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Many genetic neurological diseases are caused by toxic gain-of- 
function of a mutant protein or loss-of-function of a wild-type 
protein. Treatment of these disorders may be feasible using 
gene therapy, which requires delivering therapeutic agents to 
affected brain regions and cells. Lipid nanoparticles (LNPs) 
have significant potential for this purpose: the clinical safety 
and efficacy of LNP systems is well-established, and neurons 
are amenable to LNP-mediated transfection. To adapt LNP 
technology for brain gene therapy applications, we iteratively 
designed LNPs to deliver nucleic acids to ex vivo primary neu
rons, and evaluated optimized formulations in vivo in the brain. 
Our approach improved ex vivo LNP potency over 1.7-fold for 
siRNA-containing systems and over 22-fold for mRNA-con
taining systems, and identified distinct compositions optimal 
for siRNA and mRNA delivery. We show that the activity of 
ex vivo-optimized LNPs is not always correlated with in vivo ac
tivity in murine striatum and establish the apparent pKa of 
ionizable cationic lipids as an important contributor to LNP ef
ficacy in both model systems. Collectively, we demonstrate 
robust delivery of multiple macromolecular payloads to pri
mary neurons ex vivo and to the brain in vivo and validate 
the utility of LNP systems for gene knockdown and protein 
replacement brain gene therapies.

INTRODUCTION

Although the prevalence of neurodegenerative disorders is rapidly 
increasing as the global population ages,1 there is a notable paucity 
of effective, disease-modifying therapies available to treat them. 
Neurological disease etiologies are highly complex and include lifestyle 
and environmental factors; however, many genes harboring causative 
or modifier variants also contribute to pathogenesis, such as the CAG 
trinucleotide repeat expansion in HTT that causes Huntington’s dis
ease2 and mutations in SNCA and APOE associated with Parkinson’s 
and Alzheimer’s diseases.3,4 These genes may be useful therapeutic tar
gets within a treatment paradigm in which gene knockdown addresses 
toxic gain-of-function disorders and protein replacement addresses 
wild-type loss-of-function disorders. Such regulatory corrections 
may be induced using therapeutic nucleic acids, provided they are 

effectively delivered to relevant cells and tissues in the brain. This 
approach is uniquely challenging in the context of the numerous 
neurological diseases that affect neurons, which are quiescent, post- 
mitotic, and particularly vulnerable to toxicity.5 As a result, effective 
and translatable delivery systems that preserve neuronal health are ur
gently needed to enable the development of novel brain gene therapies.

Lipid nanoparticles (LNPs) are emerging as a promising modality for 
neuronal drug delivery. In circulation, the adsorption of apolipopro
tein E (ApoE) to LNPs facilitates low-density lipoprotein (LDL) re
ceptor-mediated uptake by hepatocytes.6,7 While most applications 
of LNP technology focus on delivery to peripheral tissues, LNPs 
are also functional in the central nervous system due to the presence 
of the same physiological factors: ApoE is abundant in the brain, and 
LDL family receptors are highly expressed by neurons.8–10 LNPs 
have enabled siRNA-mediated gene silencing ex vivo in rat primary 
neuron cultures and been used to deliver mRNA to mouse and rat 
neuronal cells in vivo10,11; thus, LNP functionality in the brain is 
established. Although the blood-brain barrier significantly limits de
livery of systemically administered drugs to the brain, direct intra
parenchymal infusion is an acceptable method of drug delivery 
used in clinical practice that effectively circumvents this limitation.12

The rapid approval of multiple LNP mRNA COVID-19 vaccines also 
demonstrates their clinical suitability.13,14

Despite the clear utility of LNPs for brain drug delivery, little effort 
has been made to design bespoke LNP formulations for brain deliv
ery. It is well-established that LNP lipid components drastically 
impact LNP potency and tolerability,15,16 and we hypothesized that 
LNP composition could be tuned to enable efficient and non-toxic 
delivery of therapeutic nucleic acids to neurons. To optimize LNP 
formulation parameters for neuronal delivery and to characterize 
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relationships between lipid composition and LNP activity and safety 
in the context of brain gene therapy, we evaluated the activity and 
toxicity of 37 distinct LNP formulations of siRNA and mRNA using 
murine primary neurons ex vivo. A number of CNS-focused studies 
have recently reported consistent LNP activity trends between 
ex vivo and in vivo systems, suggesting that evaluating LNP potency 
in ex vivo primary cells may accurately model in vivo activity.10,11,17

