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ARTICLE INFO ABSTRACT
Keywords: Lipid nanoparticles (LNPs) have shown great promise as delivery vehicles to transport messenger ribonucleic acid
Lipid nanoparticle (mRNA) into cells and act as vaccines for infectious diseases including COVID-19 and influenza. The ionizable

mRNA vaccines
Liposomes
Ionizable lipid

lipid incorporated within the LNP is known to be one of the main driving factors for potency and tolerability.
Herein, we describe a novel family of ionizable lipids synthesized with a piperazine core derived from the HEPES
Drug delivery Good buffer. These ionizable lipids have unique asymmetric tails and two dissimilar degradable moieties
Cationic lipid incorporated within the structure. Lipids tails of varying lengths, degrees of unsaturation, branching, and the
Structure activity inclusion of additional ester moieties were evaluated for protein expression. We observed several key lipid
structure activity relationships that correlated with improved protein production in vivo, including lipid tails of
12 carbons on the ester side and the effect of carbon spacing on the disulfide arm of the lipids. Differences in LNP
physical characteristics were observed for lipids containing an extra ester moiety. The LNP structure and lipid
bilayer packing, visualized through Cryo-TEM, affected the amount of protein produced in vivo. In non-human
primates, the Good HEPES LNPs formulated with an mRNA encoding an influenza hemagglutinin (HA) anti-
gen successfully generated functional HA inhibition (HAI) antibody titers comparable to the industry standards
MC3 and SM-102 LNPs, demonstrating their promise as a potential vaccine.

1. Introduction applications but also protein replacement therapies, personalized cancer
vaccines, gene editing, and many other uses [6-10]. With this broad
In the last few years, the mRNA lipid nanoparticle (LNP) field has versatility, mRNA-LNPs as delivery vehicles offer a promising future of

expanded dramatically and has become a household topic due to the novel medical advancement.

COVID-19 pandemic. The success of the COVID-19 mRNA vaccines from The main driving factor for mRNA uptake and delivery into cells is
Moderna, Pfizer/BioNTech, and others highlights the rapid the lipid nanoparticles which encapsulate the mRNA and protect it from
manufacturing, efficacy, and tolerability that mRNA technologies have the physiological environment [11]. LNPs are typically comprised of an

to offer [1-5]. mRNA-LNPs have potential for not only vaccine ionizable/cationic lipid, pegylated lipid, cholesterol, and a

Abbreviations: LNP, lipid nanoparticle; HAI, hemagglutination inhibition; SAR, Structure Activity Relationship; HEPES, 4- (2- hydroxy ethyl)-1- piperazine ethane
sulphonic acid; NHP, non-human primates; HA, hemagglutinin; mRNA, messenger ribonucleic acid; hEPO, human erythropoietin; IM, intramuscular; PEG, poly-
ethylene glycol; PDI, polydispersity index; GP, generalized polarization; Cryo-TEM, cryogenic transmission electron microscopy; ELISA, enzyme-linked immuno-
sorbent assay; SAR, structure activity relationship.
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phospholipid. Selection of the ionizable or cationic lipid used within the
LNP has been shown to influence the amount of mRNA delivery by
mediating cell uptake and endosomal escape [12-14]. Many academic
labs and companies have spent countless years and resources developing
novel ionizable lipids and optimizing lipid structures to improve RNA
delivery [12,15-22].

Ionizable lipids are amphiphilic with the hydrophilic part consisting
of at least one tertiary amine that can become protonated under acidic
conditions and a hydrophobic part with carbon tails of various length,
with or without double bonds and degradable moieties. When formu-
lated into an LNP, an ideal ionizable lipid allows for efficient cellular
uptake aiding in adequate protein production in vivo, exhibit low
toxicity, and demonstrate an acceptable clearance rate after injection
[23-25]. Examples of widely used or well-known ionizable lipids
include, DLin-MC3-DMA (MC3), ALC-315, SM-102, C12-200, cKK-E12,
and OF-02 [22,25-31]. Several of these lipids have degradable moieties
incorporated within the lipid structure, such as esters, that may poten-
tially improve clearance of the lipid once administered into the body.
Esters are the most incorporated degradable moiety and few alternatives
have been investigated such as disulfides and amides [12,16,26,32,33].
Another feature infrequently mentioned in literature is the effect
asymmetric lipid tails have on potency. This is because asymmetric lipid
tails can be challenging to produce due to limitations in both chemical
synthesis and commercially available reagents.

