholipid,

cholesterol, and PEG-lipid, and then exposed, for 72 hours, to mild heat (28 °C), ultraviolet (UV, 360 nm)

irradiation, hydrogen peroxide-mediated oxidation, or repeated freeze–thaw cycling. Ultra-high-pressure

liquid chromatography coupled with trapped ion mobility time-of-flight mass spectrometry (UHPLC-

TIMS-TOF MS) enabled high-resolution, structure-specific profiling of intact lipids and degradation

products. We show that UV and oxidative stress, but not modest heat or freeze–thaw cycling, induce

pronounced and lipid-dependent chemical degradation, including headgroup oxidation, ester hydrolysis,

and bond cleavage within MC3, SM-102, and ALC-0315, as well as the helper lipid 1,2-distearoyl-sn-

glycero-3-phosphocholine (DSPC). These modifications occur at levels and sites consistent with

impaired endosomal escape chemistry, despite preservation of particle size, encapsulation efficiency,

and conventional biophysical readouts. By directly linking defined environmental stressors to discrete

ionizable lipid oxidation pathways, this work provides a mechanistic framework for understanding hidden

failure modes in mRNA LNP formulations and establishes UHPLC-TIMS-TOF MS as a powerful tool for

predictive stability assessment and rational design of more robust, regulation-ready mRNA therapeutics.
Introduction

In the rapidly evolving landscape of biomedical research and
therapeutics, mRNA-based lipid nanoparticles (LNPs) have
emerged as an integral tool for modern medicine.1–12 Beyond
vaccines, mRNA-LNPs are being explored for a myriad of
applications, ranging from cancer treatments to genetic disor-
ders, marking a potentially new era in personalized and preci-
sion medicine.13–22 However, the journey from the laboratory to
the clinic is fraught with challenges, the chief one among them
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being the stability and resilience of these LNPs.23–26 The efficacy
of mRNA-LNPs hinges on their ability to maintain structural
integrity and functionality under various physiological and
environmental conditions.23,27,28 This calls for a deeper under-
standing of how external stress factors, such as light exposure,
temperature uctuations, and oxidative stress can impact LNP
stability and, consequently, their therapeutic efficacy.29–31

Comprehensive evaluation of mRNA-LNP stability and
degradation is critical in therapeutic contexts, since the physi-
cochemical integrity of LNPs directly governs mRNA protection,
delivery efficiency, and downstream biological activity. Stable
LNPs protect the mRNA from degradation until it reaches the
target cells, ensuring the therapeutic action of the mRNA is
achieved.32–34 Safety is another crucial aspect of LNP
stability.35,36 Understanding how LNPs degrade and what by-
products they produce is essential to assess their safety
prole. Safe degradation products that the body can easily clear
minimize potential side effects, making the LNPs more suitable
for medical use.37–40
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Additionally, stability of LNPs informs the development of
controlled release mechanisms. By designing LNPs to degrade
under specic conditions, we can create systems that release the
mRNA payload at a controlled rate.41,42 This can enhance the
treatment's efficacy and potentially reduce the dosage
frequency.43,44 Several research studies highlighted the crucial
role of ionizable lipids on mRNA-LNPs efficacy and stability.45–48

The formulation of LNPs also plays a critical role in deter-
mining their stability and performance, as the specic lipid
composition, molar ratios, and assembly conditions govern
nanoparticle structure, cargo protection, and resistance to
environmental stress.49,50 The stability and degradation prop-
erties are inuenced by the composition of LNPs, including the
types of lipids used.

Lipids play a central role in dening the stability, efficacy,
and safety of LNPs used for mRNA delivery.49,51 Ionizable lipids
are the core functional component dictating the structural
stability, delivery efficiency, and safety prole of mRNA-LNPs.
Their acid-responsive charge behavior enables efficient mRNA
encapsulation and endosomal escape, remaining neutral at
physiological pH to minimize cytotoxicity, yet becoming
protonated in acidic endosomes to promote membrane fusion
and cytoplasmic release.52,53 However, the chemical integrity of
ionizable lipids is a major determinant of LNP stability; oxida-
tive or hydrolytic degradation of these lipids can compromise
particle uniformity, reduce transfection efficiency, and increase
inammatory potential.54,55 The alkyl chain composition, linker
chemistry, and headgroup pKa of ionizable lipids collectively
modulate lipid packing, RNA complexation, and metabolic
clearance, making their rational design essential for balancing
potency and safety. While other lipids such as cholesterol,
phospholipids, and PEG-lipids provide structural support and
colloidal stability, it is the ionizable lipid component that ulti-
mately governs the LNP's biophysical resilience and biocom-
patibility during storage, transport, and in vivo delivery.56