Systematic screening of LNPs prepared with distinct combinations of 
ionizable cationic lipids and phospholipids identified formulations 
most suitable for delivering siRNA and mRNA to primary neurons. 
These screens also significantly improved the delivery efficacy of 
both nucleic acid payloads in the absence of overt neuronal toxicity, 
demonstrating that our optimization approach markedly increased 
LNP potency and safety. Subsequent evaluation of ex vivo-optimized 
LNPs in the brain revealed an alternative pattern of activity, and indi
cated that ionizable cationic lipid apparent pKa is an important 
determinant of LNP potency in both primary neurons ex vivo and 
the brain in vivo. Collectively, this work establishes LNPs as a highly 
effective nucleic acid delivery platform for neurons and the central 
nervous system and supports the continued development and use 
of LNP systems for brain gene therapy.

RESULTS

We designed an iterative screening strategy to evaluate the impact of 
LNP composition on nucleic acid delivery to primary cortical neurons 
ex vivo (Figure 1A) and systematically evaluated the activity of LNP for
mulations containing both siRNA and mRNA prepared with a range of 
cationic lipids (Figure 1B) and phospholipids (Figure S1) to assess the 
effect of lipid composition on formulation potency and neuronal 
viability. To evaluate the specific impact of lipid species on LNP activ
ity, formulations were prepared using a fixed molar ratio of 50:10:39:1 
(mol% ionizable cationic lipid or permanent cationic lipid:phospholi
pid:cholesterol:PEG lipid), and reporter gene systems were used to 
avoid disrupting endogenous gene expression. Experiments evaluating 
LNP-mediated gene knockdown used siRNA targeting EGFP mRNA 
and were performed with primary neurons isolated from transgenic 
EGFP reporter mice,18 and experiments evaluating protein replace
ment used mRNA encoding firefly luciferase (FLuc) and were per
formed with primary neurons isolated from wild-type C57BL/6 mice.

LNPs are typically prepared using a rapid-mixing process during which 
lipids dissolved in organic solvent are rapidly combined with nucleic 
acid dissolved in low pH aqueous buffer. A subsequent dialysis step re
moves organic solvent from the mixture, neutralizes formulation pH, 
and completes particle formation.19,20 While this formulation 
approach was previously believed to achieve LNP formation and nu
cleic acid entrapment simultaneously, we have recently demonstrated 
that these processes can be decoupled.21 Empty, transfection compe
tent vesicles (TCVs) at pH 4 can efficiently encapsulate cargoes by 
pipette mixing on the benchtop,22,23 and particle formation is 
completed by addition of a solution maintained at physiological pH 
(such as buffer or cell culture medium).21 This method of LNP prepa
ration is particularly useful for high throughput formulation screening 

applications because it enables a single preformed TCV formulation to 
be used for delivering multiple nucleic acid sequences, permits nucleic 
acid loading into LNPs immediately prior to treating cells, and signif
icantly reduces the quantity of nucleic acid required for LNP produc
tion (as little as 20 ng of nucleic acid per formulation is required for 
TCV loading on the benchtop, compared with ∼250 μg for rapid mix
ing). We previously reported that the activity of rapid-mixed and 
benchtop-mixed siRNA-containing LNPs is equivalent in primary 
neurons21; thus, benchtop mixing is a suitable method for loading 
TCVs with siRNA. To assess the suitability of benchtop mixing for 
loading TCVs with mRNA, we measured luciferase expression in pri
mary neurons treated with LNPs containing FLuc mRNA loaded using 
conventional rapid mixing or benchtop pipette mixing. Despite our 
previous siRNA loading results,21 rapid-mixed mRNA LNPs were 
significantly more potent than those prepared using benchtop mixing 
(Figure S2). To ensure reagent conservation was prioritized without 
compromising baseline formulation efficacy, all siRNA formulation 
screening experiments were performed using LNPs loaded by bench
top mixing, and all mRNA formulation screening experiments were 
performed using LNPs prepared by rapid mixing.