Herein, we describe a novel ionizable lipid family with a piperazine
core derived from the Good buffers discovered by Norman Good in 1966
[34]. Specifically, we used the Good HEPES buffer as a base structure to
synthesize over 250 chemically unique ionizable lipids containing
different degradable moieties and carbon tails. The HEPES core struc-
ture with a hydroxyl and sulfonic acid group on either side allows for the
ionizable lipid to contain an ester and disulfide degradable moieties, as
well as asymmetric lipid tails on either arm of the final molecule (Fig. 1).
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Two different lipid tail families, Generation 1 (Genl) and Generation 2
(Gen2), were incorporated onto the Good HEPES core structure, with
Gen2 structures focused on higher degradability. The Good lipids, in the
form of LNPs, were screened in vivo with human erythropoietin (hEPO)
mRNA, as a proof of concept, to test the delivery in mice after a single
intramuscular (IM) injection. We observed several key lipid structure
activity relationships (SARs) that correlated with improved protein
production in vivo. Certain physical characteristics of the LNPs including
structure and lipid bilayer packing were also shown to affect protein
production. Additionally, Good lipid LNPs with HA successfully pro-
duced protein in a higher order animal model using non-human pri-
mates (NHPs) and generated functional neutralizing antibody titers
against the influenza virus hemagglutinin 1 protein (HA1l) when
formulated with an mRNA encoding for an HA antigen.

2. Materials & methods
2.1. mRNA synthesis and lipid nanoparticle formulation

mRNA transcripts encoding for human EPO (hEPO) and hemagglutinin
(HA) from A/California/04/2009 were synthesized by in vitro transcrip-
tion employing RNA polymerase and unmodified nucleotides to transcribe
the mRNA from a plasmid DNA template encoding the desired gene. The
resulting purified precursor mRNA was reacted further via enzymatic
addition of a 5' cap structure (Cap 1) and an approximate 200 nucleotide 3’
poly(A) tail. Preparation of mRNA/lipid nanoparticle (LNP) formulations
was described previously [35]. Briefly, an ethanolic solution of a mixture
of lipids (ionizable lipid, dioleoylphosphatidylethanolamine, cholesterol,
and polyethylene glycol-lipid) at a fixed lipid to mRNA ratio were com-
bined with an aqueous buffered solution of target mRNA at an acidic pH
under controlled conditions to yield a suspension of uniform LNPs. After
ultrafiltration and diafiltration into a suitable diluent system, the resulting
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Fig. 1. Over 250 Good HEPES lipids were synthe-
sized and screened for protein production in mice
after a single IM injection. (A) Lipids were synthe-
sized using the HEPES Good buffer as a core. One arm
of the lipid contained a degradable disulfide bond and
the other an ester. Spacer lengths of 3 or 4 carbons
were incorporated in between the degradable bond
and the tertiary amine. The Generation 1 lipids
contained carbon tails that are 10, 12, 14, 18-1, 18-2,
or 18-3 carbons in length. The Generation 2 lipids
contained 3 different carbon tails with additional es-
ters and terminal carbon branches. The additional
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particles were formulated with a PEG lipid,
cholesterol, phospholipid and human EPO (hEPO)
mRNA. The lipid nanoparticles were injected through
intramuscular delivery to mice at a dose of 0.1 pug in
30 pL volume. hEPO levels were detected in the blood
of the mice 6 and 24 h post injection with an ELISA
assay.
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nanoparticle suspensions were diluted to final concentration, filtered, and
stored frozen at —80 °C until use. The molar composition used for lipid
screening was as follows: 1.5:40:28.5:30 of polyethylene glycol-lipid:
ionizable lipid: cholesterol: dioleoylphosphatidylethanolamine.

2.2. LNP characterization

mRNA encapsulation and concentration were measured using
RiboGreen™ assay using Quant-it Ribogreen Assay Kit (Thermo Fischer
Scientific) according to the manufacture’s protocol. Dynamic light
scattering (DLS) was used to characterize LNP Z-average size, poly-
dispersity (PDI), and zeta potential using a Malvern Zetasizer. Surface
pKa of the LNPs was measured using the TNS (2-(p-toluidinyl)naph-
thalene-6-sulphonic acid) assay [36]. Briefly, LNPs were diluted into
specific pH buffers ranging from pH 3-9 in increments of 0.5 and mixed
with the TNS dye with a final concentration of 6 uM in each well.
Fluorescence intensity was measured at excitation 322 nm and emission
431 nm. The LNP surface pKa was the pH at which 50% of the amine
protonation occurred based off the fluorescence pH titration curves
generated per LNP.

