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ARTICLE INFO ABSTRACT

Keywords: The potential of lipid nanoparticles (LNPs) as nucleic acid delivery vehicles has been demonstrated in recent
Lipid nanoparticle years, culminating in the emergency use approval of LNP-based mRNA SARS-CoV-2 vaccines in late 2020. The
RNA

determination of RNA content relative to LNP size can be important to the understanding of efficacy and adverse
effects. This work presents the first description of a facile and rapid analytical method for online, size-dependent
RNA payload distribution measurement using data from multi-angle light scattering, ultraviolet and refractive
index detectors following separation of the LNPs by size-exclusion chromatography. The analysis was validated
by size-based fractionation of the LNPs with subsequent offline analysis of the fractions. Four LNPs formulated
with different PEG-lipids and different lipid compositions were tested. Good agreement was observed between
the online and offline size-based RNA distributions among all four LNPs, demonstrating the utility of the online
method for LNP-encapsulated RNA in general, and suggesting a means for simplified biophysical quantitation of

Multi-angle light scattering
Size-dependent

Online analysis

Size exclusion chromatography

a dosing-related critical quality attribute.

1. Introduction

Lipid nanoparticle (LNP) is a promising delivery platform for nucleic
acids, for example mRNA or siRNA, in the areas of infectious disease
[1-7], oncology [8-11] and SARS-CoV-2 vaccine [12,13]. LNPs encap-
sulating RNA (LNP-RNA) are formed through electrostatic capture and
rapid precipitation by mixing of the payload and lipid packets comprised
of cationic and neutral lipids. Various efforts have been made to study
the physicochemical characteristic of the particles, such as size [14,15]
and compositional heterogeneity [14], morphology [14,16,17], macro-
molecular structure [18] and RNA encapsulation efficiency [17,19].
Deep understanding of LNPs at the molecular level can help elucidate
correlation of structure and in vitro/ in vivo performance, and develop
effective manufacturing and control strategies.

Research has shown that the in vivo potency and tissue-penetrating
ability of LNPs are related to particle size [20,21]. Through fraction-
ation by semi-preparative SEC and subsequent offline size measurement
of the fractionated samples by hydrodynamic light scattering (DLS),
Zhang et al. studied the size dependence of LNP composition, RNA

encapsulation and in vitro gene-silencing activities [15]. Their data
showed correlation between the cationic polymer/RNA ratio and RNA
gene-silencing potency, which highlighted the importance of size-based
compositional assessment of the LNP-RNAs.

Although semi-preparative fractionation by size with offline fraction
analysis provides a viable approach to analysis of size-based composi-
tional heterogeneity, the experiment is lengthy and laborious, and not
suitable for use as a routine analytical procedure. Online analysis of the
RNA payload versus size, in a single automated run, would be highly
desirable. A candidate method for this type of characterization is SEC-
MALS-UV-dRI, where size-exclusion chromatography (SEC) is coupled
to a multi-angle light scattering (MALS) detector and concentration
detectors such as a UV photometer and a differential refractometer
(dRD).

SEC-MALS-UV-dRI is often used for the characterization of large
molecules or complex macro-entities such as LNPs. This technique en-
ables scientists to obtain size and sample concentration across the SEC
peak without the need of a reference standard. For binary conjugates,
and with the knowledge of the UV extinction coefficient and dn/dc
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values (or specific refractive index increment) of each constituent in the
conjugate, such a multi-detector system enables immediate quantifica-
tion of the two constituent components in the conjugate at each eluting
fraction. However, for particles larger than roughly 50 nm in diameter
such as LNP-RNA, the standard conjugate analysis is confounded by size-
dependent UV light scattering in the UV detector. Instead of providing
purely absorptive quantification of the RNA concentration, the total
measured UV extinction at 260 nm (a characteristic absorption wave-
length of RNA) consists of absorption by the RNA payload and scattering
by the complete particles, which makes the direct analysis of RNA
concentration and correlation with size information by MALS, RI and UV
detectors highly challenging.