Ionizable cationic lipid species substantially impacts the activity 

of siRNA- and mRNA-containing LNPs in a payload-dependent 

manner

Ionizable cationic lipids are critical for enabling two key aspects of 
LNP functionality: nucleic acid encapsulation and intracellular 
release.24 To identify effective ionizable cationic lipids for neuronal 
RNA delivery, we evaluated the effect of lipid species on LNP 
formulation potency using both siRNA- and mRNA-containing 
LNPs. Benchmark control formulations were prepared using 
heptatriaconta-6,9,28,31-tetraen19-yl-4-(dimethylamino)butanoate 
(MC3), which enables highly efficient LNP siRNA-mediated hepatic 
gene silencing in vivo15 and is a component of Onpattro, the first 
approved LNP siRNA drug.25 Two additional formulations containing 
1,2-dioleyloxy-3-dimethylaminopropane (DODMA), one of the first 
ionizable cationic lipids developed, and 6,8,26,28-tetrathiatritriacon
tan-17-yl(dimethylamino)butanoate (MF019)26 were tested to eval
uate the impact of distinct ionizable cationic lipid chemistries on 
neuronal gene silencing. All formulations were prepared using the 
phospholipid distearoylphosphatidylcholine (DSPC), which is also a 
component of Onpattro.25

Neuronal EGFP expression was quantified 72 h post-LNP treatment. 
EGFP expression was equivalent in untreated neurons and neurons 
treated with MC3 LNPs containing a non-targeting scramble siRNA, 
demonstrating MC3 LNP treatment alone did not impact neuronal 
EGFP expression (Figure 2A). Among formulations containing 
GFP siRNA, MC3 LNPs induced 54.6% (1.6%) EGFP knockdown, 
while DODMA and MF019 formulations were less effective and 
induced 18.5% (5.8%) and 33.3% (6.0%) EGFP knockdown 
(Figure 2A).

Because primary neurons are notably vulnerable to the toxicities of 
many widely used transfection reagents,27 we evaluated neuronal 
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viability in parallel to EGFP expression. Viability was differentially 
affected by siRNA dose (Figure S3A); for all compositions, viability 
was well-preserved compared with untreated neurons at the 
0.01 μg/mL siRNA screening dose, remained relatively stable at doses 
up to two orders of magnitude larger, and decreased at the highest 
tested siRNA dose (0.3 and 1.0 μg/mL) (Figure S3A). Viability was 
also impacted by ionizable cationic lipid species, and relationships 
between formulation composition and viability changed depending 
on siRNA dose. For example, neurons treated with MC3-containing 
LNPs at 0.01 μg/mL siRNA were healthier than those treated with 
MF019-containing LNPs, while similar levels of toxicity were 
measured between the two formulations at higher doses 
(Figure S3A). Higher siRNA doses reduced neuronal viability 

regardless of ionizable cationic lipid species. The degree of EGFP 
knockdown measured at the 0.01 μg/mL siRNA screening dose, how
ever, indicates that more siRNA is not required for effective LNP- 
mediated neuronal gene knockdown.

Next, we prepared a series of siRNA LNPs using MC3 and increasing 
molar percentages of the cationic lipid 1,2-di-O-octadecenyl-3-tri
methylammonium propane (DOTMA) to explore if incorporating 
a cationic lipid with a permanent positive charge would further 
improve MC3 formulation potency. The total cationic lipid content 
of the formulations was fixed at 50 mol%, and equivalent molar 
quantities of MC3 were replaced with DOTMA to produce a series 
of formulations containing 5%–45% DOTMA (and 45%–5% 

MF019

B

PEG-lipid
(1 mol%)

Cholesterol
(39 mol%)

Ionizable cationic lipid
(50 mol%)

Phospholipid
(10 mol%)