2.3. Laurdan assay

Formulations were diluted into buffer solutions at pH 4.5, 5.5, 6.5, or
7.5 and the laurdan molecule was added to a final laurdan concentration
of 1 pM. Solutions were incubated at room temperature, protected from
light, for 3 h. Samples were analyzed using a SpectraMax M5 Multi-
Mode microplate reader. A fluorescence excitation wavelength of 340
nm was used along with emission wavelengths of 440 and 490 nm. GP
values were calculated using the following equation: GP = (AUC44¢ —
AUC490)/(AUC449 + AUC4q0) [37,38].

2.4. Cryo-TEM imaging of the lipid nanoparticles

Samples were vitrified by plunge-freezing and imaged by brightfield
cryo-transmission electron microscopy. TEM grids (Quantifoil GmbH) were
glow-discharged for 25 s in rarefied room air using a Pelco EasiGlow (Ted
Pella). Samples were applied to grids in the chamber of a Vitrobot Mk IV
(ThermoFisher) at 95% relative humidity and 22 °C, blotted, and plunged
into liquid ethane for vitrification. Each sample was vitrified on Quantifoil
R2/1200 mesh grids both with and without a continuous carbon film of 2 nm
nominal thickness. Imaging was performed on a Talos Arctica transmission
electron microscope (FEI Company) with K2 direct electron detector (Gatan)
controlled by SerialEM software [39] at 49,000 x and 130,000 x nominal
magnification. Grids with and without continuous carbon were screened for
each specimen and images were collected from grid showing optimal ice
thickness and less contamination.

2.5. Animal studies

Ethics statement: Animal studies were conducted in compliance
with all pertinent US National Institutes of Health regulations as well as
with all relevant local, state, and federal regulations. Animal protocols
were approved by the Institutional Animal Care and Use Committees
(IACUCs) of the facilities at Alpha Preclinical (North Grafton, MA),
Bioqual (Rockville, MD), and New Iberia Research Center (New Iberia,
LA).

2.6. Mouse studies

Lipid screening studies were conducted with female BALB/cJ mice
6-8 weeks of age. Mice were dosed with 0.1 pg mRNA in 30 pL of LNPs
by a single intramuscular (IM) injection into the gastrocnemius leg
muscle. Blood samples were taken 6 and 24 h post injection and hEPO
levels were measured in the blood serum of the mice using an ELISA
assay according to the manufacture’s protocol.
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2.7. Non-human primate studies

Cynomolgus macaques of Mauritian origin 2-6 years of age and
weighing in a range of 2-6 kg were administered 500 pL volume of
formulations at a dose of 10 pg mRNA via intramuscular (IM) injection
into the deltoid of the right forelimb on Day 0 and the left forelimb on
Day 28. All immunizations and blood draws occurred under sedation
with Ketamine HCl (10 mg/kg) or Telazol (4-8 mg/kg IM) [40].

2.8. Hemagglutinin inhibition (HAID) assay

HAI assays were performed as previously described [7] using the
A/California/07/2009 (H1N1) virus stocks from BIOQUAL, Inc. Sera
were treated with receptor-destroying enzyme (RDE) by diluting
one-part serum with three parts enzyme and incubated overnight in a
37 °C water bath. Enzyme was inactivated by a 30-min incubation
period at 56 °C followed by addition of six parts PBS for a final dilution
of 1/10. HAI assays were performed in V-bottom 96-well plates using
four hemagglutinating units (HAU) of virus and 0.5% turkey red blood
cells. Reference serum was included as a positive control on every assay
plate. Each plate also included a back-titration to confirm the antigen
dose (4 HAU/25 pL) as well as a negative control sample (PBS or naive
control serum). The HAI titer was determined as the highest dilution of
serum resulting in complete inhibition of hemagglutination. Results
were only valid for plates with the appropriate back-titration result
(verifying 4 HAU/25 pL added) and a reference serum titer within 2-fold
of the expected titer.

2.9. Statistical analysis

All statistics were calculated using the rstatix package in R (v 4.2.0).
Significance was calculated using a Welch’s t-test and p-values were
adjusted for multiple hypothesis using the Bonferroni correction. The
statistics for the HAI Fig. 6 were calculated using ANOVA and multiple
comparisons were tested using Tukey honestly significant difference.

