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This technical note presents the characterization of mMRNA-LNP
samples using an optimized sample preparation method
developed in a previous study.! The method eliminates the heat
incubation during sample preparation of both mRNA and
mRNA-LNP formulations to prevent heat-induced degradation,
thereby significantly enhancing the accuracy of mRNA integrity
analysis. Following sample preparation, the samples are
analyzed using capillary gel electrophoresis with laser-induced
fluorescence detection (CGE-LIF]), a robust and sensitive
technique well-suited for evaluating mRNA integrity, purity,
stahility, and encapsulation efficiency (EE%] in LNPs.

In this study, the optimized method was further validated and
applied to characterize several critical quality attributes [CQAS]
of mMRNA-LNP samples during their production. First, the
repeatability of mRNA integrity analysis was assessed for both
mRNA drug substance [BDS) and mRNA-LNP drug product (DP),
demonstrating excellent consistency and reliability. Second,
the method’s quantitation capability was confirmed by
establishing linearity across a range of mRNA concentrations,
with R? values > 0.994 across six independent runs. Third, a
forced degradation study under elevated temperatures was

MRNA-LNP samples using an

temperature-dependent degradation patterns. Finally, the
method was applied to determine EE%, achieving an average of
93.8% with high reproducibility.

Overall, this optimized sample preparation and CGE-LIF analysis
method provides a reliable, accurate, and comprehensive
approach for characterizing mRNA-LNP products, supporting

the development, quality control, and regulatory evaluation of
high-guality mRNA-based therapeutics and vaccines.

e Heat-free, optimized sample preparation: Eliminates
heat-induced degradation during processing, ensuring
accurate and reliable mRNA integrity analysis.

High precision and reproducibility: Delivers excellent
repeatability (RSD < 0.5% for migration time; RSD < 2.5%
for purity) and robust quantification [R* > 0.994] across
multiple runs.

Comprehensive characterization: Enables effective
assessment of MRNA stability, EE% (average 93.8%]), and
integrity using a sensitive CGE-LIF platform—supporting
quality control of mMRNA-LNP therapeutics.
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Figure 1. Degradation kinetics of mRNA in mRNA-LNP samples under different thermal stress conditions. The percentage of intact mRNA was normalized to
the 0-minute time point and plotted over time at 95°C (red), 70°C (yellow), and 50°C [blue]. The results illustrate that higher temperatures accelerate mRNA

degradation.



Introduction

mRNA-based therapeutics and vaccines have emerged as a
transformative class of biopharmaceuticals, offering rapid
development timelines, scalable manufacturing, and flexible
design capabilities.? LNPs are widely used to encapsulate and
deliver mRNA in vivo, protecting it from enzymatic degradation
and enabling efficient cellular uptake As mMRNA-LNP
formulations progress through development into clinical and
commercial manufacturing, there is a growing need for robust,
high-resolution analytical methods to characterize CQAs such
as mRNA integrity, purity, stability, and EE%.*>

However, the inherently fragile nature of mRNA poses
significant analytical challenges, particularly during sample
preparation, where conventional heat-based methods can lead
to degradation and inaccurate assessments.® To address this
sample
preparation protocol that avoids heat incubation and instead
utilizes Triton X-100 and formamide with shaking at room
temperature. This gentle approach preserves RNA integrity
while enabling efficient release of mMRNA from LNPs.

issue, we previously developed an optimized

In this technical note, we apply and further validate the
optimized method for the comprehensive characterization of
mRNA-LNP samples using CGE-LIF. CGE-LIF is a highly sensitive
and reproducible platform ideally suited for analyzing mRNA
size, purity, and degradation profiles. The method is evaluated
across key analytical dimensions, including repeatability,
quantitation capahility, stability under thermal stress, and EE%.
Together,
reliability, and applicability of the optimized workflow for the
development and guality control of mRNA-based therapeutics

these assessments support the robustness,

and vaccines.

Materials: The RNA 9000 Purity & Integrity kit [(P/N: C48231)
was from SCIEX [Framingham, MA] and contained Nucleic Acid
Extended Range Gel, SYBR™ Green Il RNA Gel Stain* Acid
Wash/Regenerating Solution, CE Grade Water and ssRNA Ladder.
The BioPhase BFS capillary cartridge - 8 x 30 cm (P/N: 5080121),
BioPhase sample and reagent plates (4,4,8] (P/N: 5080311] and
sample loading solution (SLS, or formamide, P/N: 608082) were
from SCIEX. The 0.2 um syringe filter (P/N: 4612] was from PALL
(Port Washington, NY]. Rainin LTS filter tips were from Mettler