PHOSPHOLIPID
SCREEN

IONIZABLE CATIONIC
LIPID SCREEN

Maximize efficacy

Minimize toxicity

CANDIDATE
FORMULATIONS

+

Proceed to 
in vivo testing

Maximize efficacy

+

+

Minimize toxicity

+

A

Figure 1. LNP formulation screening was performed in ex vivo in primary cortical neurons using an iterative screening strategy, and subsequently evaluated 

in vivo in the brain 
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MC3). Partial replacement of MC3 with DOTMA reduced the effi
cacy of all formulations, and while 29.0% (4.7%)–31.3% (0.6%) 
EGFP knockdown was achieved with formulations containing inter
mediate (15%–35%) DOTMA percentages, formulations containing 
5% and 45% DOTMA failed to knock down EGFP (Figure 2B). None 
of the DOTMA-containing formulations was as effective as the 
MC3-only control, and DOTMA adversely impacted neuronal 
viability (Figure S3B), demonstrating that DOTMA is an unsuitable 
cationic lipid for LNP-mediated siRNA delivery to primary neurons.

The relationship between ionizable cationic lipid chemistry and LNP 
efficacy has been extensively investigated, and ionizable cationic lipid 
apparent pKa has been identified as a significant predictor of in vivo 
LNP potency.15 To evaluate the impact of ionizable cationic 
lipid apparent pKa on siRNA delivery to primary neurons ex vivo, 
we tested a series of formulations containing ionizable cationic 
lipids with a range of apparent pKas. LNPs were prepared using 
heptatriaconta-6,9,28,31-tetraen19-yl-4-(dimethylamino)propanoate 
(MC2; pKa = 5.64), MC3 (pKa = 6.44), or heptatriaconta-6,9,28,31- 
tetraen19-yl-4-(dimethylamino)pentanoate (MC4; pKa = 6.93) indi
vidually, as well as with equimolar blends of MC2 and MC3 (pKa = 
6.04), and MC3 and MC4 (pKa = 6.69), which produced a series of 
formulations with varied ionizable cationic lipid apparent pKa values 
(hereafter referred to as “pKa variant LNPs”). All pKa variant LNPs 
induced significant EGFP knockdown (Figures 2C and S4), and the 
most robust EGFP knockdown was achieved using pKa variant for
mulations with intermediate apparent pKas of 6.04 (62.9% [5.5%] 
EGFP knockdown), 6.44 (54.6% [1.6%] EGFP knockdown), and 
6.69 (58.8% [2.6%] EGFP knockdown), suggesting the efficacy of 
neuronal siRNA delivery may, in part, be governed by this variable. 
No significant effect of apparent pKa on viability was measured 
(Figure S3C), indicating that neuronal health was primarily impacted 
by treatment dose.

Previous work has shown that differences in size and molecular 
conformation between siRNA and mRNA mean the two molecule 
classes often require different LNP compositions for optimal in vivo 
efficacy.28 To explore this possibility in the context of ex vivo primary 
neuron transfection, we repeated the same series of ionizable cationic 
lipid screens (minus DOTMA-containing formulations, because 
DOTMA-containing LNPs failed to improve siRNA delivery and 
adversely impacted neuronal viability) using LNP formulations of 
mRNA. Primary neurons were first treated with FLuc mRNA-con
taining LNPs prepared with MC3, DODMA, or MF019 in combina
tion with the phospholipid DSPC across a range of mRNA doses 
(0.03–1.0 μg/mL). In contrast with the results of our siRNA screens, 
DODMA LNPs were significantly more efficacious than the MC3 
and MF019 formulations (Figure 3A). The less potent MC3- and 
MF019-containing formulations performed similarly, with slightly 
better activity measured in MF019-treated neurons at higher 
mRNA doses (Figure 3A). The impact of LNP treatment on neuronal 
viability was minimal (Figure S5A), and varied with dose but not 
ionizable cationic lipid species.