3. Results & discussion
3.1. A lipid library was synthesized derived from the good HEPES buffer

Over 250 lipids were synthesized using the HEPES core as shown in
Fig. 1A. The HEPES buffer is cost-effective and widely used for cell
culture applications, making the molecule a suitable candidate for
synthesizing a large library of lipids [34]. The resulting ionizable lipids
contained a piperazine core and asymmetric degradable bonds (ester on
one side and disulfide on the other) (Fig. 1A) [34,41]. Each lipid con-
tained two tails on each side of the HEPES core after the ester or disulfide
for a total of four tails per lipid. The tails on the same side of the HEPES
core were identical but could differ from the tails on the other side of the
core. A spacer of three or four carbons was incorporated on either side of
the molecule between the degradable bonds and tertiary amines. Each
tertiary amine was connected to one of nine lipid tail structures. The
Genl lipid tails consisted of carbon chains of 10, 12, 14, 18-1 (one
double bond), 18-2 (two double bonds), or 18-3 (three double bonds)
while Gen2 lipid tails contained an additional ester and different carbon
spacer lengths before and after this added ester moiety (Fig. 1A). Iso-
propyl and pentan-3-yl terminal tail branches were also included in the
Gen?2 tails. A general synthesis pathway, representative NMR spectra
and LC/MS of the Good lipids is provided in Fig. S1 &2.

Many Good lipids produced high amounts of hEPO protein after
a single IM injection in mice. The Good HEPES lipids were formulated
with hEPO mRNA to investigate lipid potency in mice upon a single IM
administration. hEPO mRNA has been commonly used as a model pro-
tein for assessing LNP potency as it is an efficient and readily quantifi-
able method in mice [12,14,42-44]. To achieve effective mRNA
delivery, Good HEPES lipids were formulated into LNPs by mixing a



R.L. Goldman et al.

Good ionizable lipid, a phospholipid, cholesterol, and a PEGylated lipid
solution with an aqueous acidification buffer containing hEPO mRNA
under controlled conditions. After ultrafiltration/diafiltration process-
ing of the LNPs, mice were dosed with a single intramuscular (IM) in-
jection of 0.1 pg LNPs based on mRNA concentration and blood samples
were taken 6 and 24 h post-administration (Fig. 1B). An ELISA was
performed to measure the amount of hEPO protein in the mouse blood
serum at the aforementioned time points. For most Good lipid formu-
lations, the average hEPO expression at 6 h was higher than 24 h,
although in many cases these values were not significantly different
(Fig. S3A). Numerous Genl Good lipids produced comparable if not
higher amounts of hEPO protein compared to industry standard lipids,
SM-102 and MC3. In general, we observed that Genl LNPs had signifi-
cantly increased hEPO production compared to Gen2 lipids in mice
(Fig. S3B). This may be attributed to the additional esters incorporated
into the Gen2 tails, which may make the lipids more susceptible to
degradation once administered in vivo. It is also worth noting that bio-
distribution studies revealed that with the low IM dose of 0.1 pg mRNA
in LNPs, we only observed protein expression in the muscle tissue of the
mice and not in other organs (Fig. S4).

The 6-h hEPO protein data was plotted as a heat map to better view
lipid SARs for the Genl and Gen2 lipids (Fig. 2A and B). Darker colored
squares on the heat map represent higher amounts of hEPO produced in
mice 6 h after a single IM administration of 0.1 ug of mRNA. The Good
lipid ester arm and tails are exemplified in the heat map columns while
the disulfide lipid arm and tails are represented in the rows. An initial
visual trend for Genl lipids on the ester side indicates that lipid tail
lengths of 12 carbons produced more hEPO compared to other lengths
and this trend was confirmed to be significant (Figs. 2B & 3A). In
addition, lipid tail lengths of 18-3 (three double bonds) performed
poorly, regardless of the lipid arm (Figs. 2B and 3A &B). This could be a
result of the lower mRNA encapsulation of 18-3 LNPs, leading to inef-
ficient mRNA delivery into the cells (Fig. SSE&F). Out of the 114 Gen2
lipids tested, 42 did not produce any detectable amount of hEPO and two
lipids resulted in unstable formulations (UF) that were not dosed
(Fig. 2B). Interestingly, almost all the high-performing lipids from Gen2
group were derived from lipid tails containing a terminal pentan-3-yl
(TP) on either the ester or disulfide side of the molecule.

Further SAR analyses were performed to uncover structural aspects
which affect LNP hEPO protein production in vivo. Viewing Fig. 3A, we
confirmed that lipid tail length on the ester and disulfide side of the
Good lipids played a significant role in influencing potency in both Gen1
and Gen2 LNPs. Gen2 lipid tails that contained an 8E1 terminal pentan-
3-yl (8E1TP) moiety performed significantly better than the 6ETI tail on
the ester side and the 6E4, 6ETI, and 6E2TI tails on the disulfide side
(Fig. 3A and B). The biophysical characteristics of the 8E1TP LNPs were
comparable to the other Gen2 tails and further experiments need to be
performed to ascertain the reason why the 8E1TP tails benefited potency
(Figs. S5A-F).