Toledo [Oakland, CA]. Nuclease-free water [NFW, P/N: AM3932)
and Surfact-Amps X-100 [10% (v/v] (Triton X-100, P/N: 28314)]
were obtained from Thermo Fisher Scientific (Waltham, MA].
The firefly luciferase (FLuc) mRNA (P/N: L-7602, 1929
nucleotides) was from TriLink BioTechnologies [San Diego, CA).
In this technical note, it was used as a model to represent the
DS of an mRNA-based vaccine. Moderna-like lipid nanoparticles
(LNPs] encapsulating CleanCap® FLuc mRNA, also supplied by
TriLink, were formulated by SINTEF [Trondheim, Norway] and
used as the model DP for mRNA-LNP vaccine analysis in this
technical note.

Sample preparation

Sample preparation for calibration curve: FLuc mRNA was
diluted with CE-grade water, and formamide (50% final
concentration) was added to each sample to achieve an 8-point
calibration curve of mRNA at a concentration from 0.5 to 13.5

pg/mL.

Optimized sample preparation for mRNA DS sample: 10 plL
of the mRNA was mixed with 40 pL of CE-grade water. Finally,
50 pL of formamide [50% final concentration) was added, and
the sample was incubated at room temperature for 10 min.

Optimized sample preparation for the mRNA-LNP sample:
10 plL of the mRNA-LNP sample was mixed with 15 uL of Triton
X-100 to achieve a final concentration of 1.2%. The mixture was
shaken at 800 rpm at room temperature (RT]) for 10 min.
Subsequently, 25 pL of CE-grade water was added and the
sample mixed thoroughly. Finally, SO pL of formamide [50% final
concentration] was added, and the sample was incubated at
room temperature for 10 min.

Instrument methods

A BioPhase 8800 system [P/N 5083590] equipped with LIF
detection was from SCIEX. The excitation and emission
wavelengths used were 488 nm and 520 nm, respectively. Data
acquisition and analysis were performed using BioPhase
software, version 1.2.20.

The conditioning method, separation methods (pressure
injection mode or electrokinetic injection mode], and the


https://sciex.li/3b10a1

shutdown method used in this technical note were described in
the application guide of the RNA 3000 Purity & Integrity kit.1°

Results and discussion

Optimized mRNA and mRNA-LNP sample preparation

method: As discussed in the previous technical note!® the
fragile nature of mMRNA presents significant challenges during
the preparation of samples for mRNA-based therapeutics and
vaccines. Heat incubation, commonly used during the
preparation of mRNA drug substances and mRNA-LNP drug
products, can lead to mRNA degradation, compromising the
accuracy of analytical results. To address this, an optimized
sample preparation protocol was developed that avoids heat
incubation to preserve mRNA integrity.

For mRNA sample analysis, 50% formamide was added to
denature the mRNA prior to loading onto the BioPhase 8800
system. For mRNA-LNP samples, the optimized protocol
involved treatment with 1.2% Triton X-100 to disrupt the lipid
nanoparticles, followed hy the addition of formamide and
shaking at 800 rpm at room temperature for 10 minutes. This
approach maximized mRNA release while minimizing
degradation. In addition, pressure injection was identified as the
preferred method for sample introduction, particularly for
samples with low concentration or high salt content.

The performance of this optimized sample preparation method
was further evaluated for the characterization of both mRNA
and mRNA-LNP samples. The refined protocol significantly
improved the reliability and reproducibility of mRNA integrity
analysis, thereby supporting the development of high-quality
mRNA-LNP drug products essential for advancing mRNA-based
therapeutics and vaccines.

In this technical note, Fluc mRNA was used as a model to
demonstrate the optimized method for assessing mMRNA
integrity, stahility (of both mRNA and mRNA-LNPs], and LNP
EE% during mRNA-LNP manufacturing.

Excellent repeatability of mRNA integrity analysis: To
ensure consistent and reliable mRNA integrity analysis, the
method's repeatahility was evaluated for hoth mRNA DS and
mRNA-LNP DP samples. The results demonstrated excellent
repeatability, as indicated by the low %RSD values for hoth the
migration time (MT] of the mRNA main peak and sample purity.

Figure 2 presents the overlaid electropherograms of mRNA DS
analyzed across eight capillaries using the multi-capillary
BioPhase 8800 system. The calibrated migration time was
applied to align the main peak across all eight capillaries. Tahle
1 summarizes the repeatability data, showing %RSD values of
0.3% for migration time and 0.7% for purity of the mRNA main
peak, both indicating high analytical precision.
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Figure 2: Overlaid electropherograms of mRNA drug substance analyzed
acrass eight capillaries on the BioPhase 8800 system. Calibrated migration
time was used to align the main peak, demonstrating high consistency across
capillaries.