Research in this area helps in optimizing these formulations for
improved performance, such as better stability in blood and
efficient delivery to target cells.57–61

Furthermore, the stability of LNPs under various storage and
transport conditions is vital for their practical application,
particularly in regions with limited cold chain infrastructure.
This aspect is critical for ensuring that the therapeutic quality of
mRNA therapies is maintained from production to adminis-
tration. Finally, regulatory approval processes demand
Fig. 1 Schematic overview of environmental stress-induced degradatio

© 2026 The Author(s). Published by the Royal Society of Chemistry
a thorough understanding of the stability and degradation of
LNPs.57,59–62

In this study, LNPs were formulated with ionizable lipids
(MC3, SM-102, and ALC-0315) were formulated independently
using Spark NanoAssemblr™ (Precision NanoSystems) with
a standard formulation technique.23,24,47 To assess the stability
and degradation properties of LNPs, an equal amount of LNPs
was subjected to various stress conditions for 72 hours. These
conditions included thermal stress by heating at 28 °C, expo-
sure to UV light at a wavelength of 360 nm, oxidative stress by
mixing with hydrogen peroxide to achieve a nal concentration
of 100 mM, and mechanical stress through freeze–thaw cycles,
alternating between −20 °C for 12 hours and 22 °C (ambient
temperature) for 12 hours.

Following the exposure to these stress conditions, lipids
were extracted from the LNPs using a chloroform and methanol
mixture. The lipid extracts were analyzed using a Bruker TIMS-
TOF Pro mass spectrometer, which was equipped with a Bruker
Elute ultra-high-performance liquid chromatography (UHPLC)
system and a VIP-HESI source. Both full scanmass spectrometry
(MS) and tandem MS (MS/MS) utilizing Parallel Accumulation-
Serial Fragmentation (PASEF) techniques were employed in
both positive and negative ion modes to comprehensively
prole the lipid components. The resulting data were processed
and analyzed using Metaboscape 2023 and Data Analysis 6.0
soware programs, providing insights into the stability and
degradation behavior of the LNPs under the tested conditions.
Fig. 1 illustrates the principal environmental stressors that
compromise the structural integrity of mRNA LNP formula-
tions, including thermal exposure, oxidative conditions, UV
irradiation, and repeated freeze–thaw cycles. These stressors
can trigger lipid oxidation, hydrolysis, and phase destabiliza-
tion, leading to the disruption of the nanoparticle architecture,
leakage or degradation of encapsulated mRNA, and altered
physicochemical properties. The representative LNP composi-
tion comprises ionizable lipids, helper phospholipids, choles-
terol, and PEG-lipids, which together stabilize and protect the
therapeutic nucleic acid cargo. To systematically characterize
the molecular consequences of these stress conditions, LNP
samples were analyzed using UHPLC-TIMS-TOF MS, enabling
high-resolution proling of degradation products and lipid
oxidation intermediates.

In this context, the objectives of our research are threefold:
Firstly, to unravel the intricate mechanisms by which external
n of mRNA-LNPs and analytical workflow.

RSC Adv., 2026, 16, 18984–18994 | 18985
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stressors affect the stability of mRNA-LNPs, thereby inuencing
their delivery and therapeutic potential. Secondly, to employ
UHPLC techniques coupled with TIMS-TOF mass spectrometry
to investigate the molecular architecture and interactions
within LNPs, lastly, to identify strategies and best practices for
improving the stability and durability of LNPs. These advance-
ments hold the promise not only of enhancing the performance
of current mRNA-LNP formulations but also of paving the way
for the next generations of nanoparticle-based therapies.
Materials and methods