Another lipid structure aspect analyzed was the effect of the carbon
spacer located between the tertiary amines and degradable ester or di-
sulfide bond. Lipids containing either a 3 or 4 carbon spacer were syn-
thesized and tested for hEPO production in mice (Fig. 3C). No potency
difference related to the ester side was observed; however, lipids with a
carbon spacer of 4 on the disulfide side resulted in significantly higher
hEPO production in mice compared to a 3-carbon spacer in Gen1 lipids.
This increase in protein production was surprising considering LNP
encapsulation of Genl lipids was significantly lower for carbon spacers
of 4 compared to 3 on the ester and disulfide lipid arms (Fig. S6C).
Theoretically, small differences in carbon spacing may have affected
LNP packing in a way that improved LNP potency. A weak correlation
between lipid molecular weight and hEPO production in vivo was
observed as well: Gen1 lipids with a lower molecular weight had greater
potency, while the opposite trend was seen for Gen2 lipids (Fig. 3D). For
additional viewing of lipid structure-activity trends, a table of each lipid
tested, amount of hEPO produced, and the structure features are
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Fig. 2. Many of the Genl and Gen2 lipids produced high amounts of hEPO
protein after a single IM injection in mice. The Good HEPES lipids were
formulated for a single 30 pl IM injection of 0.1 pg in mice (n = 4). (A) Many of
the 144 Genl1 lipids produced high amounts of hEPO in mice and revealed
lipid structure and potency trends. Heat map of the average 6-h timepoint
where the darker color indicates a higher hEPO protein amount. Visually, lipids
with carbon tails of 12 on the ester arm of the lipid performed better while 18-3
tails performed worse. (B) The Gen2 lipids were overall less potent
compared to Genl. Several tail structures including the additional Ester +
Terminal Pentan-3-yl (TP) improved the hEPO production in mice for the Gen2
lipids. Each square on the heat maps represents the average hEPO protein value
produced in n = 4 mice. UF = unstable formulation. NM = lipid never made.

provided in Fig. S7.

3.2. LNP biophysical characteristics and relationship with potency

Next, the formulation potency was assessed in relation to biophysical
properties of LNPs, such as LNP size, mRNA encapsulation, surface pKj,
and zeta potential (Fig. 4). A size range of ~60 nm-~150 nm was
observed for both Genl and Gen2 LNPs (Fig. 4A). The formulations with
superior performance had diameters around 80 and 120 nm for the Gen1
and Gen2 LNPs, respectively, while no significant correlation between in
vivo potency and size of LNPs was detected. However, it was observed
that larger Genl LNPs were dependent on lipid tail structure where
double bonds incorporated in the tails resulted in larger LNPs on the
disulfide arm and specific Gen2 lipid tails resulted in larger LNP size
compared to others (Fig. S5 A&B).
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evaluated using a Welch’s t-test.

The Polydispersity (PDI) trended higher for Gen2 LNPs compared to
Genl suggesting that Genl LNPs have a more mono-dispersed particle
population (Fig. S5C&D). Additionally, mRNA encapsulation did not
correlate with in vivo potency in mice for the separate Genl and Gen2
families, although it was noted that Gen2 lipids had a greater number of
LNPs with encapsulation efficiencies below 70% whereas most Genl
lipids had encapsulation efficiencies of >80% (Fig. 4B and Fig. SSE&F).

Apparent pK, of the LNPs was measured for 60 formulations using a
TNS assay to assess particle protonation on the LNP surface. Genl LNPs
had lower surface pK, values ranging from 5.2 to 6.3 while Gen2 lipids
values ranged from 5.8 to 6.9 (Fig. 4C). Interestingly, the best per-
forming lipids in vivo from both Gen1 and Gen2 had similar pK, values of
6.0 and 6.2. These pK, values observed were comparable to published
values such as that of the Acuitas ALC-0315 mRNA formulation with a
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Fig. 4. LNP physiological characteristics and relationship with protein production for Genl and Gen2 lipids. The Good LNPs were characterized for diameter
size, mRNA encapsulation%, LNP surface pKa, surface zeta potential, and lipid bilayer packing to investigate trends with amount of hEPO produced in mice. (A) The
Good LNPs ranged in size from 60-150 nm and no significant correlation was observed with potency. The top performing formulations had a diameter of 80
and 120 nm for the Genl and Gen2 LNPs, respectively. Size was measured using dynamic light scattering. (B) Overall, more of the Gen2 LNPs had lower mRNA
encapsulation% compared to Genl and no significant correlation was observed with potency in mice. mRNA encapsulation was measured with a Ribogreen™
assay according to the manufacturer’s protocol. (C) The surface pK, of LNPs ranged from 5.2-6.9 and no correlation was seen between pK, and hEPO
produced in mice. The Genl LNPs tended to have lower pKa values compared to Gen2. Surface pKa was measured using a TNS assay. (D) Good LNPs with zeta
potentials less than 12 mVs did not produce any protein in mice. The Genl LNPs had a narrower range of Zeta potential compared to Gen2. Zeta potential was
measured in 1 mM KCl. (E) The laurdan generalized polarization (GP) value decreased in lower pH buffers of 5.5 and 4.5 for all formulations tested, and
Genl had higher overall GP value at pH 7.5. Genl & Gen2 formulations were incubated with the laurdan probe under pH 4.5, 5.5, 6.5, and 7.5 buffer conditions.
The GP value was calculated based off fluorescence values to give an idea of formulation lipid membrane packing. (F) A positive linear correlation was found
between the laurdan GP value and the amount of hEPO produced at 6 h in mice. For Genl and Gen2, an increase in GP value correlated with an increase in
hEPO protein in pH 7.5 solution. Each dot or square on the graphs represents the average hEPO protein amount of n = 4 mice.***p < 0.001 ****p < 0.0001 Statistical
significance was evaluated using a Welch’s t-test.