Methods for correction of the scattering contribution have been re-
ported [22-24]. Porterfield and Zlotnick used the Rayleigh theory of
scattering, wherein the extinction due to scattering is proportional to
RS/A* (where R is the particle radius and A the illuminating wavelength)
to correct for the scattering effect by measuring extinction at the non-
absorbed wavelengths of 340 nm and 360 nm, and obtained improved
measurements of protein and nucleic acid content in viruses [24]. This
method can be relatively successful if the particles are uniform in size
and small compared to the UV wavelengths. However, it does not take
into account a variety of effects such as the size-dependent variation of
scattering efficiency (especially significant when the particle size is not
small compared to the UV wavelengths and therefore the dependence is
not strictly proportional to R®/A*) and the variation of the particle’s
refractive index with wavelength (the simple R®/A* correction assumes a
wavelength-independent refractive index). Consequently, the applica-
tion of this approach is limited.

Herein we report extended characterization of LNP-RNA wherein the
quantity of LNP-associated RNA is determined as a function of LNP size.
The novel method utilizes data from online MALS, UV, and dRI detectors
following size-based separation by SEC. The approach is validated
through comparison with RNA quantitation using a reverse-phase liquid
chromatography (RPLC) assay performed on individual size fractions.
Our study concludes that the novel online method provides accurate
measurement of size-dependent RNA content in LNPs.

2. Materials and methods
2.1. Materials and lipid nanoparticle formulation

Chemically modified dsRNA were synthesized at Merck & Co., Inc.,
Kenilworth, NJ, USA. Ionizable amino lipid was synthesized at Merck &
Co., Inc., Kenilworth, NJ, USA, as previously described [25]. Dis-
tearoylphosphatidylcholine (DSPC) and cholesterol were obtained from
Sigma-Aldrich (St. Louis, MO). Poly(ethylene glycol) lipid (PEG-lipid) 1
(Sunbright GM-020) [26] and PEG-lipid 2 (Sunbright GM-020CN) [18]
were manufactured by NOF Corporation (White Plains, NY). PEG-lipid 3,
with similar structure as PEG-lipid 2 but different PEG repeating unit,
was synthesized at Merck & Co., Inc., Kenilworth, NJ, USA. Phosphate-
buffered saline (PBS) and Tris G buffers were purchased from HyClone
(Logan, UT, USA). Triton X-100, ammonium bicarbonate and ethanol
were obtained from Sigma-Aldrich (St. Louis, MO, USA). SYBR gold was
obtained from Fisher Scientific (Walthm, MA, USA). Acetonitrile was
from Fisher Scientific (Waltham, MA, USA). HPLC grade Milli-Q water
was generated by Milli-Q purification system (Millipore-Sigma, Bur-
lington, MA, USA).

LNP encapsulating RNA were manufactured by Merck & Co., Inc.,
Kenilworth, NJ, USA using a rapid precipitation process as previously
described [27]. Briefly, LNPs were assembled by mixing an organic so-
lution of lipids with an aqueous RNA solution. RNA duplexes were
prepared in an aqueous sodium citrate buffer (20 mM, pH 5) at a con-
centration targeting a molar ratio of the amine in the amino lipid to the
phosphate group in the RNA (N:P) of 3:1. The lipid components of the
LNP comprised an ionizable amino lipid, DSPC, cholesterol, and PEG-
lipid in a molar ratio of 58:10:30:2 (LNP-1, LNP-2, LNP-3) and
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58:10:28:4 (LNP-4). Three PEG-lipids were used in the formulation with
PEG-lipid 1 for LNP-1, PEG-lipid 2 for LNP-2 and PEG-lipid 3 for LNP-3
and LNP-4. The resulting LNP-RNAs were finally concentrated, sterilized
via filtration through 0.45 and 0.2 pm sterile filters (Pall Corp., Port
Washington, NY), and dispensed into sterile vials under aseptic condi-
tions. Empty LNPs were prepared using the same procedure, but
excluding RNA from the aqueous solution in LNP assembly. Eight LNP
variants, four empty LNPs (LNP-1E, LNP-2E, LNP-3E, LNP-4E) and four
LNP-RNAs (LNP-1F, LNP-2F, LNP-3F, LNP-4F) were prepared, with lipid
molar compositions as defined per LNP-1, LNP-2, LNP-3 and LNP-4.

2.2. Cryo-transmission electron microscopy and RNA encapsulation
efficiency assay

An aliquot of 3 L of the resulting LNP sample was applied to C-flat
(Protochips, NC, USA) holey carbon grids, plasma cleaned by Solarus
plasma cleaner (Gatan, CA, USA). The grids were blotted with filter
paper and then plunge-frozen into liquid ethane at —170 °C using a
manual plunger. Grids were imaged on a Thermo Fisher Scientific
(Hillsboro, OR, USA) Glacios Cryo Transmission Electron Microscope
(Cryo-TEM) operated at 200 kV and equipped with a Falcon 3 direct
electron detector. Automated data-collection was carried out using
Leginon software (PMID: 15890530) where high magnification images
were acquired by selecting targets at a lower magnification. For each
sample condition, >50x high magnification images were collected for
morphological studies of the LNPs and diameter measurements for size
distribution.