Luciferase-encoding mRNA-LNPs were formulated using three
structurally distinct ionizable lipids-DLin-MC3-DMA (MC3),
SM-102, and ALC-0315-to evaluate lipid-specic responses to
environmental stress. Each formulation was independently
prepared using the NanoAssemblr™ Spark system (Precision
NanoSystems, Vancouver, Canada) following a microuidic
mixing protocol optimized for uniform particle size and
encapsulation efficiency. The organic phase, containing ioniz-
able lipid, helper phospholipid, cholesterol, and PEG-lipid di-
ssolved in ethanol, was rapidly mixed with an aqueous phase of
luciferase-encoding mRNA in citrate buffer (pH 4.0) at a xed
ow ratio to promote spontaneous self-assembly. Formulations
were dialyzed against phosphate-buffered saline (PBS, pH 7.4)
and characterized for particle size, polydispersity index, and
encapsulation efficiency prior to stress testing.32,63,64

Equal aliquots of each LNP formulation were then subjected
to individual stress conditions for 72 hours to simulate envi-
ronmental challenges. Stress treatments included thermal
stress (incubation at 28 °C), photo-oxidative stress (continuous
UV exposure at 360 nm), chemical oxidation (hydrogen peroxide
treatment at a nal concentration of 100 mM), and mechanical
stress from repeated freeze–thaw cycling (−20 °C for 12 hours
followed by 22 °C for 12 hours). Control samples were main-
tained under standard refrigerated storage (4 °C).

Following exposure, lipids were extracted from each sample
using a chloroform :methanol (2 : 1, v/v) mixture, vortexed, and
centrifuged to separate phases. The organic layer was collected,
evaporated under nitrogen, and reconstituted in isopropanol
prior to liquid chromatography-mass spectrometry (LC-MS)
analysis.

The LC-MS analyses were performed using a Bruker Elute
UHPLC system coupled to a Bruker timsTOF Pro mass spec-
trometer. Samples were maintained at 4 °C in the autosampler,
and separations were conducted at a column temperature of
55 °C with an injection volume of approximately 2 mL.

Chromatographic separation was achieved using a YMC
UPLC C18 column (1.9 mm particle size, 100 Å pore size, 2.1 ×

100 mm), preceded by a Triart C18 EXP guard cartridge (1.9 mm,
2.1 × 5 mm). The mobile phases consisted of mobile phase A,
60 : 40 (v/v) acetonitrile:water containing 10 mM ammonium
formate and 0.1% formic acid, and mobile phase B, 90 : 10 (v/v)
isopropanol:acetonitrile containing 10 mM ammonium
formate and 0.1% formic acid. The ow rate was maintained at
0.400 mL min−1 throughout the gradient elution.
18986 | RSC Adv., 2026, 16, 18984–18994
Mass spectrometric detection was performed on a Bruker
timsTOF Pro equipped with a VIP-HESI source, operated in both
positive and negative ionizationmodes. Source parameters were
set as follows: nebulizer gas pressure 2.0 bar, dry gas ow 8
Lmin−1, probe gas temperature 400 °C, and source temperature
230 °C. Capillary voltages were set to ±4500/3600 V for positive
and negative modes, respectively. Ion mobility separations were
conducted using trapped ion mobility spectrometry (TIMS) with
a 100 ms ramp time and an ion mobility range of 0.55–1.90 V s
cm−2 (1/K0). Data were acquired over a mass range of m/z 100–
1350 in full-scan MS and data-dependent MS/MS mode using
DDA-PASEF acquisition.

Mass calibration was performed using sodium formate
cluster ions for m/z calibration and a Bruker Tune Mix solution
for ion mobility calibration. Data processing and analysis were
carried out using Bruker MetaboScape (version 2025b) and
Bruker DataAnalysis (version 6.2).

Results
Ribogreen for mRNA encapsulation efficiency and
concentration

The mRNA concentration and encapsulation efficiency (70–
90%) were determined by the Quant-IT Ribogreen assay. Tris
(10mM, pH = 7.5)/EDTA (1mM) (TE) and Triton/TE (2% v/v
Triton in TE buffer) were added in duplicates to a black
microplate. Total mRNA in the LNP was diluted to∼4 ng mL−1 in
TE and added to each TE and TE/Triton well in a 1 : 1 volume
ratio. Microplates were incubated at 37 °C for 10min to extract
LNPs with Triton. Ribogreen reagent in DMSO was diluted 1 :
100 in TE Buffer and added to each well in a 1 : 1 volume ratio.
Microplates were immediately introduced into the Cytation 5
Cell Imaging Multi-Mode Reader (Biotek) to read Fluorescence
(Ex485/Em528).

