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ABSTRACT: Rational design and robust formulation processes are critical for optimal delivery of mRNA by lipid nanoparticles
(LNPs). Varying degrees of heterogeneity in mRNA-LNPs can affect their biophysical and functional properties. Given the profound
complexity of mRNA-LNPs, it is critical to develop comprehensive and orthogonal analytical techniques for a better understanding
of these formulations. To this end, we developed a robust ultracentrifugation method for density-based separation of subpopulations
of mRNA-LNPs. Four LNP formulations encapsulating human erythropoietin (hEPO) with varying functionalities were synthesized
using two ionizable lipids, A and B, and two helper lipids, 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine (DOPE) and 1,2-
dierucoyl-sn-glycero-3-phosphoethanolamine (DEPE), along with cholesterol and DMG-PEG-2K. Upon ultracentrifugation on a
sucrose gradient, a distinct pattern of “fractions” was observed across the gradient, from the less dense topmost fraction to the
increasingly denser bottom fractions, which were harvested for comprehensive analyses. Parent LNPs, A-DOPE and B-DOPE, were
resolved into three density-based fractions, each differing significantly in the hEPO expression following intravenous and
intramuscular routes of administration. Parent B-DEPE LNPs resolved into two density-based fractions, with most of the payload
and lipid content being attributed to the topmost fraction compared to the lower one, indicating some degree of heterogeneity, while
parent A-DEPE LNPs showed remarkable homogeneity, as indicated by comparable in vivo potency, lipid numbers, and particle
count among the three density-based fractions. This study is the first to demonstrate the application of density gradient-based
ultracentrifugation (DGC) for a head-to-head comparison of heterogeneity as a function of biological performance and biophysical
characteristics of parent mRNA-LNPs and their subpopulations.

The full approval and rapid deployment of the two COVID
vaccines, Comirnaty (BioNTech/Pfizer) and SpikeVax

(Moderna), have propelled the mRNA-lipid nanoparticle
(LNP) technology to the forefront of the vaccine and
therapeutic industry. Nanomedicine-based delivery systems
like liposomes and LNPs have been extensively investigated
over many decades and have shown clinical success for delivery
of small molecules and nucleic acids.1 There are several
mRNA-LNP formulations under development and clinical
evaluations for the prevention and treatment of cancer and
infectious diseases.2−5

Typically, the 4-component LNP system, comprising an
ionizable lipid, helper lipid, sterol analogue, and PEG lipid, is
rationally designed and optimized to achieve the desired
formulation properties tailored for specific applications of
mRNA delivery. A comprehensive review by Albertsen et al.6

discusses the role and impact of each component on
formulation properties like particle size, structure, pKa, cellular

uptake, delivery efficacy, etc. The incorporation of novel lipid
analogues, additives, and excipients, such as anionic lipids, fatty
acids, surfactants, and ligands, provides an added dimension to
formulation optimization, toward improved delivery, circu-
lation, efficacy, stability, and other features.7−9 Current
commercial LNP products like Onpattro, Comirnaty, and
Spikevax contain distearoylphosphatidylcholine (DSPC) as the
phosphatidylcholine (PC)-based structural “helper” lipid.
Incorporation of such lipids with longer saturated tails
improves the circulation time of liposomes and LNPs because
of the higher phase transition temperature of the lipid.10 On
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the other hand, 1,2-dioleoyl-sn-glycero-3-phosphoethanol-
amine (DOPE), which is a phosphatidylethanolamine (PE)-
based helper lipid, undergoes pH-dependent structural trans-
formation to an inverted hexagonal (HII) phase at acidic pH,
thereby promoting endosomal release of the drug cargo.11 We
have previously demonstrated that using a longer carbon tail
length of 22 carbons and unsaturation in the form of 1,2-
dierucoyl-sn-glycero-3-phosphoethanolamine (DEPE) as a
helper lipid provides dramatic improvement in mRNA delivery,
compared to LNPs incorporating the DOPE helper lipid.12