The RNA encapsulation into the LNPs were measured by following
the previously published procedure [15].

2.3. SEC analysis of LNP and fractionation

LNPs were analyzed by SEC-MALS-UV-dRI on an Agilent 1200 HPLC
system equipped with a UV/Vis photodiode array (PDA) detector (Agi-
lent Technologies, Santa Clara, CA, USA) which was further connected
to a DAWN HELEOS II MALS detector and an Optilab T-rEX dRI detector
(both from Wyatt Technology Corporation, Goleta, CA, USA). In order to
prevent photodiode saturation by the strongly scattering LNP particles,
the laser power of the DAWN detector was set to 20 %. A DynaPro
NanoStar dynamic light scattering (DLS) detector (Wyatt Technology
Corporation) was connected by optical fiber to the 16th angle of MALS
detector for online Ry, analysis. Data were acquired and analyzed with
ASTRA software version 6.1.7.15 (Wyatt Technology).

SEC separation was performed on a TSKgel-G6000PWxI-CP SEC
column of dimensions 7.8 mm x 300 mm and 13 pm particle size
(TOSOH Bioscience, Tokyo, Japan), with 1x PBS as mobile phase at 0.5
mL/min flow rate and column temperature 35 °C. UV extinction was
monitored at 260 nm. The delay volumes and band broadening between
the UV, MALS and RI detectors were determined and corrected using the
Pierce bovine serum albumin (BSA) standard (Thermo Fisher Scientific,
Waltham, MA).

For online LNP-RNA characterization by SEC-MALS, ~20 pg of
sample were loaded onto the column. For offline RNA payload profiling,
~300 pg of LNP were loaded onto the column and eluted fractions were
collected at 0.5 min intervals. To avoid extensive peak broadening,
fractions were collected directly after the PDA detector into an Agilent
G1364C 54-vial-tray fraction collector (Agilent Technologies). Addi-
tional measurements with ~ 300 pg loads were performed with the full
set of UV, MALS and dRI detectors for the purpose of determining the
total mass in each fraction collected by the fraction collector, as
described in the next section.

2.4. Determination of total mass in collected fractions

The specific refractive index increment dn/dc of the LNPs was
measured in batch mode on the Optilab T-rEX dRI detector. A series of
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Fig. 1. Representative Cryo-TEM images of LNPs made of (a) LNP-1F and (b) LNP-2F.

LNP solutions diluted with the sample formulation matrix to a known
concentration was infused into the RI detector through a syringe pump
(Fusion 200, Chemyx Inc., Stafford, TX, USA). The dn/dc value deter-
mined for LNPs manufactured with either PEG-lipid 1 or PEG-lipid 2 and
3 was 0.16 mL/g. This value was utilized to calculate the total mass in
each fraction with dRI measurements.

The UV peak of the fractionated ~ 300 pg injection (PDA only,
referred as ‘300UV-frac’) was compared to the UV peak of the ~ 300 pg
injection measured with all three detectors in line (‘300UV-MD’) to
determine the retention time difference. The latter was combined with
the UV - RI delay volume and band broadening corrections, determined
with an injection of BSA mentioned above, in order to align 300UV-frac
with the RI peak of the multi-detector injection (‘300RI-MD"). 300RI-MD
was then sliced to correlate with the collected fractions of 300UV-frac.
The total mass of the fractions was calculated from the sliced 300RI-
MD peaks by integrating the concentration over the fraction collection
interval with ASTRA software, using the measured dn/dc value.

2.5. Batch dynamic light scattering

Batch-mode measurements of hydrodynamic radius (Ry) were per-
formed using the above DynaPro NanoStar, with the optical fiber
disconnected from the DAWN MALS detector. In this mode aliquots were
pipetted into 4 pL disposable NanoStar microcuvettes which were sub-
sequently inserted into the DLS detector. Measurements were performed
at a temperature of 25 °C and solvent refractive index of 1.333 was used.

