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Quantitative analysis of
lipids and nucleic acids in
lipid nanoparticles using
monolithic column
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Andreja Gramc Livk, and Ales Strancar

Lipid nanoparticles, a promising platform for drug delivery, effectively encapsulating and
protecting nucleic acids. Comprising cationic or ionizable lipids, helper lipids, and PEGylated
lipids, LNPs facilitate cellular uptake and control of payload release. The composition of lip-
ids is crucial for optimizing LNP formulations, necessitating robust analytical methods. This
study presents the development of a reverse phase liquid chromatography method to sepa-
rate and quantify lipids and nucleic acid in LNP formulations. The method utilizes a PATAix®
analytical system equipped with an evaporative light scattering detector and a monolith
CIMac™ C4 HLD chromatographic column. The method demonstrated efficient lipid sep-
aration and detection, with validation following international chromatography handbook
guidelines, highlighting its sensitivity, linearity, precision, and accuracy. Furthermore, the
method’s suitability for quantitative analysis was verified by assessing lipid ratios in various
LNP formulations, confirming its applicability for monitoring lipid composition throughout
the LNPs’ manufacturing process.
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Lipid nanoparticles (LNPs) have emerged
as versatile drug delivery systems capable
of encapsulating various payloads, includ-
ing different nucleic acids [1,2]. LNPs offer
numerous advantages, such as protection of
the payload from degradation, enhanced cel-
lular uptake, and controlled release, making
them promising candidates for therapeutic
applications [3].

Lipid nanoparticles (LNPs) typically com-
prise cationic or ionizable lipids, helper lip-
ids, and PEGylated lipids [4-6]. Cationic or
ionizable lipids play a crucial role in enhanc-
ing the binding and transfection efhiciency of
RNA. Cationic lipids, such as DOTAP, possess
a permanently charged headgroup, while ion-
izable lipids, such as SM-102, acquire charge
in lower pH environments (around a pH of
6-7) and remain uncharged at physiological
pH levels (around 7.4). The positively charged
headgroups of these lipids interact electro-
statically with the negatively charged phos-
phate backbone of RNA, facilitating better
RNA-LNP association. The manufacturing of
LNPs typically occurs under acidic conditions
(pH 4), often implemented in microfluidic
systems. Additionally, ionizable lipids offer the
advantage of improving transfection efficiency,
partly due to enhanced endosomal escape.
Helper lipids, such as cholesterol, DSPC, or
DOPC, contribute to the stability and rigid-
ity of LNDPs, and they also influence cellular
processes such as endocytosis. The incorpora-
tion of PEGylated lipids into LNPs affects a
number of physiological processes, including
prolonged blood circulation, half-life, and
in vivo distribution. Furthermore, these lipids
influence the characteristics of LNDPs, such as
size, encapsulation efficiency, and aggregation.

The advantageous characteristics of lip-
ids and their compositions in the formu-
lation of RNA necessitate the utilization
of suitable analytical methods throughout
the drug development process. It is there-
fore essential that these methods enable the
quantification of individual components
and facilitate stability studies. To devise an
analytical approach for lipid quantification,
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various chromatographic techniques can be
explored. Among these, high-performance
liquid chromatography (HPLC) stands out as
a widely embraced method.

Different HPLC modes can be employed
for analysis of lipids; normal phase liquid
chromatography (NPLC) [7-9], and most
commonly used reverse phase liquid chroma-
tography (RPLC) [10]. In RPLC, a non-polar
stationary phase (typically C18, C8) is used,
and separation is based on the hydrophobic
interactions between the lipid molecules and
the stationary phase [11-13]. The choice of
detector in HPLC hinges upon the proper-
ties of the analytes under examination. Given
that most lipids lack chromophores, UV
detectors may prove inadequate for analyz-
ing LNPs. Other analytical techniques, such
as mass spectrometry (MS) [14-16], refrac-
tive index detectors (RID) [17], evaporative
light scattering detectors (ELSD) [18], and
charged aerosol detector (CAD) [19-21] have
been employed for lipid analysis. However,
MS is often considered too costly for routine
use, and developing a thoroughly validated
method presents challenges. RID suffers from
inherent limitations, primarily low sensitivity,
while CAD struggles with poor signal-to-
noise ratios. ELSD is garnering significant
interest due to its capability to measure
charged particle signals with an electrometer.
Moreover, its response is generally indepen-
dent of the chemical structure of the analyte,
with volatility being a more critical factor.

In this study, a reverse phase liquid
(RPLC)
lizing a PAThx” chromatographic system

chromatography method, uti-
equipped with an ELSD and a monolith
CIMac™ C4 HLD analytical column, was
developed to separate and quantify lipids and
nucleic acid in different LNP formulations.
The developed analytical method was applied
to analyze the lipid composition of LNPs and
to compare the lipid components across differ-
ent LNP formulations. This method allows for
a direct injection of LNP formulations into the
chromatographic system, obviating the need
for dissolution or disassembly of the LNDs.