Zhang et al. have shown the impact of formulating LNPs with
different helper lipids on apolipoprotein E (ApoE) adsorption,
in turn affecting the biodistribution and delivery of nucleic
acids to the liver and spleen.13

The dynamic processes of formulation and customization
can engender varying degrees of “heterogeneity” in LNPs,
which can affect their cargo loading efficiency, morphology,
potency, circulation, biodistribution, efficacy, etc. This under-
scores the need to develop comprehensive analytical methods
for a better understanding of the formulations to facilitate their
consistent and reproducible manufacturing. A previous study
has demonstrated the use of size-exclusion chromatography
(SEC) coupled to different detection systems like ultraviolet−
visible (UV−vis), multiangle light scattering, and refractive
index to evaluate the size distribution and polydispersity of
LNP formulations.14 However, LNP formulations can have
heterogeneous subpopulations of similar sizes but different
densities, which may not be separated using SEC methods.
Given the complex nature of LNPs, we developed and
optimized the classical density gradient ultracentrifugation
(DGC) approach to separate, characterize, and evaluate the

biological performance of LNP subpopulations of different
densities.
DGC is a key analytical technique based on first principles to

characterize the density of colloidal nanoparticles, with several
advantages over other methods for studying macromolecules.
It is extremely sensitive and can detect minute differences in
size, density, and weight, providing information about the
shape and interactions of macromolecules, properties which
are difficult to obtain using other techniques. Being non-
destructive, the original “parent” and the different “fractions” of
the formulations can also be harvested for additional
investigation. Some of the first ultracentrifugation experiments
can be traced back to almost a hundred years ago, when
Svedberg and colleagues employed this technique for
characterization of gold particles.15,16 Other studies have
utilized sucrose DGC for shape-based purification of polymer-
somes17 and for separation of magnetic nanoparticles from
phospholipid micelles.18 More recently, Henrickson et al.
demonstrated very interesting findings regarding the extent of
nucleic acid drug loading capacities using a method based on
the analysis of multiwavelength sedimentation velocity ultra-
centrifugation.19

To the best of our knowledge, reports of in vivo evaluation of
different subfractions of mRNA-LNP formulations obtained
using DGC are limited.20 In this research, we synthesized four
LNPs encapsulating human erythropoietin (hEPO) mRNA
with two novel ionizable lipids, lipid A and lipid B, each
formulated with the helper lipid DOPE or DEPE to obtain (i)
A-DOPE, (ii) A-DEPE, (iii) B-DOPE, and (iv) B-DEPE.
These formulations were subjected to ultracentrifugation on a
sucrose density gradient with the following two objectives: (1)

Figure 1. Formulation characterization of parent mRNA-LNPs. (A) Four formulations: with two different model ionizable lipids A and B, and each
with two different helper lipids, DOPE and DEPE, were generated using optimized molar compositions along with DMG-PEG-2K and cholesterol.
For each formulation, (B) particle size, (C) polydispersity index (PDI), (D) mRNA encapsulation efficiency (EE%), and (E) zeta potential are
represented.
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to understand the density differences of the subpopulations as
a function of ionizable lipid and helper lipid and (2) to
evaluate in vivo performance of these variably dense
subpopulations when dosed via intravenous (IV) and intra-
muscular (IM) routes of administration.

■ EXPERIMENTAL SECTION
mRNA Synthesis and LNP Formulation. mRNA tran-

scripts encoding for human erythropoietin (hEPO) were
synthesized by in vitro transcription of a plasmid DNA
template, employing an RNA polymerase and unmodified
nucleotides. To the resulting purified precursor mRNA,
enzymatic addition of a 5′-cap structure (Cap 1) and an
approximately 200 nucleotide 3′ poly(A) tail was performed.
mRNA/LNP formulations were generated as described

earlier.21 Briefly, a mixture of lipids (ionizable lipid, helper
lipids, cholesterol, and poly(ethylene glycol)-lipid) in ethanol
was combined at a fixed lipid-to-mRNA ratio with an aqueous
buffered solution of the target mRNA at an acidic pH under
controlled conditions to yield a suspension of LNPs. Following

diafiltration into a suitable diluent system, the resulting LNP
formulations were filtered and stored at −80 °C until further
use.