2.6. Online quantification of the size-dependent RNA distribution

Four LNP-RNA samples and their corresponding empty LNPs were
measured by the SEC-MALS-UV-dRI system for online quantification of
their size-dependent RNA distribution. The SEC peak was divided into
seven or eight regions. Using data from MALS and the two concentration
detectors (UV at 260 nm and dRI), weight-average molecular weights
(M) of the complete LNP-RNA and just the encapsulated RNA across
each region were calculated using the Nanoconjugate Analysis module
in ASTRA software. A sphere model was used in the Nanoconjugate
Analysis module. The dn/dc value of 0.17 mL/g and 0.16 mL/g for RNA
and lipids, respectively, and UV extinction coefficient of 22.5 mL/(mg
com) were used for of RNA analysis. The enabled MALS angles were
detectors 4 to 17. The RNA weight percentage (wt %), defined as the
percent of RNA M,, relative to LNP-RNA M,,, was then analyzed for each
region and plotted against the radius determined from MALS using
ASTRA’s sphere model.

2.7. Offline RNA quantitation of SEC fractions

2.7.1. Reverse-phase HPLC RNA assay

RNA content in the collected fractions was analyzed on a Classic
Acquity ultra-performance liquid chromatography (UPLC) system (Wa-
ters Corp., Milford, MA). A CSH C18 column with dimensions of 2.1 X
100 mm and 1.7 um particle size was used for separation (Waters Corp.).
Mobile phase A consisted of 80 % of 50 mM ammonium bicarbonate in
water and 20 % acetonitrile, while mobile phase B was mixture of
ethanol and methanol at 1:1 v/v ratio. Mobile phase flow rate was
maintained at 0.3 mL/min, column temperature was set to 30 °C,
autosampler tray temperature was 10 °C, and UV signal was monitored
at 260 nm. The chromatographic gradient began with 100 % A from 0 to
2 min, ramping up to 90 % B in 3 min.

2.7.2. Sample preparation

A 2 % solution (w/v) of Triton X-100 was prepared by dissolving 2 g
of Triton X-100 into 100 mL of Milli-Q water. To prepare the fraction-
ated sample for RNA analysis, the LNP was first disrupted by mixing 200
L of the sample solution with 10 pL of 2 % Triton X-100. The disrupted
solution was then further diluted 2x to 5x with a diluent consisting 50
mM ammonium bicarbonate and 0.1 % Triton X-100, to match with the
mobile phase buffer and adjust the RNA concentration of fractions at the
apex portion of the peak.

2.7.3. RNA assay linearity and accuracy

Approximately 1 mg/mL RNA stock standard solution was prepared
by accurately weighing the RNA standard, dissolving and diluting with
HyPure Water for Injection (WFI). The exact concentration of the RNA
stock solution was calculated by UV absorption at 260 nm (measured by
Spectramax M5 Plate Reader, Molecular Devices, San Jose, CA) with the
accepted extinction coefficient of the RNA (21.51 L/g). The empty LNP
matrix solution was made by mixing 300 pL of empty LNP solution with
45 mL diluent.

Samples for assessing the linearity of the RNA assay method were
prepared by serial dilution of the 1 mg/mL stock standard with the
diluent. Samples to evaluate spike recovery or lipid matrix effect were
prepared by spiking RNA standard into disrupted empty LNP matrix
solution.
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Table 1

Comparison of empty LNP and LNP-RNA particle attributes. R, was measured by
batch mode DLS and SEC-DLS. Particle radius (R,) and M,, were measured by
SEC-MALS-dRI.

Rp(batch Ry(SEC- R, (online M,, (online
DLS) DLS) MALS) MALS)
[nm] [nm] [nm] [MDa]
LNP- 43.5+ 0.9 42.6 41.7 84
1E
LNP- 41.0 £ 0.2 41.2 40.6 111
1F
LNP- 448 £ 1.8 43.6 42.8 113
2E
LNP- 39.0 £ 0.5 38.6 36.0 77
2F
LNP- 46.3 +£ 0.7 46.4 46.6 144
3E
LNP- 43.4£0.1 42.6 41.6 112
3F
LNP- 25.7 £ 0.3 26.8 27.9 20.3
4E
LNP- 38.7 £ 0.5 44.4 44.4 58
4F
90.0
80.0 4
£ 70.0-
< 60.0
e
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e
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Fig. 2. Particle radius plots overlaid on the corresponding 90° light scattering
chromatogram of the four LNP-RNA samples.