Table 1: Repeatability results for the analysis of the mRNA DS across eight
capillaries.

Sample prep. # Migration time [min) CPA%
A 16.9 87.2

B 16.9 86.8

C 16.9 877

D 16.9 86.6

E 170 877

F 16.9 87.8

G 16.8 87.0

H 16.9 86.1
Average 169 871
%RSD 0.3% 0.7%

Similarly, Figure 3 shows overlaid electropherograms of the
mRNA-LNP drug product analyzed on four different capillaries,
each with three replicates. Again, the calibrated migration time
was used to align the main peaks across the traces. Table 2
presents the repeatability data for the mRNA-LNP samples,
with %RSD values of 0.5% for migration time and 2.3% for purity,
confirming the method's robustness and consistency.
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Figure 3: Overlaid electropherograms of mRNA-LNP drug product analyzed
on four capillaries with three replicates each. Calibrated migration time
alignment confirms consistent mRNA peak detection and minimal variability.

Overall, the optimized sample preparation and analysis protocaol
demonstrates high repeatahility and reproducihility for mRNA
integrity assessment. This robust method provides a reliable
analytical tool for the quality control of both mRNA drug
substances and mRNA-LNP drug products.

Table 2: Repeatability results for analysis of the mRNA-LNP DP across four
capillaries with three replicates.

Sample preparation # Migration time [min) CPA%
Capillary A-injection #1 171 86.0
Capillary B-injection #1 17.0 83.8
Capillary C-injection #1 17.0 80.5
Capillary D-injection #1 17.0 81.3
Capillary A-injection #2 17.2 83.6
Capillary B-injection #2 171 80.2
Capillary C-injection #2 171 80.2
Capillary D-injection #2 171 82.6
Capillary A-injection #3 17.3 81.0
Capillary B-injection #3 17.2 84.8
Capillary C-injection #3 17.2 81.9
Capillary D-injection #3 171 83.2
Average 171 824

%RSD 0.5% 2.3%

Quantitation capability: To evaluate the quantitation
capability of the optimized method, we assessed its linearity
across a range of mMRNA concentrations over six different days.
The response was plotted against concentration, and the
resulting calibration curves—shown in Figure 4—demonstrated
excellent linearity, with coefficients of determination [R?)
consistently noless than 0.994. The limit of detection (LOD] was

determined to be 0.25 pg/pL for the Fluc mRNA standard.

Calibration curve of mRNA standard on 6 days:
LIF response versus mRNA concentration
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Figure 4: Calibration curves generated from Fluc mRNA standards analyzed
over six different days to evaluate the linearity of the optimized method.
Each curve demonstrates a strong linear relationship between signal response
and mRNA concentration, with R* values > 0.994, confirming excellent
guantitation capability and method reproducibility.

Some variation in calibration curve intensities was observed
across the six runs, with approximately 15% variability in signal
response between days. This variation can be attributed to
several factors. First, the mRNA standards were freshly
prepared for each run, potentially introducing slight differences
in concentration or handling. Second, minor inconsistencies in
the amount of dye added to the separation gel during each
preparation may have affected signal intensity. Additionally,
detector variability between runs could also contribute to the
observed differences. Given these factors, a calibration curve
should be freshly prepared alongside the samples for each
analytical run to ensure accurate and consistent quantitation.

Overall, this optimized method provides a reliable and robust
analytical tool for the quantitation of mRNA in mRNA-LNP
samples, supporting the development and quality control of
high-guality mRNA-based therapeutics and vaccines.

Forced degradation study: To investigate the stability of
mRNA-LNP samples under various stress conditions, a forced
degradation study was conducted using the optimized method.
The samples were subjected to different temperatures [95°C,
70°C, and 50°C] for varying incubation times.

Figure 1 shows the percentage of intact mRNA detected at
different incubation times and temperatures, normalized to the
0-minute time point. The plots illustrate the degradation



kinetics of mMRNA in mRNA-LNP samples under each
temperature condition. As expected, higher temperatures
accelerated mRNA degradation. At 95°C, degradation was rapid,
with a substantial reduction in intact mRNA (red bars in Figure
1]. At 70°C, degradation occurred more gradually, showing a
progressive decline in the intact mRNA signal [yellow bars). At
50°C, degradation proceeded at the slowest rate, with only a
modest decrease in intact mRNA over time [blue bars].