Density Gradient Ultracentrifugation (DGC). Continu-
ous linear density gradients (5−10 and 5−25% w/v sucrose for
lipid A and lipid B, respectively) were generated using a
Gradient Maker from BioComp Instruments (Fredericton,
Canada). Briefly, the two end gradient sucrose solutions were
layered in ultracentrifuge tubes and subjected to a tilted tube
rotation to generate sucrose density gradients. Formulations
(0.25−0.33 mg/mL in 0.98 mL of 5% sucrose) were loaded
gently on top of the gradients. Ultracentrifugation was
performed using a SW40 Beckman Coulter rotor placed in a
Himac ultracentrifuge (Model CP 100 NX). Formulations
were ultracentrifuged at 35,000 rpm for 1−3 h (initially) at 4
°C to monitor for clear resolution/separation. For longer spin
times, the speed was reduced to 15,000−18,000 rpm.
Ultracentrifugation times and speeds were optimized for each
formulation, and all the experiments achieved equilibrium.
Individual fractions with visible color gradations were manually

Figure 2. Evaluation of in vivo hEPO expression, ApoE binding, and generalized polarization (GP) for optimized parent formulations compared to
DLin-MC3-DMA. (A, B) Lipid A and (C, D) lipid B parent formulations (for both DOPE and DEPE) along with MC3 LNPs were administered
IM and IV in CD-1 male mice (6−8 weeks old) at the represented doses. ELISA was performed to measure hEPO expression at 6 and 24 h post-
injection. *p < 0.05, **p < 0.01, ***p < 0.001. Statistical significance was evaluated using Welch’s t-test. (E−G) QCM-D for ApoE binding affinity
and (H) Laurdan assay to assess GP were performed on lipid A and B formulations.
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collected (top first) and stored in 10% sucrose (for consistency
and for freeze/thaw stability) at −80 °C until further analysis.

■ RESULTS AND DISCUSSION
In this work, we employed density gradient ultracentrifugation
(DGC) to characterize four LNP formulations, synthesized
with two different model ionizable lipids, lipid A and lipid B,
and each with two different helper lipids: DOPE and DEPE
(Figure 1A). DMG-PEG-2K as the PEGylated lipid and
cholesterol were common to all four formulations. Differences
in lipid chain lengths of ionizable lipids are known to affect the
van der Waals interaction forces and lipid packing, thus
impacting the stability of nanoparticles.22 While both DOPE
and DEPE helper lipids have the same phosphatidylethanol-
amine headgroup, DEPE has a longer carbon tail length (22C)
compared to that of DOPE (18C) (Figure S1). Consequently,
we sought to evaluate the effect of varying tail lengths of the
two helper lipids formulated with the two structurally different
ionizable lipids A and B.
Four hEPO-containing mRNA-LNP formulations (A-

DOPE, A-DEPE, B-DOPE, and B-DEPE) were generated. As
a secreted protein, hEPO is rapidly quantifiable and used
extensively in high-throughput screening studies.23 All four
LNPs demonstrated normal features and parameters within the
expected threshold, including <125 nm particle size (Figure
1B), <0.22 PDI (Figure 1C), >80% encapsulation efficiency
(EE%) (Figure 1D), and zeta potential ∼25 mV (Figure 1E).
Along with DLin-MC3-DMA (MC3) control formulations, all
four test LNPs were evaluated for hEPO expression in mice via
IM and IV routes of administration. At 6 and 24 h post-
administration, hEPO expression was quantified by enzyme-
linked immunosorbent assay (ELISA). For both IV and IM
dosing, LNPs made with lipids A and B, irrespective of the