Size by dynamic light scattering

Nanoparticle size was 55–70 nm diameters as determined by
dynamic light scattering using a Zetasizer Nano ZS. LNPs were
diluted to 6.25 ng mL−1 total mRNA in PBS pH = 7.4 and
transferred into a quartz cuvette (ZEN2112). Measurements
were made using particle RI of 1.45 and absorption of 0.001 in
PBS at 25 °C with viscosity of 0.888 cP and RI of 1.335. A 173°
backscatter angle of detection previously equilibrated to 25 °C
for 30 s in duplicates was used, each with 5 runs and 10 s run
duration, without delay between measurements. Each
measurement had a xed position of 4.65 mm in the quartz
cuvette with an automatic attenuation selection. Data were
analyzed using a General-Purpose model with normal resolu-
tion. Diameter are reported as the number average.

In vitro transfection

HEK293 cells were seeded in white 96-well plates at a density of
12 × 103 cells per well in 100 mL EMEM medium (10% FBS) the
day before transfection and incubated at 37 °C 5% CO2. LNPs
were diluted to 32 mL containing 200 ng FLuc mRNA and cells
were transfected in triplicates 24 h aer seeding. Aer a further
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Encapsulation efficiency using three ionizing lipids used in this study (panel A) and the nanoparticle diameter (panel B). Panel C
demonstrates a comparison of reporter gene expression from mRNA-loaded lipid nanoparticles formulated with MC3, SM-102, and ALC-0315,
measured as luminescence units (LU). A broken y-axis is used to accommodate the markedly higher signal observed for SM-102 relative to MC3
and ALC-0315.
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24 h, 100 mL of One-Glo substrate was added directly to the wells
to detect luciferase expression based on luminescence in cyta-
tion 5 luminometer plate reader. Fig. 2 displays the encapsu-
lation efficiency and the average particle size in the tested
formulations.

The encapsulation efficiency of the LNPs was assessed using
the Quant-IT Ribogreen assay, yielding an efficiency of approx-
imately 90%. The average diameter of the nanoparticles,
determined by dynamic light scattering with a Zetasizer Nano
ZS, was found to be between 55–70 nm. To evaluate in vitro
expression and conrm the successful formulation of the LNPs,
HEK293 cells were transfected with a 200-ng dose of the
formulated nanoparticles. Our measurements conrmed the
successful formulation and were consistent with the literature.
Impact of environmental stress on mRNA-LNP encapsulation
efficiency

Consistent with the literature, our results indicate that mild
environmental stressors, including modest heat exposure,
ultraviolet irradiation, oxidative stress, and limited freeze–thaw
cycling, generally do not produce immediate or measurable
changes in the encapsulation efficiency (EE) of mRNA-LNPs.
Encapsulation is primarily established during formulation
through electrostatic complexation between ionizable lipids
and mRNA, yielding a structurally robust particle that is resis-
tant to mild post-formulation stress.33,65,66

Thermal stress within moderate ranges accelerates lipid
oxidation and mRNA chemical degradation but does not typi-
cally disrupt particle integrity or induce mRNA release, result-
ing in preserved EE despite reduced biological activity.2,34

Similarly, UV exposure predominantly induces photochemical
damage to nucleobases and lipid headgroups without altering
particle size or mRNA retention, leading to intact encapsulation
with impaired translation efficiency.67

Oxidative stress, such as low-level hydrogen peroxide expo-
sure, preferentially modies ionizable lipids and helper lipids
(e.g., phosphatidylcholines), as well as mRNA bases, without
© 2026 The Author(s). Published by the Royal Society of Chemistry
causing gross membrane disruption or mRNA leakage. As
a result, standard EE assays remain unchanged even though
endosomal escape and functional delivery are compromised
(Estabrook et al., 2025).68