reported pKa of 6.09 [31]. Alabi et al. observed that siRNA LNPs with around 6.75 [28,31]. Variances in optimal LNP surface pK, could be due

surface pK,s ranging from 6 to 7 had the best potency in vivo and to differences in lipid structure, helper lipid, and LNP composition. All
Whitehead et al. observed a pK, of 5.5 or higher is critical for in vivo these factors can affect the chemical structure presented on the LNP
transfection ability [16,33]. In addition, Hassett and Patel et al. have surface, the fraction of ionizable lipid that is protonated, and determine

reported their top performing ionizable lipids for IM delivery have pK,s the final apparent pKj,.
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All LNPs tested had a positive or neutral zeta potential and we did not
detect a significant correlation with hEPO production in mice (Fig. 4D).
It was observed that LNPs with zeta potentials below 12 mVs did not
result in any hEPO protein production suggesting a higher positive
surface charge is required for LNP efficacy. The lower zeta potential of
Gen2 LNPs could be due to additional ester groups in the lipid tails
causing alternative LNP packing and changing the structural entities
presented on the surface and the overall LNP surface charge.

The LNP laurdan GP value at pH 7.5 correlates with hEPO pro-
duction in vivo. We utilized the laurdan probe to better understand
lipid packing for the Good LNPs. The laurdan probe inserts itself ho-
mogeneously into the hydrophilic/hydrophobic interface of the lipid
bilayer and is used to measure polarity changes in the bilayer environ-
ment which can be related to lipid membrane packing and orderliness
[45-47]. A generalized polarization (GP) value was calculated from a
shift in fluorescence intensity of 440 nm-490 nm when the laurdan
probe interacts with water molecules in the lipid membrane. A lower GP
value is associated with a hydrated and fluid membrane while a higher
GP value typically means less water molecules and more ordered lipid
packing [37]. The GP value of Gen1 and Gen2 LNPs was measured in pH
7.5, 6.5, 5.5, and 4.5 buffers to simulate endosomal pH shift that occurs
when particles are taken up by cells. It was observed that lower pH levels
(4.5 and 5.5) resulted in lower GP values for all formulations tested
compared to pH 6.5 and 7.5 (Fig. 4E). This suggests that LNPs are
becoming more fluid and less orderly when the pH environment
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decreases, which is consistent with what Koitabashi et al. observed for
the ionizable lipid DLin-KC2-DMA [37]. We also detected that Genl
LNPs had overall higher GP value at pH 7.5 compared to Gen2 LNPs. The
lower GP value of Gen2 at pH 7.5 may be due to the additional esters or
potentially carbon branches in the lipid tails could have resulted in a
more fluid bilayer compared to Genl lipid tails. Interestingly, a positive
trend was observed between GP value and amount of hEPO produced in
mice at pH 7.5 for Genl and Gen2 LNPs (Fig. 4F). The results suggest
that GP value correlation with in vivo potency may be unique and spe-
cific to ionizable lipid family and pH tested. One hypothesis for the slight
correlation between GP value at pH 7.5 and protein production is that
particles with tighter bilayer packing may perform better in vivo by
increasing LNP stability under physiological pH conditions. Further
studies would need to be performed to increase understanding of how
the GP value relates to desired LNP characteristics.