helper lipids used, showed significantly higher hEPO levels
over the MC3 control (p < 0.005, Figure 2A−D). For lipid A,
formulations made with DEPE showed higher hEPO
expression than those made with DOPE for both IV and IM
routes of administration (p < 0.05, Figure 2A,B). On the other
hand, for lipid B, LNPs made with DEPE showed higher hEPO
levels over B-DOPE LNPs only for IV (p < 0.05) but not for
the IM dosing route (Figure 2C,D).
In the context of systemic delivery, LNPs in circulation

undergo dynamic interactions with serum proteins forming a
protein corona, which has significant implications on the
kinetics, interactions, and affinity of the LNPs with different
cell types.24 Composition and formulation changes in LNPs
can alter the protein corona, thereby modulating LNP−cell
interactions.25 For instance, the binding of apolipoprotein E
(ApoE) affects LNP uptake by hepatocytes through the low-
density lipoprotein receptor (LDLR). PC- and PE-based
helper lipids formulated into LNPs can differentially influence
their ApoE adsorption and thus hepatic delivery.13 Recently,
Zhou et al. demonstrated efficient dendritic cell (DC) uptake
of ApoE3-incorporated biomimetic nanoparticles through the
macropinocytosis pathway for cancer immunotherapy.26 In this
work, we observed that incorporating PE-based helper lipids
with differing tail lengths into LNPs resulted in significant
differences in their potencies through different routes of
delivery. To investigate if these differences could be attributed
to differential ApoE binding, the four LNPs were evaluated for
their ApoE affinity using a quartz crystal microbalance with
dissipation monitoring (QCM-D). The dissipation and
frequency shifts of all four sensors were monitored in real
time (Figure 2E−G). For all of the formulations, we observed
that the dissipation and frequency shift changed with the
addition of new layers (Figure 2E,F). While the formulation B-

Figure 3. Formulation characterization of subpopulations of mRNA-LNPs. (A) Parent formulations A-DOPE and A-DEPE subjected to density
gradient ultracentrifugation (DGC) on 5−10% sucrose density gradient for 2 h at 35,000 rpm resolved into three fractions each. Their (B) particle
size, (C) PDI, (D) EE%, and (E) mRNA yield (% of parent) are represented. (F) Parent formulations B-DOPE and B-DEPE subjected to DGC on
5−25% density gradient for 24 h at 15,000−35,000 rpm resolved into three and two fractions, respectively. Their (G) particle size, (H) PDI, (I) EE
%, and (J) mRNA yield (% of parent) are represented. **p < 0.01 statistical significance was evaluated using Welch’s t-test.
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DEPE showed a Δdissipation of around 15 ppm compared to
B-DOPE at around 13 ppm, the difference between the
formulations A-DEPE (17 ppm) and A-DOPE (10 ppm) was
higher. As for -Δfrequency, formulations made with the helper

lipid DEPE for lipid A (254 Hz) and lipid B (230 Hz) had
higher values than their DOPE counterparts (195 and 199 Hz
for the formulations lipid A-DOPE and lipid B-DOPE,
respectively; Figure 2G). The higher Δdissipation and

Figure 4. Evaluation of in vivo hEPO expression for parent formulations and their respective fractions. hEPO expression (for 6 and 24 h) measured
by ELISA for the parent formulations A-DOPE and A-DEPE, A-DOPE fractions, and A-DEPE fractions by (A−C) IV and (D−F) IM routes of
administration, respectively, at the doses indicated. hEPO expression (for 6 and 24 h) measured by ELISA for the parent formulations B-DOPE and
B-DEPE, B-DOPE fractions, and B-DEPE fractions by (G−I) IV and (J−L) IM routes of administration, respectively, at the doses indicated. **p <
0.01 statistical significance was evaluated using Welch’s t-test.
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-Δfrequency indicated that the helper lipid DEPE creates
softer layers with higher mass as compared to the layers
created by DOPE, when formulated with both lipids A and B.
This was further demonstrated by the thickness values derived
using the Voigt model, recommended for viscoelastic
materials.27,28 The thickness of ApoE-LNP layers for the
DEPE helper lipid (∼37 nm) was slightly higher than that for
the formulations with the DOPE helper lipid (∼35 nm).
Overall, the QCM-D results indicated a higher affinity of ApoE
protein for the DEPE-based LNPs, which also corresponded to
their higher in vivo hEPO expression via IV dosing, over the
DOPE-based LNPs.
In addition to serum protein binding, differences in ionizable