Limited freeze–thaw cycling likewise has minimal impact on
EE in the presence of intact lipid packing and cryoprotective
conditions, although repeated cycles may promote aggregation
or functional loss prior to detectable mRNA release (Cheng
et al., 2025).66 Collectively, these observations highlight a form
of “silent instability”, in which chemically driven degradation of
lipid and mRNA components leads to loss of potency without
detectable changes in encapsulation efficiency, particle size, or
polydispersity. This underscores the limitation of EE as
a standalone stability metric and emphasizes the need for
chemically sensitive analytical methods to assess mRNA-LNP
integrity and performance.
LC-MS analysis

The LC-MS analysis revealed that MC3, SM-102, and ALC-0315
lipids showed signicant degradation when exposed to UV
light and hydrogen peroxide. While heating and freeze/thaw
cycles had minimal impact on the ionizable lipids in mRNA-
LNPs, UV light and oxidative conditions were particularly
detrimental. The degradation products resulting from UV
exposure and oxidation were strikingly similar, suggesting
a free radical mechanism initiated by atmospheric oxygen. Our
ndings, in comparison to other stability studies, emphasize
the mechanistic synthesis aligning with reports that light
exposure reduces expression without altering size, poly-
dispersity index (PDI), and mRNA retention (uorescent light
1000–6000 l× for 20 h). Emphasizing that more chemical
damage occurs, causing the results shown in other studies,
rather than visible physical changes. Using the UHPLC-TIMS-
TOF, we were able to identify and give an explanation for the
chemical damage at the position, with conrmation of the
specic headgroups of ionizable lipids such as MC3 (+1 O).
Concluding that these results t well with QC tests, the single-
RSC Adv., 2026, 16, 18984–18994 | 18987
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Fig. 3 A box plot demonstrating the ionizing lipid ion intensities of (A) MC3, (B) SM-102 and (C) ALC-0315 measured by LC-MS in control and
after stress-induced degradation.
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quadrupole RPLC-MS method, which is known to detect early
oxidation markers (such as aldehydes aer DNPH derivatiza-
tion). Fig. 3 demostrates Box plots showing the ion intensities of
the ionizable lipids (A) MC3, (B) SM-102, and (C) ALC-0315
measured by LC-MS under control conditions and following
stress-induced degradation.

Specically, MC3 was highly susceptible to both oxidative
conditions and UV light, with the primary oxidation product
being MC3 + one oxygen. The fragmentation pattern indicated
that the additional oxygen was inserted between the tertiary
nitrogen and the ester group, leaving the lipid's tail end intact. A
signicant degradation marker for MC3 was identied at m/z =
609.6039, indicating cleavage of the ionizable tertiary nitrogen
head. Fig. 4 demonstrate the LCMS analysis of LNP mixture
containing MC3: (I) control sample and (II) UV-stressed sample.
(A) Base peak chromatogram of the mixture, and (B) retention
time – ion mobility heat map.

Hydrogen peroxide caused oxidation of DSPC, specically
between the quaternary head and the phosphate group, with
a degradation marker found at m/z = 593.5978. Fig. 5 displays
the MS/MS spectra to conrm oxidation of DSPC.

For SM-102, oxidizing conditions led to the formation of
a carboxylate adduct, while UV light resulted in the addition of
18988 | RSC Adv., 2026, 16, 18984–18994
a hydroxyl group on a carbon near the hydroxyl terminus, likely
via a free radical mechanism. This was corroborated by the
fragmentation pattern of m/z = 726.6613. Three levels of
oxidation were observed for SM-102: SM102 + one oxygen
(carboxylate adduct), SM102 + two oxygens, and SM102 + three
oxygens. Fig. 6 shows an overlay of the MS/MS spectra of SM102
and the oxidation by product thereof.