LNPs that produced different protein amounts had varied internal
structures. From the current findings, Genl lipids demonstrated the
ability to effectively deliver hEPO in vivo and had desirable LNP char-
acteristics. For these reasons we decided to purse only Genl lipids for
further evaluation. A selection of Good LNPs from the Genl lipids were
imaged using Cryo-TEM to investigate potential correlations between
particle internal structures and in vivo potency. Three LNPs were
selected based on hEPO protein produced in mice: a low (Lipid 6), mid
(Lipid 91), and high (Lipid 144) LNP were vitrified by plunge-freezing,
imaged by brightfield Cryo-TEM and two representative images per LNP

Low hEPO
Gen1 Lipid 6

Scale bar
20nm
Diameter 109nm
PDI 0.113
Encap% 71%
Lipid Tails Ester — 18-3

Disulfide - 18-3

Mid hEPO
Gen1 Lipid 91

High hEPO
Gen1 Lipid 144

80nm 79nm
0.216 0.106
88% 92%
Ester - 10 Ester - 12
Disulfide - 10 Disulfide - 10

Fig. 5. Cryo-TEM images revealed changes in LNP structure for three formulations that produced different amounts of protein in mice. Three different Good
LNPs were prepared for Cryo-TEM imaging that produced varying amounts of hEPO in mice. Blebs are shown with red arrows and particles with a smaller lipid
bilayer and less dense core are seen with purple arrows. (A) LNPs formulated with Lipid 6 from Gen1 were visually larger than the others and contained many
blebs. The Lipid 6 LNP internal structures looked relatively uniform and full of cargo with a lipid bilayer and solid core. (B) LNPs formulated with Lipid 91 from
Genl contained several blebs and some particles with a less-dense core. Some of the structures looked multilamellar and others a lipid bilayer with solid core.
(C) The highest protein producing LNPs formulated with lipid 144 contained many small particles that had a single lipid bilayer and less dense core. There
were no blebs observed in the Good lipid 144 particles and many uniform multilamellar structures seen were seen. Scale bars in images are 20 nm.
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were selected for the main body of this publication (Fig. 5). Additional
images of the three Good lipids tested can be found in the supplementary
data Fig. S8. Cryo-TEM images of Lipid 6 LNPs show these structures
were notably larger in size compared to Lipids 91 and 144 and contained
numerous bleb structures (red arrows) (Fig. 5A). The internal structure
of Lipid 6 had a distinct outer lipid bilayer with either a solid core or
non-multilamellar structure on the inside. Additionally, all Lipid 6 LNPs
appeared dense in the core compared to the outside solution indicating
they have either lipids or mRNA inside. Similar to Lipid 6 low-hEPO
LNPs, Lipid 91 mid-hEPO LNPs showed many blebs throughout the
images (Fig. 5B). An interesting observation was the appearance of
nanoparticles that have a less-dense core, and could potentially be
empty or have less cargo. The internal structure of potentially empty
particles (purple arrows) had a similar density to the outside solution
and were often smaller in size. High-hEPO producing Lipid 144 LNPs
had similar characteristics as Lipid 91 with a mixture of multilamellar
structures and the small less-dense core particles that may be empty
(purple arrows Fig. 5C). Blebs were not observed in Lipid 144 LNPs
leading us to hypothesize that bleb structures in Good LNPs may have a
negative effect on potency. In contrast, the small, potentially empty
particles may improve potency as they were abundant in mid and high
hEPO producing LNPs.

The commonly reported internal structure for mRNA LNPs is the
multilamellar structure or the single lipid bilayer with a solid core [42,
47,48]. The bleb structure has been noted in several other formulations
in literature including one of the currently approved mRNA lipid
nanoparticle vaccines [49-51]. Leung et al. has also reported that bleb
structures occurred in DLin-KC2-DMA mRNA formulations when the
helper lipid DSPC was used but not with DOPE [52]. Additionally, Arteta
et al. showed that MC3 mRNA formulations contained blebs, however,
the authors only noticed them in the smaller particles [53]. Overall,
changing any part of the formulation, ionizable lipid, helper lipid,
composition, etc., is likely to result in a different particle internal
structure making it very specific to what combination is evaluated [54].