We also evaluated the effect of ionizable cationic lipid apparent pKa 

upon mRNA delivery. In alignment with the results of our siRNA 
screens, ionizable cationic lipid apparent pKa significantly impacted 
mRNA LNP activity (Figures 3B and S6). The most potent pKa 

variant formulation had an ionizable cationic lipid apparent pKa of 
6.44, while formulations with lower and higher ionizable cationic 
lipid apparent pKa values were less effective. Overall, formulations 
with higher ionizable cationic lipid apparent pKa values performed 
better than those with lower apparent pKa values, particularly at 
higher mRNA doses (Figures 3B and S6). While apparent pKa mini
mally impacted neuronal health in this screen, the viability of neu
rons treated with the highest apparent pKa (6.93) formulation was 
significantly lower (Figure S5B).
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Figure 2. Ionizable cationic lipid species significantly affects the efficacy of LNP siRNA-mediated EGFP knockdown in primary neurons 

(A) EGFP expression was unaffected in neurons treated with a benchmark LNP formulation containing the ionizable cationic lipid MC3, phospholipid DSPC, and non-tar

geting scramble siRNA (Scr.; unpaired t test, p = 0.7643). EGFP knockdown was achieved by treatment with the same benchmark formulation containing GFP siRNA 

(unpaired t test, p < 0.0001). The magnitude of EGFP knockdown was less robust following substitution of MC3 with the ionizable cationic lipids DODMA (one-way ANOVA 

with Dunnett post-test, p = 0.0002) and MF019 (one-way ANOVA with Dunnett post-test, p = 0.0033). (B) Relative to the benchmark MC3-only formulation, EGFP 

knockdown was worsened by addition of the permanently cationic lipid DOTMA to MC3-containing LNPs (one-way ANOVA with Dunnett post-test, *p < 0.05, 

**p < 0.01, ****p < 0.0001). (C) Ionizable cationic lipid apparent pKa differentially affected EGFP knockdown (one-way ANOVA with Dunnett post-test, *p = 0.0262, 

****p < 0.0001). The vertical dotted line at X = 6.44 denotes the apparent pKa of the MC3 benchmark formulation (see also Figure S4). In all images, EGFP expression in treated 

neurons is normalized to the level of EGFP expression measured in untreated primary neurons (abbreviated “Unt.”). N = 3 biological replicates (N = 2 technical replicates) per 

condition. siRNA treatments were performed at 0.01 μg/mL GFP siRNA. Data represent the mean (SD).
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Phospholipids augment the activity of siRNA- and mRNA- 

containing LNPs

All formulations evaluated in the ionizable cationic lipid screens 
were prepared using the phospholipid DSPC, which, like MC3, is 
present in Onpattro.25 Because phospholipid species also impact 
LNP potency,16 we compared the activity of DSPC-containing for
mulations to LNPs prepared with three alternative phospholipids 
with unique chemistries: 1,2-dioleoyl-sn-glycero-3-phosphocholine 
(DOPC), 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine (DOPE), 
and 1,2-dioleoyl-sn-glycero-3-phospho-(1′-rac-glycerol) (DOPG). 

Compared with DSPC-containing LNPs, nearly all siRNA formula
tions prepared with alternative phospholipids were more potent 
(Figure 4). In the MC3 series, the 54.6% (1.6%) EGFP knockdown 
achieved using the benchmark formulation was progressively 
improved by substitution of DSPC with DOPC (75.0% [0.6%] 
EGFP knockdown), DOPE (88.2% [0.1%] EGFP knockdown), and 
DOPG (95.3% [0.2%] EGFP knockdown) (Figure 4A). Similar to 
the results of the ionizable cationic lipid screens, neuronal viability 
decreased with increasing siRNA dose and was differentially affected 
by phospholipid species (Figure S7A). Neurons treated with the MC3 
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Figure 3. Ionizable cationic lipid species significantly affects the efficiency of LNP mRNA-mediated luciferase expression in primary neurons 

(A) Luciferase expression was measurable following treatment with the benchmark LNP formulation containing FLuc mRNA, and MC3 substitution with DODMA and MF019 

significantly improved formulation potency (two-way ANOVA with Tukey post-test, p < 0.0001). (B) Ionizable cationic lipid apparent pKa variably impacted formulation potency 