The ALC-0315 lipid demonstrated multiple levels of oxida-
tion (ALC + one oxygen and ALC-0315 + two oxygens) and
extensive alpha cleavage along with numerous C–C cleavages
near the hydroxyl terminus. These ndings underline the
vulnerability of these ionizable lipids to oxidative stress and UV
light, emphasizing the importance of considering these factors
in the formulation and storage of mRNA-LNPs.
Discussion

This study systematically characterizes how the clinically rele-
vant ionizable lipids DLin-MC3-DMA (MC3), SM-102, and ALC-
0315 in mRNA-LNPs undergo chemical degradation under
realistic environmental stress conditions, and demonstrates
why conventional stability metrics can fail to detect this “silent”
degradation. Luciferase-encoding mRNA-LNPs were formulated
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Analysis of LNPmixture containing MC3: (I) control and (II) under UV stress. (A) Base peak chromatogram of the mixture, and (B) heat map
of retention time-ion mobility.
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by microuidic mixing and exposed for 72 hours to mild heat,
UV irradiation, hydrogen peroxide-driven oxidation, or repeated
freeze–thaw cycles, then interrogated using UHPLC-TIMS-TOF
MS to resolve intact lipids and degradation products with
high structural specicity. While particle size, polydispersity,
Fig. 5 The MS/MS spectra of (A) DSPC and (B) oxidized DSPC after H2O

© 2026 The Author(s). Published by the Royal Society of Chemistry
encapsulation efficiency, and in vitro expression initially
appeared acceptable, TIMS-TOF analysis revealed that UV and
oxidative stress, not modest heating or freeze–thaw, induced
extensive, lipid-dependent headgroup oxidation, ester hydro-
lysis, and bond cleavage in MC3, SM-102, ALC-0315, and DSPC,
2 treatment.
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Fig. 6 The MS/MS spectra of (A) oxidized SM102 at m/z = 726 and (B) overlaid MS spectra of SM102 and three levels of oxidation forms.
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at sites critical for endosomal escape and functional delivery. By
mapping these discrete oxidative pathways and aligning them
with prior functional observations in the literature, the work
establishes ionizable lipid oxidation as a primary mechanistic
driver of hidden potency loss and positions UHPLC-TIMS-TOF
MS as a powerful stability-indicating platform to guide formu-
lation design, handling practices, and regulatory-quality control
for mRNA LNP therapeutics.

A recent study by Kamiya et al.33 aimed to assess the impact
of various environmental stressors of LNP stability. The study
focused on evaluating the performance of mRNA-LNPs formu-
lated by DLin-MC3-DMA (MC3) in a 50 : 10 : 38.5 : 1.5 ratio with
DSPC, cholesterol, and DMG-PEG2000. Different stressors were
used, including temperature, light, vibration, syringe handling,
and the presence or absence of a cryoprotectant (sucrose).
Stability was measured by comparing particle size, mRNA
retention, and luciferase protein expression, along with con-
rming mRNA integrity using agarose gel electrophoresis. The
results showed that the LNPs went through morphological
changes due to the absence of sucrose, which caused clumping
and reduced protein expression, highlighting that sucrose plays
a major functional role in preventing aggregation and main-
taining protein expression activity. The data also demonstrated
that environmental stressors such as strong shaking or vortex-
ing for 5 minutes damaged the nanoparticles, in contrast to
gentle tapping or drawing the vaccine into syringes multiple
times, which did not cause harm. The most notable nding was
that exposure to visible light reduced protein expression while
particle size, mRNA retention, and band length remained
intact, leading Kamiya's team to suggest that this hidden effect
was likely caused by oxidation of the lipids or mRNA. However,
18990 | RSC Adv., 2026, 16, 18984–18994
they were unable to directly identify or quantify the chemical
damage incurred by the ionizable lipids.

Our UHPLC-TIMS-TOF analysis helped explain why Kamiya's
hidden effect was likely caused by oxidation and degradation of
the lipids, not the mRNA. In our study, we observed that MC3
gained an oxygen atom (MC3 + 1O), and similar oxidation
patterns were found in SM-102, ALC-0315, and even the helper
lipid DSPC, supporting that UV light and oxidative stress lead to
chemical damage of the ionizable lipids themselves. Our data
emphasize that these reactions occurred at the lipid head-
groups, where oxidation broke key bonds that help the nano-
particles release mRNA inside cells. It is important to note that
these molecular changes do not always alter particle size, which
explains why Kamiya's testing did not show changes in size even
though function was failing. Altogether, both studies have
shown a similar pattern, demonstrating that light and oxygen
exposure quietly damage LNPs, while other factors such as
controlled temperature, freezing with cryoprotectant, and
gentle handling help maintain stability.