3. Results and discussion

3.1. Characterization of LNPs by cryo-TEM, batch DLS and SEC-MALS-
DLS

Fig. 1a and 1b show representative cryo-TEM images of LNP-1F and
LNP-2F. Both images indicate spherical particles with diameters less
than 120 nm. LNP-3F also appeared spherical (Supplementary Fig. 1).
The z-average Ry, values of all LNPs, as determined by batch DLS, are
below 50 nm irrespective of RNA content (Table 1).

The four LNP-RNA samples and their corresponding empty LNP
samples were analyzed by SEC-MALS with online DLS (SEC-MALS-DLS).
Zhang and others [14] showed that the TOSOH TSKgel G6000PWXL-CP
column, designed for SEC of water-soluble cationic polymers, is also
suitable for the analytical separation of cationic LNPs with average Ry
between 33 and 70 nm. In our LNP formulations, cationic lipid is the
most abundant component and an imaged capillary isoelectric focusing
(IC-IEF) study demonstrated that LNPs with similar composition carry
positive charge [28]. The average Ry, values of all LNPs except LNP-4E
(25.7 nm) are within the range studied by Zhang and others. All LNP-
4E particles were eluted on the Tosoh TSKgel GG000PWXL-CP column
before the inclusion volume about 13.2 mL (Supplementary Fig. 2),
indicating that this column is also suitable for LNP-4E. Thus, the Tosoh
TSKgel G6000PWXL-CP column was selected for SEC separation.
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Fig. 2 presents the radius (R) values of the four LNP-RNA samples at
each eluting data slice as determined by fitting the MALS data to a
sphere model, overlaid on the corresponding 90° light scattering chro-
matogram. For the majority portion of each chromatogram the radius
decreases with retention time, suggesting that good size-based SEC
separation was achieved using the conditions described above. At the
tail of each peak a slight increase in radius was observed, opposite to the
expected trend. This phenomenon, often referred to as “non-ideal SEC
effect”, is consistent with co-elution of a small number of large particles
along with the main population of small particles. The non-ideal SEC
effect is likely caused by the so-called “restricted diffusion” and, to a
lesser degree, column interaction [29]. Field-flow fractionation (FFF)
has been demonstrated to ameliorate this limitation of SEC [29,30]. Due
to the likely heterogeneity at the peak tail region, the region where
radius increases with time was excluded from the analysis of size-
dependent RNA wt % distribution in this study. The overlay of molar
mass distribution with the corresponding 90° light scattering chro-
matogram of the four LNP-RNA samples showed that LNP-4 is much
highly dispersed when compared with the other three LNPs (supple-
mentary Fig. 3).

Additionally, offline fluorescence assay of RNA encapsulation of the
four LNPs showed that the encapsulation efficiency were higher than
90% for LNP-1, LNP-2 and LNP-3, while only 57% for LNP-4.

Table 1 summarizes the results of SEC-MALS-DLS measurements and
batch DLS. Analysis of MALS and dRI signals determined: 1) z-average
radius R;, 2) weight-average molar mass My,. Z-average Ry, was deter-
mined by both online DLS and batch DLS. The latter was calculated as
the average of 10 separate measurements and is reported along with the
standard deviation. The results from online MALS and DLS are the
average of two injections, and the differences between the duplicates are
all less than 2 % for each quantity.

The good agreement between Ry, from SEC-DLS and R, by SEC-MALS
(Table 1) is consistent with the hypothesis that these LNPs are spherical
in shape, which is supported by the Cryo-TEM images. Non-spherical
particles would result in discrepancies between Ry and R,. Further-
more, batch Ry, values are in excellent agreement with online DLS and
radius by MALS for all samples except LNP-4F. The generally good
agreement between batch and online DLS data indicate that the SEC
separation did not alter these LNP samples during analysis.