lipids, helper lipids, and lipid composition of LNPs can
engender differences in membrane packing and orderliness, in
turn impacting stability and mRNA delivery.29 To gauge the
polarity changes in the lipid layer environment of the four
LNPs, we employed the Laurdan assay. The shift in the
fluorescence intensity of Laurdan from 440 to 490 nm because
of its interaction with water molecules in the lipid membrane is

used to calculate the generalized polarization (GP) values.30 A
lower GP value is associated with a hydrated and fluid
membrane, while a higher GP value typically implies less water
molecules, more ordered lipid packing, and hence higher
stability. Indeed, lipid A-DEPE LNPs with higher IV and IM
potency showed higher GP values over lipid A-DOPE LNPs (p
= 0.008, Figure 2H), potentially indicating better stability in
physiological conditions. No significant difference in GP values
was observed for both the lipid B-DOPE and lipid B-DEPE
LNPs.
Based on their in vivo results, we subjected the four LNPs to

density-based separation using ultracentrifugation, to explore
the nature and features of the subpopulations that could
potentially exist in these “parent” formulations. As described in
the method section, ultracentrifugation of the four LNPs
loaded on the top of sucrose density gradients resulted in their
separation into distinct density-based fractions (Figure 3), with
the least dense topmost fraction (F) 1, followed by F2 and
then F3 with increasing densities. Control experiments
demonstrated that upon ultracentrifugation, both empty A-

Figure 5. Comprehensive biophysical analyses for lipid A and B parent formulations and fractions, measuring (A−D) lipid content, (E, F) particle
count, and (G, H) zeta potential and pKa. For lipids A and B, DOPE-LNPs with high IV potency show a significantly high total lipid content,
particle count, and higher zeta potential, compared to the respective parent and other fractions. *p < 0.05, **p < 0.01, ***p < 0.001, and ****p <
0.0001. Statistical significance was evaluated using Welch’s t-test.
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DOPE LNPs (without mRNA, Figure S2A) and the majority
of the naked mRNA (unformulated hEPO mRNA, Figure
S2B) remain at the top of the sucrose gradients, indicating
lower density for both. All LNPs resolved into three separate
fractions post-DGC, except for LNP B-DEPE, which resolved
into two fractions (Figure 3A,F). Additional calibration DGC
experiments performed with discontinuous vs continuous
sucrose gradients, different types and amounts of mRNA
payloads, showed identical trends in the resolution of fractions,
in terms of their visual appearance, density, particle sizes, and
mRNA yield (data not shown).
For the lipid A parent formulations, A-DOPE showed a

slight trend of higher particle size for F1 (Figure 3B), while the
PDI increased from F1 to F3 (n.s., Figure 3C) and EE%
remained comparable across all fractions for both A-DOPE
and A-DEPE LNPs (Figure 3D). The mRNA yield in the
individual fractions, measured as the percentage of parent
mRNA, decreased significantly from F1 to F3 (Figure 3E).
Both lipid B parent formulations demonstrated decreasing
particle sizes (Figure 3G), increasing PDI (Figure 3H), and
comparable EE% (Figure 3I), with the denser fractions. While
most of the mRNA yield for B-DEPE was concentrated in F1
compared to F2, B-DOPE formulations showed an opposite
trend, where the %mRNA yield increased with fractions of
increasing densities from F1 to F3 (Figure 3J).
The above findings indicate that the distribution of the