Another interesting study that has caught our attention was
by Birdsall et al.69 Birdsall's team developed a QC-friendly RPLC-
MS (single-quadrupole) method to quantify and detect low-
level, impurities that could be found in LNP-formulated prod-
ucts and raw materials, focusing on both ALC-0315 and SM-102.
Their MS conguration achieved a 100- to 1000-fold improve-
ment in sensitivity and dynamic range, allowing routine
detection of reactive degradation products, including N-oxides,
imines, and aldehydes, that form under oxidative or pH stress
and even during short-term room-temperature storage, out-
performing conventional detectors such as Evaporative Light-
Scattering Detection (ELSD) and Charged Aerosol Detection
© 2026 The Author(s). Published by the Royal Society of Chemistry
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(CAD). The results were obtained using 2,4-di-
nitrophenylhydrazine derivatization (DNPH derivatization), and
they were able to quantify aldehydes (e.g., 6-oxohexyl 2-hex-
yldecanoate) in several batches of ALC-0315. Results showed
that aldehydes were carried over into both empty and mRNA-
loaded LNPs. These aldehyde levels were then linked to
several mRNA-adduct peaks observed over 7 days, proving that
reactive lipid products can weaken activity even when optical
tests fail to detect them.

This study pairs with our work because our UHPLC-TIMS-
TOF mapped the exact oxidized lipid species responsible for
those functional losses (MC3 + 1O, staged SM-102 (+1–3O), and
ALC-0315 (+1–2O)). We also detected and pinpointed the exact
oxidation sites on the headgroup, emphasizing the ROS-driven
chemistry that disrupts delivery efficiency without necessarily
shiing DLS metrics. Combining both studies offers a comple-
mentary practical workow: Birdsall's method provides a quick
way to screen for early oxidation markers such as N-oxides and
aldehydes in raw lipids and nished LNPs, while our TIMS-TOF
analysis conrms and identies which lipids were chemically
altered through structural hallmarks. Together, these
approaches strengthen quality control by ensuring minimal
light and oxygen exposure and by monitoring aldehyde forma-
tion and variability in lipid materials of different paths.

Along with reviewing the literature, a recent study by
Schoenmaker et al.23 systematically investigated the stability of
Pzer- and Moderna-type mRNA-LNPs under real-world storage
and handling conditions. The Schoenmaker team documented
several changes in the samples' particle size, PDI, and encap-
sulation when samples were stored between −80 °C and 25 °C,
along with possible repeated freeze–thaw cycling. Physical
degradation and mRNA leakage were documented to occur
rapidly above −20 °C, with size and PDI increases signaling loss
of integrity. The study attributed this mainly to mRNA hydro-
lysis but did not perform any mapping of either lipidomics or
oxidation to explain the mechanisms driving this loss, leaving
a huge gap in mechanistic literature. Our UHPLC-TIMS-TOF
data clarify this gap by explaining that the reason was head-
group oxidation and ester hydrolysis in MC3, SM-102, and
ALC-0315 that occur even under mild temperature shis before
visible aggregation was documented by the Schoenmaker team.

Similar to Schoenmaker et al.,23 another study by Muramatsu
et al.65 investigated the long-term stability of nucleoside-
modied mRNA-LNPs, built with the same lipid architecture
used in most clinical mRNA vaccines. The formulation con-
tained a typical ionizable lipid, (6Z,16Z)-12-((Z)-dec-4-en-1-yl)
docosa-6,16-dien-11-yl 5-(dimethylamino)pentanoate, along
with DSPC, cholesterol, and PEG-lipid in a 50 : 10 : 38.5 : 1.5
molar ratio. Muramatsu's team focused on exposing both wet
and lyophilized formulations to multiple storage stressors,
including a range of temperatures (−80 °C, −20 °C, 4 °C, 25 °C,
and 42 °C) for up to 24 weeks, followed by reconstitution and
testing. Measurements included dynamic light scattering (DLS)
for particle size and PDI, RiboGreen assays for mRNA encap-
sulation, capillary electrophoresis for mRNA integrity, and
UHPLC-CAD for individual lipid quantication. Results illus-
trated that both physical parameters and encapsulation
© 2026 The Author(s). Published by the Royal Society of Chemistry
remained stable, and luciferase and HA mRNA vaccines
preserved their in vivo translation and immunogenicity under
mild conditions (around 4 °C and below). In contrast, higher
temperature exposure (42 °C) caused signicant mRNA degra-
dation (∼70% integrity loss) and functional decline, despite
lipid ratios and particle size remaining constant. Muramatsu's
team concluded that an unknown chemical reaction rather than
physical instability had occurred but were uncertain of the exact
mechanistic cause.