Compared to online DLS, a slightly smaller size by batch DLS was
observed for LNP-4E, but the values are still very close. The significant
discrepancy between batch and online DLS sizes for LNP-4F is very likely
attributed to their bimodal distribution characteristic evidenced in
Fig. 2, as inaccuracy is expected in batch DLS when the size distribution
of a sample is not monomodal. While it might be conjectured that the
discrepancy is a result of shear stress on the SEC column, separation by
field-flow fractionation—a technique that, much like size-exclusion
chromatography, separates particles by hydrodynamic size but does so
in an open channel with very little shear stress—produces a similar
bimodal distribution (data not shown) and thus appears to refute that
explanation. We integrated the bimodal peaks of LNP-4E and LNP-4F
separately (Supplementary Fig. 4) and estimated the mass percent of
each peak from the online dRI signal. For LNP-4E, approximately 98 %
of the particles fall into peak 2, while Peak 1, which contains mostly
larger particles, incorporates only 1.6 % of total particle mass. This
might explain the minor difference between batch and online DLS size
results for slightly bimodal LNP-4E. However, for LNP-4F, the larger
particles in peak 1 make up about 19 % of total mass. From further
analysis of the sizes of the particles of LNP-4F in peaks 1 and 2 by online
DLS and MALS, and comparison to batch DLS (Supplementary Table 1),
it seems that the size by batch DLS is close to the 81 % smaller particles
group, while size by online MALS or DLS is the average of peaks 1 and 2.

3.2. Online analysis of size-based RNA distribution

MALS, dRI, and UV absorption data from online SEC have been used
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Fig. 3. UV overlay of empty LNP-2E (blue) and RNA filled LNP-2F (red) from
the SEC-MALS-UV-dRI analysis showing the significant UV signal from LNP-2E
due to the particle scattering phenomenon in the UV detector. (For interpre-
tation of the references to colour in this figure legend, the reader is referred to
the web version of this article.)

to quantify the composition of various biological conjugates of two
different types of molecules, such as protein and lipid, protein and
polysaccharide, or protein and DNA [31-33]. However, the same con-
jugate analysis protocol cannot be applied to LNP-RNA, because the UV
extinction signal from the LNP particles contains a significant contri-
bution from the scattering phenomenon when the particle radius is>25
nm [34]. Fig. 3 shows the overlay of UV traces at 260 nm of LNP-2E
(empty) and LNP-2F (RNA-filled) from the SEC-MALS-UV-dRI analysis.
Though all the lipids used to form LNP particles, as well as the disrupted
empty LNP-2E particles, do not exhibit UV absorption at 260 nm when
measured on a UV spectrometer (data not shown), the empty LNP pro-
duced a sizeable UV extinction peak (Fig. 3), which is due to UV scat-
tering (rather than absorption). Consequently, the UV signal from the
LNP particles must be corrected to remove the scattering contribution
when applying the standard conjugate analysis. A proprietary correction
algorithm devised by Wyatt Technology establishes the correlation be-
tween particle size and scattering contribution to the UV absorption at
260 nm [35]. This correction algorithm is implemented in the Nano-
conjugate Analysis module of ASTRA software. Using this algorithm, the
respective total My of LNP-RNA and My of RNA are calculated for each
eluting fraction, resulting in determination of the My ratio of RNA and
LNP-RNA, or the RNA wt %. Fig. 4 shows the RNA wt % of LNP-2E and
LNP-2F calculated by the online analysis method overlaid with the UV
chromatogram at 260 nm. The results from the online analysis of RNA
wt % of all the empty LNPs and LNP-RNAs, and comparison with the
corresponding offline measurements, will be discussed in 3.3.3.
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3.3. Validation of online size-dependent LNP-RNA content analysis

3.3.1. RNA assay method development

Given the small fraction mass and large numbers of samples to be
analyzed, a fast and sensitive offline assay method is required to quan-
tify RNA in the collected fractions. SEC-UV, ion-pairing (IP)-RPLC and
ion-exchange (IEX) have been used for analysis of RNA in LNP [36]. We
developed a fast and sensitive RPLC method using a Waters CSH C18
(100 mm x 2.1 mm, 1.7 um) column with 20 % acetonitrile in 50 mM
ammonium bicarbonate aqueous solution as mobile phase A and
methanol/ethanol 1:1 as mobile phase B. Since the LNP samples also
contain hydrophobic lipids, a gradient elution chromatographic condi-
tion was developed to ensure that the lipids were washed out. The
mobile phase is held at 100 % A from 0 to 2 min for the elution of RNA,
then increased to 90 % B from 2.01 min to 5 min to elute lipid
components.

Under this condition, the RNA peak elutes earlier than the solvent
front (Fig. 5). This chromatographic behavior can be explained by the
following rational: at the pH of the 50 mM ammonium bicarbonate
(~7.6), RNA molecules acquire a strong negative charge, so there is
almost no hydrophobic interaction between the RNA molecule and the
stationary phase. Furthermore, under the mobile phase pH, the pores of
the CSH C18 particles are negatively charged, and this charge archi-
tecture would prevent the RNA from entering the pores; rather they are
expelled to the extra-particle interstitial space.