mRNA payload across LNP subpopulations with differing
densities is a function of the ionizable lipid and the helper lipid.
In this case, the combination of lipid A with DOPE resulted in
higher mRNA payload in the least dense subpopulation, while
lipid B formulated with DOPE resulted in LNPs with higher
mRNA payload in the densest subpopulation. These differ-
ences can be hypothesized to arise from differences in the
ionizable lipid−helper lipid interactions affecting mRNA
encapsulation.
All the individual fractions for each of the four LNPs were

then evaluated for hEPO expression in mice at 6 and 24 h post-
injection (both IM and IV administration) in a head-to-head
comparison with the respective parent LNPs (Figure 4).
Irrespective of the %mRNA yield obtained for the fractions,
the amount of mRNA dosed was identical between the parent
formulation and the respective fractions for each individual
study (e.g., 0.1 �g/animal IM dose for all LNPs, 0.01 mg/kg IV
dose for lipid A-LNPs, and 0.1 mg/kg IV dose for lipid B-
LNPs). As seen in Figure 4B,4E, the topmost fraction F1 of the
A-DOPE formulation resulted in higher hEPO expression than
that of the parent formulation and other fractions only for IV
dosing, while no differences in hEPO levels were observed
between fractions and parent LNPs for IM dosing. For the A-
DEPE formulation, there was no difference in hEPO protein
expression between fractions and parent LNPs for both routes
of administration (Figure 4C,4F), potentially indicating more
“homogeneous” subpopulations for the A-DEPE LNPs
compared to A-DOPE LNPs. In other words, although the
three A-DEPE fractions differed in densities, their in vivo
performance was comparable to the parent formulation.
As for ionizable lipid B formulations, the F1 of B-DOPE

LNPs showed significantly higher hEPO levels than those of
the parent formulation (p < 0.05) and the other fractions (F2
and F3) for IV dosing (Figure 4H). In fact, this high hEPO
expression level (4433 ± 585 ng/mL) was the highest among
all the parent formulations and fractions tested (p < 0.01). For
the IM route of administration, although F1 of B-DOPE

showed higher hEPO levels over the other two fractions at 6 h,
they leveled off by 24 h post-injection (Figure 4K). In the case
of the B-DEPE formulation, the least dense fraction F1 with
most of the mRNA payload also demonstrated significantly
higher hEPO expression as compared to the parent
formulation and F2, more so for the IV route than for the
IM one (Figure 4I,L).
Taken together, these results suggest that (1) the A-DEPE

formulation is likely more homogeneous in terms of the in vivo
functionality of the different subpopulations, while the B-
DEPE formulation is less homogeneous, with most of the
potency and payload attributed to F1. (2) Both lipid A and B
formulations made with DOPE are much more heterogeneous,
given the significantly higher in vivo efficacy of their respective
subpopulation F1. It is important to note that all the animals
received the same amount of mRNA for a given route of
administration. Although the dose of the mRNA payload was
normalized for the in vivo evaluations, it was highly likely that
the associated lipid amounts and nanoparticle numbers
between each fraction and parent were different.
To this end, we evaluated the lipid content (Figure 5A−D)

and nanoparticle count (Figure 5E,F) for all four parent LNPs
and ten total fractions (F3 of A-DEPE was excluded due to
very low concentration), using UPLC and DynaPro,
respectively. As seen in Figure 5A,C, the total amount of
lipids in the individual fractions was normalized and plotted as
fold change over the lipid amount in the respective parent
formulations. For DOPE-containing lipid A and B formula-
tions, F1 showed the highest lipid content compared to the
respective parent and other fractions (p < 0.05). In particular,
the F1 and F3 of B-DOPE LNPs had the highest and lowest
amount of lipids per unit amount of mRNA, respectively, as
compared to the parent formulation. The mass balance agrees
with different fractions carrying higher or lower amounts of
lipids as compared to the parent formulation. In addition,
Figure 5B,D demonstrates that the weight percentage of the
four lipid components for each of the parent LNPs and
fractions did not show any significant changes.
Using DynaPro, the total number of nanoparticles was