MATERIALS AND METHODS
Materials

Triethylammonium acetate buffer (TEAA,
HPLC grade) and sucrose (299.5) were
obtained from Sigma-Aldrich (Taufkirchen,
Germany), Dulbecco’s phosphate buffered
saline (PBS) from VWR (Lutterworth, UK)
and isopropanol (IPA, LC-MS grade) from
Merck (Darmstadt, Germany). Buffers were
freshly prepared with LC-MS grade water pur-
chased from Honeywell (Seelze, Germany).
mFix4 was obtained from Sartorius BIA
Separations (Ajdovsé¢ina, Slovenia), cationic
lipid LipidBrick® IM21.7¢ from Polyplus
(Illkirch, France), ionizable lipid SM-102
from Biosynth (Bratislava, Slovakia) and cho-
lesterol from Sigma-Aldrich (Taufkirchen,
Germany), while lipids DOPC, DSPC and
DMG-PEG2k were purchased from Avanti
(Alabaster, AL, USA).

LNP sample preparation

Two LNPs with different lipid composition
were prepared. Lipids used for cationic lipid
LNP were LipidBrick® IM21.7¢c, DOPC,
cholesterol and DMG-PEG2k (molar ratio
33.3:6.7:25.7:1.0), while SM-102, DSPC,
cholesterol and DMG-PEG2k (molar ratio
28.9:5.6:26.7:1.0) were used for ioniz-
able lipid LNP. For both LNPs, mRNA
mFix4 was used. LNPs were prepared
using NanoAssemblr™ Ignite™ system with
NxGen™ cartridge (Precision NanoSystems,
Vancouver, Canada) and were buffer
exchanged to storage buffer (1x PBS, 10%
sucrose, pH 7.4) with 30 kDa cut-off Amicon
filters (Merck, Darmstadt, Germany).

PATfix analytical system
connected to ELSD

Chromatographic experiments were per-
formed using PATfix analytical system, with a
quaternary pump, a multiwavelength UV-Vis
detector, a column thermostat and 8-port
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valve (Sartorius BIA Separations). For lipid
detection, SEDEX LT-ELSD LC™ (Knauer,
Berlin, Germany) was used. Samples were
analyzed with 0.1 mL CIMac C4 analytical
column (2 mL channel size) (Sartorius BIA
Separations). Before analysis, samples were
diluted with 10 mM TEAA and IPA (3:1).
Injection volume was 500 mL. Sample analy-
sis was monitored using UV detection at 260
and 280 nm. ELSD evaporation temperature
was set to 53 °C and the C4 column was kept
at 30 °C. For instrument control and data
processing, PATfix software (Sartorius BIA
Separations) was used.

RESULTS AND DISCUSSION

Lipids and mRNA separation
and determination

The analysis of LNPs in a single assay pres-
ents a significant challenge due to their com-
plex composition, which typically includes
nucleic acid and at least four different lipid
species. The diverse polar properties of these
components make comprehensive analysis
on reverse-phase columns difficult. A chal-
lenge arises from the suboptimal interaction
between polar nucleic acids and the polar
head groups on lipids with reverse-phase col-
umns [18]. Consequently, the employment of
an alternative column or the modification of
the mobile phase may result in enhanced out-
comes. Zhong and colleagues initially pro-
posed an effective approach for the detection
and separation of DOTAP using a C18 col-
umn, with TFA included in the mobile phase.
TFA serves to protect the positively charged
headgroups of cationic and ionizable lipids,
thereby extending their interaction with the
stationary phase.

The objective of this study is to expand the
scope of lipid analysis assays to encompass
the detection of nucleic acid in LNP formu-
lations. The substitution of TFA with the less
aggressive ion-pairing reagent TEAA played a
pivotal role in alleviating the issue of excessive
and irreversible interaction between mRNA
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in LNP formulations and the C4 reverse-
phase column. This substitution effectively
facilitated the separation of all lipids in the
LNP formulation, while promoting efficient
binding of the nucleic acid.

Figure 1 illustrates two examples of the sep-
aration of four distinct lipids commonly used
in LNP formation. The upper section of the
figure displays UV signals at 260 nm, while
the lower section shows the ELSD signal trace.
Due to the absence of chromophores, lipids
do not exhibit any response in the UV sec-
tion of the chromatogram. Instead, their pres-
ence is detected solely in the ELSD section.
In Figure 1A, an ionizable lipid is employed
alongside cholesterol, a phospholipid, and a
pegylated lipid. In Figure 1B, a cationic lipid
is used in conjunction with cholesterol, a
phospholipid, and a pegylated lipid. In both
scenarios, separation was achieved using a
C4 HLD column with ELSD detection in an
increased isopropanol gradient. The method
yielded distinct peaks and a baseline separa-
tion of all four lipids. The elution order of all
four lipids is governed by their hydrophobic
nature. The more polar lipids are eluted first,
followed by the phospholipid, cholesterol, and
then the ionizable/cationic lipid, respectively.