Our UHPLC-TIMS-TOF results provide the missing piece
needed to explain this mechanistic gap and why Muramatsu's
team could not directly track ionizable-lipid chemistry. Their
UHPLC method conrmed lipid composition but lacked
oxidation-sensitive detection, leaving them to infer degradation
only from the loss of biological activity. By contrast, our data
reveal that there is more to the story: under UV and oxidative
stress, oxidation and headgroup cleavage occur within the
ionizable lipid core (MC3 + 1O and similar patterns in SM-102
and ALC-0315). These molecular changes disrupt the tertiary-
amine charge balance required for endosomal fusion, explain-
ing the sharp drop in protein expression at 42 °C without
shiing DLS results. In summary, our results chemically map
the backbone of what Muramatsu's team observed biologically,
showing that heat and oxygen trigger early oxidation at the
ionizable-lipid headgroups before visible aggregation occurs,
dening a clear chemical pathway for high-temperature LNP
degradation, while Muramatsu's results highlight when potency
is lost.

Conclusion

This work establishes a direct and mechanistically grounded
link between environmental stressors and the chemical degra-
dation of ionizable lipids at the core of mRNA LNP stability. By
systematically interrogating MC3, SM-102, and ALC-0315 under
controlled UV, oxidative, thermal, and freeze–thaw conditions,
and resolving their degradation ngerprints using UHPLC-
TIMS-TOF MS, we demonstrate that the most consequential
vulnerabilities of mRNA-LNPs arise not from gross physical
destabilization, but from subtle, site-specic oxidative trans-
formations of ionizable and helper lipids. UV irradiation and
hydrogen peroxide exposure induced pronounced oxidation,
headgroup cleavage, and ester hydrolysis in all three ionizable
lipids and DSPC, while mild heat and repeated freeze–thaw
cycling had comparatively limited impact on their chemical
integrity. Importantly, these molecular insults occurred in
regimes where conventional metrics, particle size, poly-
dispersity, and encapsulation efficiency, remained largely
unchanged, revealing a “silent degradation” window in which
LNPs may retain acceptable physicochemical proles yet suffer
functional decline.

Our ndings reconcile and extend prior stability studies that
observed loss of expression or potency in the absence of overt
changes in bulk properties, by pinpointing ionizable lipid
headgroup oxidation and reactive degradation products as
primary drivers of performance failure. In doing so, this work
underscores that robust evaluation of mRNA-LNP quality
RSC Adv., 2026, 16, 18984–18994 | 18991
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cannot rely solely on DLS, RiboGreen, or compositional assays,
but must incorporate chemically sensitive, stability-indicating
methods capable of detecting low-abundance oxidative species
and bond-specic damage. The UHPLC-TIMS-TOF platform
presented here offers such resolution, providing structural
assignment, isomer separation, and mechanistic insight into
degradation pathways that are directly actionable for formula-
tion design and quality control.

Collectively, these results have signicant implications for
the development, handling, and regulation of mRNA-based
therapeutics. They highlight the critical need to minimize
light and oxidative exposure throughout manufacturing,
storage, and distribution, particularly as mRNA vaccines and
therapies expand into global settings with variable infrastruc-
ture. They also provide a rational framework for engineering
next-generation ionizable lipids with enhanced resistance to
oxidation and for integrating orthogonal analytical workows—
combining high-resolution MS with QC-friendly assays, to
monitor and mitigate deleterious chemical changes over
product lifetime. By chemically dening the failure modes of
current ionizable lipids, this study advances both the scientic
understanding and practical control of mRNA LNP stability,
paving the way toward safer, more durable, and more reliable
nucleic acid nanomedicines.
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