measured at a constant mRNA concentration of 0.01 mg/mL
(except for B-DOPE F1, which was diluted further by 100-
fold) for all of the parents and fractions. As shown in Figure
5E, the F1 of both A-DOPE and A-DEPE had significantly
higher number of particles than the respective parents and
other fractions (p < 0.005). Of note, the particle numbers/mL
for the lipid-rich F1 of the B-DOPE formulation were almost
an order of magnitude higher than the parent formulation
(Figure 5F). Since the particle count measurements were
normalized to the total mRNA, it was demonstrably evident
that this topmost fraction of B-DOPE LNPs had a higher
number of “empty” LNPs, supported by the lipid quantification
and Ribogreen results, which showed the highest lipid content
and the lowest mRNA content for this fraction, respectively.
Independent studies have also demonstrated the presence of
40−80% empty LNPs in various types of formulations,
including MC3 industry standard.19,31 Although we were not
able to further resolve F1 to quantify the exact number of
empty LNPs, the true “LNP heterogeneity” would be
determined not only by the differences in individual fractions
but also by the percent of that fraction within the total
formulation. Thus, in the context of biological function, for the
same amount of mRNA, a considerably higher amount of lipids
was co-dosed for the F1 B-DOPE, resulting in significantly
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higher IV hEPO expression, and the lower amount of lipids co-
dosed for F3 led to lower protein production, compared to the
parent formulation.
No significant correlation was found between the positive

zeta potential of the four parent LNPs (Figure 5G,H). Among
the fractions, the zeta potential decreased significantly from F1
to F3 for DOPE-based LNPs and from F1 to F2 for B-DEPE
LNPs. In general, the surface charge of the topmost fraction for
all the LNPs tended to correlate with their lipid content,
particle count, and in vivo functionality (more so for the IV
route). The apparent pKa of the parent formulations and the
fractions was also measured using the TNS assay (Figure
5G,5H). In the context of nanoparticles, the apparent pKa is
the pH at which the average of all ionized to deionized groups
becomes equal and, hence, is different from the intrinsic pKa of
the ionizable lipid. Several different factors including the
ionizable lipid structure, lipid components, and the composi-
tion affect the lipid packing and surface presentation of lipids,
all of which can influence the apparent pKa.

22 The apparent
pKa values for the less potent A-DOPE parent and fractions
were in the range of 6.6−6.8, while those for the more potent
A-DEPE parent and fractions were lower, in the range of 5.8−
6.0, and comparable to those reported for the Acuitas ALC-
0315 lipid−mRNA formulations (pKa 6.09).32 The apparent
pKa values for the B-DOPE and B-DEPE parents and their
fractions were in the range of 6−6.4. No clear trend was

observed between the apparent pKa of the lipid B LNPs, their
fractions, and their corresponding protein expression. Overall,
the apparent pKa values of fractions were comparable to those
of their parent formulation.
Published literature demonstrates that mRNA-LNPs gen-

erally exhibit distinct morphologies and structures like
multilamellarity, solid or dense cores, and the presence of
blebs. It has been suggested that these “blebs” are the polar
regions in the LNPs that contain the mRNA.33 To further
understand the structural properties of our LNP formulations,
we performed cryo-TEM imaging of the parents and their
subpopulations. Figure S3 illustrates one representative image
per formulation plus a close-up inset highlighting the distinct
structures. Lipid A LNPs formulated with either DOPE or
DEPE showed spherical particles with a distinct multilamellar
morphology and dense cores, present uniformly across all of
the parent formulations and the fractions (Figure S3A,B).
Lipid B LNPs formulated with DOPE demonstrated spherical
particles of different sizes and heterogeneous morphologies
(Figure S3C). Specifically, F1 had a relatively higher number of
blebs and unilamellar structures (indicated by arrows), which
bear consistency with the higher particle count and lipid
content observations attributed to higher “empty” LNPs.
Recently, Cheng et al. demonstrated that the improved
transfection efficiency of certain LNPs could be ascribed to
better integrity of the encapsulated mRNA in these “bleb”