Good LNPs produced protein in NHPs and generated neutral-
izing antibodies when formulated as an influenza mRNA vaccine.
To validate the hEPO protein results observed in mice that were
administered Good LNPs, we investigated protein production in a higher
order animal model using the cynomolgus macaque non-human primate
(NHP) model. NHPs received a single 10 pg dose of Genl LNPs formu-
lated with hEPO mRNA by IM injection and sera was collected at 6, 24,
48, 72, and 96 h post-administration. All Genl Good LNPs tested pro-
duced quantifiable hEPO protein amounts in NHPs with an average peak
occurring at 24 h for all LNPs except those formulated with Lipid 32
where the average peak occurred at 6 h (Fig. S9A). The Lipid 125
formulation resulted in the highest average amount of hEPO, although
this was not significant due to biological variability. When comparing
the average protein peaks in both animal models, the 6-h peak of
expression in mice had a significant linear correlation with the 24-h
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peak in NHPs (Fig. S9B). To better understand how these lipids
affected the animals, a number of physiological readouts were taken 3-
days prior to administration (pre-study), 24-h, and 96-h post-
administration (Figs. S9C-G). While fibrinogen (Fig. S9C) and AST
(Fig. SOE) all showed declining levels at 96-h after an initial spike at 24-h
post-administration, ALT levels did not decrease much at 96-h and for
some lipids, even increased. However, most animals remained either
within the upper limit of the normal range for ALT (<85 U/L) or were
within a 2.5-fold increase, which is considered mildly elevated
(Fig. S9D). Two key cytokines were also evaluated at 24-h post-
administration, IL-6 (Fig. SOF) and IFNy (Fig. S9G) where a similar
pattern was observed with Lipid #57 resulting in the highest induction
of all three cytokines.

Next, we examined how the Genl Good LNPs would perform as
potential influenza vaccines. Good lipids were formulated with mRNA
encoding the hemagglutinin (HA) antigen from the A/California/04/
2009H1NT1 strain of influenza. Influenza-naive NHPs were administered
mRNA-LNPs at Day 0 and Day 28 by IM injection at a dose of 10 pg.
Neutralizing antibody titers were determined by HAI (Fig. 6). All for-
mulations tested induced neutralizing antibodies against the homolo-
gous virus strain in NHPs after two administrations (Day 42) and several
formulations even had detectable titers after a single administration
(Day 28). Of note, Good LNPs formulated with Lipids 28, 57, 109 and
122 induced HALI titers comparable to industry standard lipids MC3 and
SM-102. Prior studies have indicated the ability of vaccines to produce
neutralizing antibodies against the recombinant HA protein provides
protection against the influenza virus [7,55,56]. Our study highlights
the potential of Good lipids for development as mRNA-based vaccine
candidates.

4. Conclusion

The novel family of Good lipids described here represent a promising
vehicle for mRNA vaccine delivery. Key aspects of lipid structure that
influence the level of target protein expression in vivo were identified.
Specifically, modifications of lipid tail, carbon spacer, and lipid molec-
ular weight played a major role in LNPs’ biophysical characteristics and
in vivo potency. Noticeably, the addition of esters into the tails for Gen2
lipids significantly reduced protein expression in mice. The lipid po-
larity/membrane packing measured with the laurdan probe may be a
beneficial tool for rapid identification of promising ionizable lipids;
however, further studies are required to verify this approach. In addi-
tion, a potential limitation for this body of work is one formulation
composition was utilized for screening all Good lipids and there is a
possibility the SAR understandings would be different if several com-
positions were attempted.

The internal LNP structure, visualized by Cryo-TEM, was useful to
identify structural differences and speculate on their effects on formu-
lation potency. In particular, the formulations that yielded superior

Fig. 6. Good lipids generated functional HAI
antibody titers in non-human primates (NHPs)
after administration of LNPs containing an influ-
enza antigen mRNA. LNPs were formulated with
mRNA that encodes for an influenza virus antigen and
NHPs were immunized at day 0 and day 28 with a
dose of 10 pg. Serum was collected at day 28 and day
42 to measure functional antibody titers by HAL
Several Genl Good Lipids produced similar HAI titers
compared to MC3 and SM102 at day 42. (n = 4). Each
dot or square on the graph represents individual NHP
animal titer values. The black horizontal lines and
error bars represent the geometric mean with 95%

m 42 Days

10° T T T T T T

T T T T T
MC3 SM102 28 57 91 105 108 109 122

T
123

125 confidence intervals, respectively. The values within

Gen1 Good Lipid#

the timepoints were not significant from one another
as determined by an ANOVA with multiple compari-
sons using Tukey HSD.
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performance did not contain bleb structures, but they are distinguished
by uniform multilamellar structures with smaller sized, less-dense core
particles. The Good lipids successfully produced protein in NHPs and
generated functional HAI antibody titers when formulated with an
influenza HA mRNA. Several of the LNPs tested produced HAI titers
comparable to the industry standard SM-102 and MC3 formulations.
With this breadth of compelling data, we suggest that this novel lipid
family holds great potential as a safe and effective means for delivery a
wide range of mRNA vaccines.
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