In order to assess the suitability of the
method for LNP formulation investiga-
tion, LNPs were directly analyzed using this
method without any sample pre-treatment,
with the exception of dilution with the load-
ing buffer. The resulting chromatograms of
LNPs containing ionizable and cationic lipid
are shown in Figure 2A & B, respectively.

In the case of the ionizable lipid LNP for-
mulation (Figure 2A), it can be demonstrated
that all the lipids composing the LNDPs are
effectively separated. Furthermore, an addi-
tional peak is observed in the UV region of the
chromatogram, which represents the mRNA.
It is crucial to acknowledge that this analyti-
cal method is unable to differentiate between
naked mRNA and encapsulated mRNA.
The LNPs were destroyed on the C4 column
during the analysis, resulting in the co-elu-
tion of naked and encapsulated mRNA. A
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comparable observation is made for cationic
lipid LNPs (Figure 2B), where all four lipids are
distinctly separated in the ELSD portion of the
chromatogram. In this instance, the mRNA
peak is also observed in the UV spectra, indi-
cating the elution of the mRNA. For cationic
lipid LNPs, the mRNA elutes at a higher con-
centration of isopropanol, indicating greater
hydrophobicity of the eluted mRNA. This
phenomenon may result from the presence of
the permanently charged cationic lipid, which
can act as an ion-pairing reagent. The polar,
positively charged head of the cationic lipid
interacts with the negatively charged phosphate
groups on the mRNA, while the non-polar tail
of the lipid strongly interacts with the C4 col-
umn, thus prolonging the elution of mRNA.
This interaction illustrates the reason why the
elution of the mRNA occurs simultaneously
with the elution of the cationic lipid from the
C4 column. Consequently, the ELSD elution
peak of the cationic lipid exhibits a different
shape compared to the elution profile when
mRNA is not present in the sample. In addi-
tion to the ability to detect and quantify the
lipids, this method also permits the detection
and quantification of the total mRNA in LNPs
in the same assay.

Method validation

The developed chromatographic method has
been validated by evaluating several criteria,
including sensitivity (limits of detection and
quantification), linearity, precision (repeatabil-
ity, intermediate repeatability) and accuracy
all included in ICH guidance for analytical
method validation [22]. The validation results
are presented in Table 1. LOD and LOQ
for mRNA were determined from signal to
noise ratio of 3 and 10, respectively, using
UV 260 nm absorbance signal. For LOD and
LOQ of lipids, ELSD signal was used instead
(Table 1). The linearity of the method was eval-
uated at six concentration levels for each of
the six lipids and mRNA. ELSD signal does
not vary linearly as function of the injected
mass but in our case follows polynomial
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Chromatogram of four lipids used in preparation of LNP with (A) ionizable lipid, and (B) cationic
lipid.
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Upper part of the chromatogram represents UV-Vis detector signal and lower part ELSD signal. LNP: Lipid
nanoparticles; ELSD: Evaporative light scattering detectors.
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Chromatogram of two LNP samples prepared with (A) ionizable lipid, and (B) cationic lipid.
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Upper part of the chromatogram represents UV-Vis detector signal and lower part ELSD signal.
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Validation results.

Retention
time (min)

Calibration
curve

DMG-PEG2k 7.5

0.9999
0.9997

9.1 y=2602% - 56
10.4 y=0.7171x2
+4.7673x
-3.1714

8.2 y=1.2365x2
+10.886x
-8.8627
y=1.423x2
+5.5894x
-1.9832

8.4 y=0.9497x2
+28.134x
-28.049

9.5 y=2.3862x2
+18.396x
-23.192
y=1.0009x%2
+13.824x
-15.694

0.9989

10.6

0.9994

0.9998

0.9991

0.9991

Recoveries
(%)
n=6
(ELSD)
0.01 0.07 N/A N/A
0.56 0.75 N/A N/A
0.57 0.60 N/A N/A
0.44 0.55 1.0 91.0
0.62 0.69 0.8 95.1
0.56 0.62 1.7 94.5
0.54 0.58 1.2 91.6

Recoveries
RSD (%)
n=6
(ELSD)
N/A

N/A

N/A

0.5

0.3

0.8

0.5

model (ax?+bx+c) (Table 1). In the case of UV
detection of mRINA, normal linear model was
used (y=kx+n) (Table 1). The precision of the
method was evaluated by analyzing standard
mixtures of the four lipids composing LNP
sample with ionizable lipid the at 1 pg/mL
each in ethanol. The relative standard devia-
tion (RSD) values of the peak areas measured
by ELSD from six consecutive injections of the
same standard lipid mixture were calculated to
check the method’s repeatability (Table 1). In
order to assess the accuracy of the method, mix-
tures of the four lipids composing LNP sample
with ionizable lipid were prepared at known
concentrations of 1 mg/mL in ethanol. The
recoveries, expressed as a percentage, between
the known concentrations and the calculated
concentrations of lipids, based on the calibra-
tion curves, were determined (Table 1).