Figure 6. Integrative analysis of lipid properties and their associations to protein expression. (A) Coefficients of a linear regression model to predict
log10(hEPO) at 6 and 24 h. Error bars indicate 95% confidence intervals. *p < 0.05 marks if the indicated coefficient is significantly different than
zero. (B) Scatter plot showing the predictions of this linear regression model and their association to observed values at 24 h. The plot is colored
according to the lipid and lipid fraction, with shapes indicating the route of administration. Heat map illustrating the inter-relationships between all
the biophysical and functional properties evaluated for (C) lipid A and (D) lipid B.
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structures.34 Similarly, here, the higher number of “blebs”
observed in the F1 B-DOPE formulation could also
correspond to higher in vivo protein expression. On the
other hand, lipid B LNPs formulated with DEPE and their
fractions showed relatively homogeneous multilamellar par-
ticles with fewer blebs or amorphous structures (Figure S3D).
In light of the comprehensive biological, biophysical, and

analytical characterizations performed on the parent LNPs and
their fractionated subpopulations across multiple ionizable and
helper lipids, doses, and routes of administration, we sought to
build a unified multiple linear regression model to evaluate the
degree to which these properties were predictive of the in vivo
hEPO expression. Two independent models (one per time
point) were created, treating the ionizable lipids A or B (with
the corresponding fractions), helper lipids (DOPE or DEPE),
and injection routes of administration (IV or IM) as
categorical variables as well as log10(Dose) as a continuous
variable rescaled to the 0−1 interval to enhance coefficient
comparability. The dose, route of administration, and helper
lipid were associated with increased protein expression; in
contrast, the parent (P), F2, and F3 fractions of lipid B were
associated with reduced levels of expression (Figure 6A).
These models were strongly predictive of the outcome (R2 =
0.97 and 0.97 for 6 and 24 h, respectively), with clear
segregation of the data into two modes based upon the route
of administration, and further variance within each mode
partially explained by the lipid fractions (24 h shown, Figure
6B).
We further examined the inter-relationships between all the

properties associated with lipids A and B (Figure 6C,D).
Notably, across the parent and fractions, hEPO expression
produced via the IV or IM routes was found to be weakly
correlated for lipid A but strongly correlated for lipid B. For
lipid A, hEPO levels detected from the IV route showed a
negative correlation with PDI, the proportion of cholesterol
and helper lipids, and pKa and a positive correlation to EE%,
mRNA yield, and the proportion of PEG and ionizable lipids
(Figure 6C). Similar correlations were observed for hEPO
expression through the IM route, albeit with stronger negative
correlations to the diameter and zeta potential. For lipid B, the
hEPO levels detected from both routes of administration were
negatively correlated with PDI and the proportion of helper
lipids but demonstrated a positive correlation to diameter, zeta
potential, the proportion of ionizable lipids and cholesterol,
particle count, and pKa (Figure 6D). Overall, these results were
robust to the choice of Pearson or Spearman correlations.

■ CONCLUSIONS
This research demonstrates the successful application of the
density gradient ultracentrifugation technique for the separa-
tion and evaluation of density-based heterogeneities in mRNA-
LNP formulations. When delivered through different routes of
administration, the individual LNP subpopulations exhibited
interesting patterns of homogeneity or heterogeneity in the
context of their biological functionalities. The biophysical
parameters of these LNP subpopulations, their payload and
carrier content, total particle count, morphology, and in vivo
efficacy were found to be a function of ionizable lipids, helper
lipids, and the formulation process. Finally, thorough analytical
characterization and regression analyses enabled a better
understanding of the potential trends that could be applied
for mRNA-LNP product development.
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