The method demonstrated good linearity from 47.5 ppb to 9.5 ppm
with R% = 0.9999 (data not shown). The limit of detection was deter-
mined to be 19 ppb with S/N = 7, and limit of quantitation 47.5 ppb
with S/N = 16. The accuracy of the method was demonstrated by re-
covery of an RNA standard, which was spiked into the empty LNP matrix
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Fig. 5. Overlay of RNA peak of 47.5 ppb (black), 190 ppb (blue) and 475 ppb
(red) RNA standard solutions analyzed by the fast RNA assay method. (For
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referred to the web version of this article.)
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Fig. 4. The UV chromatogram at 260 nm overlaid with RNA wt% (right Y-axis) for (A) LNP-2E and (B) LNP-2F.



X. Jia et al.

Table 2
RNA spike recovery showing the accuracy of the
method.
RNA (ppb) Recovery (%)
47.5 97.8
95 104.4
190 100.6
475 100.7
950 99.2
1900 103.9
4750 103.6
9500 99.8

at concentrations from 47.5 ppb to 9.5 ppm. Within the calibrated
linearity range (47.5 ppb to 9.5 ppm), recovery was found to be between
98 % and 104 % (Table 2), demonstrating a good measurement
accuracy.

3.3.2. Offline measurement of size-dependent LNP-RNA content

LNPs were fractionated by size and the fractions subsequently
measured to determine RNA concentration. To ensure reliable correla-
tion of RNA wt % between size fractions analyzed by online SEC-MALS
and those from offline measurements of fractions, we performed the
separations for fraction collection on the same analytical-scale chro-
matographic column used for online analysis, injecting the maximum
feasible load-300 pg-considering the loading capacity of a 7.8 x 300
mm SEC column [37]. Fractions were collected at 0.5 min intervals and
RNA concentrations were analyzed by the fast RPLC assay discussed in
Section 3.3.1.

Due to strong scattering by the LNP particles, the MALS detector was
saturated when separating 300 pg of sample, and size information could
not be obtained. A lower loading of 20 pg was performed under the same
conditions for size determination by MALS, under the assumption that
identical size fractions elute at the same time regardless of sample load.
In order to confirm this assumption, the RI peaks of the 20 pg and 300 pg
injections were normalized to the same apex values and the consistency
of peak shapes and retention times were examined. Fig. 6 shows the
overlay of the 20 pg and 300 pg RI profiles for LNP-1F (Fig. 6A) and LNP-
4F (Fig. 6B). For both samples, the two different loadings showed nearly
identical peak shapes and retention times. The consistent agreement of
the normalized RI peaks of the 20 pg and 300 pg injections suggests that
the resolution within the peak is unaffected by the overall sample load,
and that the offline fraction analysis with 300 pg loading is directly
comparable to the online SEC-MALS analysis with 20 pg injection: no
adjustments are required to account for different elution behavior under
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disparate sample loads. LNP-2F and LNP-3F also exhibited nearly
identical peak shapes and retention times under the two loading con-
ditions, confirming that the eluting size fractions are directly compa-
rable for these samples as well (data not shown).

Finally, the RNA content in each fraction was analyzed by the fast
RPLC method. The weight percent of RNA (RNA wt %) in each fraction
was calculated as the ratio of the measured RNA concentration to the
total mass of that fraction measured by RI. The RNA wt % measured on
duplicate injections and the average radius measured by online MALS
are tabulated for each fraction in Table 3 for all four LNP-RNA samples.
The RNA wt % from duplicate experimental data showed good repro-
ducibility for all four LNP-RNA samples.

3.3.3. Comparison of online and offline size-dependent RNA distribution
The RNA wt % values obtained from the online and offline methods

are plotted against the average radius of each fraction in Fig. 7. Both

offline and online data showed that the encapsulated RNA profile was

Table 3
Size-based RNA wt% in LNP-1F, LNP-2F, LNP-3F and LNP-4F from fractionation
experiment (excluding the particle size curve up region of the peak).