In addition to quantifying the loss of intact mRNA, the extent of
degradation was evaluated by measuring the smear signal,
representing fragmented RNA. As an example, Figure 5 shows
the electropherograms of mMRNA-LNP samples incubated at
70°C for 1 minute (Figure 5A) and 30 minutes (Figure 5B]. Over
time, the intensity of the main peak decreased while the smear
signal increased, indicating progressive degradation.
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Figure 6 presents a time-course analysis of mRNA degradation
at 70°C for both mRNA drug substance [DS) and mRNA drug
product [DP) samples. The data demonstrate a consistent
decrease inintact mRNA and a corresponding increase in smear
signal with longer incubation times, further demonstrating the
method's ability to detect and quantify both intact and
degraded species.

These results highlight the critical impact of temperature on
mRNA stabhility and underscore the importance of stringent
temperature control during the manufacturing, storage, and
handling of mMRNA and mRNA-LNP products. The optimized
method proved effective in monitoring both intact and
degraded mRNA, confirming its robustness and reliability for
stability studies.
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Figure 5: Electropherograms of mRNA-LNP samples incubated at 70°C for 1 minute (A] and 30 minutes [B). The intensity of the intact mRNA peak decreased, while
the smear signal—representing degraded mRNA—increased over time, indicating progressive thermal degradation.



mMRNA-LNP degradation at 70°C over time
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Figure 6: Time-course degradation profiles of mRNA drug DS and mRNA DP samples incubated at 70°C. The percentage of intact mRNA decreased while the
degradation smear increased over time, demonstrating the method's capability to quantify both intact and degraded RNA species.

EE% determination: To determine the EE% of the mRNA-LNP
drug product, samples and calibration curves were prepared in
a 96-well plate format. Two calibration curves were generated:
one for the measurement of total MRNA (using Triton X-100 to
disrupt the LNPs during sample preparation] and the other for
the quantification of free, unencapsulated mRNA. All samples
were prepared in triplicate for both free RNA and total RNA
analyses.

EE% was calculated based on the difference between the
measured total RNA and free RNA concentrations. The results,
summarized in Tahle 3, show an average EE% of 93.8%, with a
relative standard deviation [RSD] of 0.9% across three
replicates. This high EE% indicates that the vast majority of
mRNA was successfully encapsulated within the lipid
nanoparticles, minimizing the amount of unencapsulated (free)
RNA. The inclusion of Triton X-100 in the sample preparation
step effectively disrupted the lipid nanoparticles, enabling
accurate quantitation of total mRNA.

These results confirm that the optimized method is reliahle and
precise for determining EE%, a critical parameter, for evaluating
the quality and performance of mRNA-LNP formulations. High
EE% ensures effective protection and delivery of mRNA,
supporting the development of stable and efficacious mRNA-
based therapeutics and vaccines.

Table 3: EE% of mRNA-LNP DP determined from triplicate measurements of
total RNA and free RNA. The average EE was 93.8% with a relative standard
deviation (RSD) of 0.9%, demonstrating high encapsulation and excellent
reproducibility of the optimized method.

Sample Total Free

prepar’;ﬁon RNA, RNA, EE Average  RSD
pg/mL pg/mL

#1 55.98 3.71 93.4%

#2 50.80 3.45 93.2%  93.8%  0.9%

#3 50.08 2.66 94.7%
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In summary, this technical note demonstrates the effectiveness
of the optimized release method for characterizing mRNA-LNP
samples using capillary gel electrophoresis [CGE]). The key
findings are:

e Optimized, heat-free sample preparation: Eliminates
heat incubation during sample prep to prevent mRNA
degradation, significantly improving the accuracy and
integrity of mRNA analysis.

o Excellent repeatability and quantitation capabhility:
Ensures consistent and reliable mRNA integrity results
for both mRNA drug substances [BS]) and mRNA-LNP
drug products (DP), with low %RSD in peak migration
time and purity across multiple capillaries.

e (Outstanding quantitation capabhility: Demonstrates
excellent linearity (R> = 0.994) across a wide range of
mRNA concentrations over six independent runs,
enabling accurate and reproducihle quantitation.

e Robust forced degradation assessment: Evaluates
mRNA and mRNA-LNP stahility under thermal stress
(95°C, 70°C, 50°C), highlighting temperature-
dependent degradation patterns and the method’s
sensitivity in detecting both intact and degraded
species.

e Accurate EE% determination: Measures the total and
free RNA to determine EE%, achieving an average EE of
93.8% with high precision and reproducibility.

e Comprehensive characterization: The optimized
method supports the development of high-quality
mRNA-LNP products, essential for advancing mRNA-
based therapeutics and vaccines.
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