Method application for LNP
composition assessment

The applicability of the validated chro-
matographic method for lipid and mRNA

quantification was evaluated by analyzing
six different LNPs formulations. Three LNPs
were prepared with ionizable lipids, and three
with cationic lipids with addition of phos-
pholipid, cholesterol and pegylated lipid. In
addition to the different lipid compositions,
the lipid ratios varied among the formula-
tions. Samples of LNPs were obtained at var-
ious stages of preparation, including the lipid
mix injected into the microfluidics machine,
the crude LNP sample directly from the
microfluidics machine, and the purified LNP
sample obtained through tangential flow fil-
tration (TFF). The nature and proportion of
lipids must be tailored to each application,
necessitating the quantitative analysis of each
lipid [23]. Subsequently, the chromatographic
method was employed as a quality control tool
to monitor changes in lipid ratios of nanopar-
ticles throughout the manufacturing process.
Prior to subjecting the lipids to the micro-
fluidic machine, the recoveries (percentage of
each lipid compared to the theoretical quan-
tity) were calculated for all lipids, with values
ranging from 92.1%-107.1% for LNPs with
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Molar percentage of the LNP building block lipids in LNP with (A) ionizable lipid, and (B) cationic
lipid.
A LNPs with ionizable lipid
80+
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ionizable lipid and from 96.7%-106.0%.
This demonstrated the reliability of the devel-
oped chromatographic method (Figure 3).

In the case of LNPs prepared with ionizable
lipid, the molar percentage of ionizable lipid
(SM-102) decreased from 46.5%—41.2%
during microfluidic mixing. In contrast, the
molar percentage of cholesterol increased
from 42.9%-48.2%. The molar percentages
of phospholipid and pegylated lipid remain
unchanged during microfluidic mixing. TFF
filtration does not affect the lipid ratio of
the LNPs. The manufacturing process of the
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LNPs resulted in a loss of between 32% of the
total lipid concentration (Figure 3), without
inducing significant changes in lipid molar
ratios. This loss of lipids was probably due to
the elimination of lipids not involved in the
lipid nanoparticles, which were able to pass
through the TFF membrane.

A different observation was made with
LNPs prepared with cationic lipid. In this
case, the molar percentage of cationic lipid
increased slightly from 63.0%—66.5% during
microfluidic mixing and TFF fltration.
Consequently, a slight decrease in the molar




percentage of cholesterol is observed. Again,
the molar percentage of phospholipid and
pegylated lipid remained the same. The loss of
lipids was not as pronounced as in the case of
ionizable lipids, only about 16% of the total
lipid concentration was observed (Figure 3).

CONCLUSION

This study presents the development and
validation of a novel reverse phase liquid
chromatography method for the quantitative
analysis of lipids and nucleic acids in LNDs.
The method, which utilizes an evaporative
light scattering detector and CIMac C4 HLD
monolithic column, enables direct injection
of LNP formulations, allowing simultaneous
separation and quantification of both lipid
components and nucleic acid without the
need for sample pre-treatment. The utiliza-
tion of a monolith CIMac C4 HLD column
enabled the developed method to achieve
effective separation and distinct detection
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SARTORIUS

PATHx®.

Fluorsscence Datactar
- I PATAX” MALS.

Control the Whole Production Process From
oDNAto LNP

PATfix® Analytics

PATfix is an analytical
chromatographic system designed
for fast, high-resolution analysis of
biomolecules and complex samples.
The PATfix platforms are user-friendly
and come with pre-developed and
pre-validated methods.

PATfix pDNA Platform
pDNA @ = Monitoring and optimization of the purification
process
V4 = Lysis optimization

* oDNA isoform contentration
= Controlling pasmid linearization kinetics

IVT Reaction
PATfix mRNA Platform
N
= Controlling IVT reaction
MRNA »J(« » Monitoring & optimization of the purification
process
» Quantification of mMRNA integrity and dsRNA
N detection
Encapsulation PATfix LNP Platform
% = Monitoring encapsulation efficiency of different
nucleic acids
~N » Detecting lipid composition
LNP odle = Monitoring LNP size with low limits of detection
O (LoD) and limits of quantification (LoQ)
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