LNP-1F
R (nm) 501 485 453 419 391 371 357
duplicate-1 (%RNA) 103 105 11.3 123 121 114 114
duplicate-2 (%RNA) 100 101  11.2 112 119 118 117
avg (%RNA) 101 103 113 117 120 116 115
LNP-2F
R (nm) 46.7 454 429 397 363 331 305 291
duplicate-1 (% 104 105 100 107 115 120 125 128
RNA)
duplicate-2 (% 97 102 101 108 114 121 128 129
RNA)
avg (%RNA) 101 103 100 107 115 121 126 129
LNP-3F
R (nm) 499 481 453 421 386 354 332
duplicate-1 (%RNA) 9.6 102 111 117 120 127 133
duplicate-2 (%RNA) 9.2 9.4 103 112 121 131 14.2
avg (%RNA) 9.4 9.8 107 114 121 129 137
LNP-4F
R (nm) 55.9 53.4 50.6 47.4 434 382 335 318
duplicate-1 (% 08 12 17 27 43 61 75 81
RNA)
duplicate-2 (% 08 12 17 27 43 62 78 83
RNA)
avg (%RNA) 08 12 17 27 43 62 77 82
1 -
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Fig. 6. Overlay of normalized RI peaks of the 20 ug (orange) and 300 pg (blue) injections of (A) LNP-1F and (B) LNP-4F. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 7. Size-dependent RNA distribution in LNPs. Average of duplicate fractionation and offline RPLC analyses (orange) vs data from online analysis (blue for RNA-
LNP and green for empty LNP). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

affected by the type of PEG-lipid and the PEG-lipid mol % in the
formulation. LNP-1F showed relatively consistent RNA wt % across the
size ranges, with slightly lower RNA wt % on the very large particle side.
LNP-2F and —3F (made with the same molar ratio of PEG-Lipid 2 and
PEG-lipid 3, respectively), exhibited a monotonic decrease of RNA wt %
with increasing particle size.

LNP-4F (made with 4 mol % of PEG-lipid 3) produced a sigmoidal
distribution of RNA wt % versus size. Correlating this behavior with the
bimodal LS and dRI profiles, i.e. the presence of two groups of particles
containing distinct sizes (Supplementary Fig. 4 and Supplementary
Table 1), we found that a very low wt % of RNA was detected in the large
particle population, while the majority of RNA was encapsulated in the
smaller particle group.

In general, excellent correlation of RNA wt % between the online and
offline methods is seen for all four RNA-LNPs studied. The difference
between the offline and online results is less than 1 % for all the data
points of LNP-1F, —2F and —3F (relative difference less than 10%). For
LNP-4F, the RNA wt % is generally lower than for the other samples —
less than 10 % at all data points — and especially the larger particles, R >
50 nm, contain less than 2 % RNA. Therefore, the larger difference
compared to the other samples (up to 18 % relative difference, or 1.3%
in absolute terms) between online and offline values for LNP-4F may be
considered an artifact of the low overall RNA wt % values. As expected,
online analysis of all four empty LNPs resulted in 0 or close to 0 % RNA,
as plotted in Fig. 7A-D.

Although LNP-4F produced the largest difference between online and
offline methods, we expect this has limited impact in the application of
the online method since only monomodal LNPs are acceptable for

therapeutic development.
4. Conclusion

We evaluated a new online method for determining the distribution
of RNA content versus LNP-RNA size, enabling advanced LNP-RNA
characterization. The method utilizes a standard SEC-MALS-UV-dRI
system and is implemented in the Nanoconjugate Analysis module of
ASTRA software. The calculated RNA wt % results from four LNPs, made
with different types of PEG-lipids and compositional ratios, were found
to be in excellent agreement with the experimental data obtained by and
fractionation with offline RPLC analysis. This work indicates that the
correction of the scattering contribution to the UV signal implemented
in the Nanoconjugate Analysis algorithm was adequate for reliable size-
dependent RNA content analysis of lipid nanoparticles. Based on these
results, we conclude that the online method is, in all likelihood, suitable
for rapid and facile determination of the sized-dependent payload dis-
tribution of other LNPs encapsulating nucleic acids, or other carriers
constructed from excipients that do not absorb UV at the characteristic
absorption wavelength of the payload. The analytical advancement re-
ported here provides additional characterization information, and
potentially sheds light on understanding the therapeutic outcome of the
RNA/DNA filled LNPs. We foresee the potential for use in quality control
procedures, to evaluate the total RNA content in LNPs within a specified
size range, which would constitute a critical quality attribute of a
therapeutic LNP-RNA product.
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