(two-way ANOVA, pKa: F(4,60) = 472.4, p < 0.0001). pKa variant formulations were prepared using MC2 (pKa = 5.64), MC3 (pKa = 6.44), MC4 (pKa = 6.93) and equimolar 

blends of MC2 and MC3 (pKa = 6.04), and MC3 and MC4 (pKa = 6.69) (see also Figure S6). The vertical dotted line at X = 6.44 denotes the apparent pKa of the MC3 

benchmark formulation. N = 4 biological replicates (N = 1 technical replicate) per condition. mRNA treatments were performed at 0.03–1.0 μg/mL FLuc mRNA. Data 

represent the mean (SD).
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Figure 4. Phospholipid species significantly impacts the efficiency of LNP siRNA-mediated EGFP knockdown in primary neurons 

(A) In MC3 LNPs, EGFP knockdown was improved by substitution of the phospholipid DSPC (unpaired t test, p < 0.0001) with DOPC (one-way ANOVA with Dunnett post- 

test, p < 0.0001), DOPE (one-way ANOVA with Dunnett post-test, p < 0.0001), and DOPG (one-way ANOVA with Dunnett post-test, p < 0.0001). The most effective EGFP 

knockdown was induced by the MC3 DOPG formulation (one-way ANOVA with Tukey post-test, DOPE vs. DOPG, p < 0.0001). (B) In DODMA LNPs, EGFP knockdown was 

differentially affected by DSPC (unpaired t test, p < 0.0001) substitution with DOPC (one-way ANOVA with Dunnett post-test, p = 0.0317), DOPE (one-way ANOVA with 

Dunnett post-test, p < 0.0001), and DOPG (one-way ANOVA with Dunnett post-test, p < 0.0001). The most effective EGFP knockdown was induced by the DODMA DOPG 

formulation (one-way ANOVA with Tukey post-test, DOPE vs. DOPG, p = 0.0002). (C) In MF019 LNPs, DSPC (unpaired t test, p < 0.0001) substitution with DOPC did not 

improve formulation potency (one-way ANOVA with Dunnett post-test, p = 0.6324), while potency improved following substitution of DSPC with DOPE (one-way ANOVA with 

Dunnett post-test, p = 0.0103) and DOPG (one-way ANOVA with Dunnett post-test, p < 0.0001). The most effective EGFP knockdown was induced by the MF019 DOPG 

formulation (one-way ANOVA with Tukey post-test, DOPE vs. DOPG, p = 0.0048). In all images, EGFP expression in treated neurons is normalized to the level of EGFP 

expression measured in untreated primary neurons (abbreviated “Unt.”). N = 3 biological replicates (N = 2 technical replicates) per condition. siRNA treatments were 

performed at 0.01 μg/mL GFP siRNA. Data represent the mean (SD).
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DOPG formulation were also healthier than those treated with for
mulations containing DSPC, DOPC, and DOPE (Figure S7A). The 
DODMA phospholipid series induced less effective EGFP knock
down, but exhibited the same phospholipid-dependent trend as the 
MC3 series (Figure 4B). Treatment with the DODMA DSPC formu
lation resulted in 18.5% (5.8%) EGFP knockdown, while the most 
effective formulation contained DOPG and induced 74.1% (1.9%) 
EGFP knockdown (Figure 4B). The MF019 phospholipid series 
showed intermediate potency: the DSPC formulation induced 
33.3% (6.0%) EGFP knockdown, replacement of DSPC with DOPC 
resulted in 27.1% (12.8%) EGFP knockdown, and formulations con
taining DOPE (57.4% [4.4%] EGFP knockdown) and DOPG (87.5% 
[0.7%] EGFP knockdown) followed the previously observed trend of 
increased potency (Figure 4C). Both phospholipid species and 
siRNA dose impacted neuronal viability following treatment 
with DODMA LNPs (Figure S7B). The viability of neurons treated 
with MF019-containing LNPs was affected by phospholipid 
species and siRNA dose, and as observed with the MC3 formulation 
series, MF019 DOPG-treated neurons were healthier than those 
treated with formulations containing DSPC, DOPC, and DOPE 
(Figure S7C).

Finally, phospholipid screens were repeated using LNP formulations 
of mRNA (Figure 5). MC3-containing LNPs prepared with DOPG 
were most potent at the three lowest mRNA doses tested, followed 
by those containing DOPE, DOPC, and DSPC, while the MC3 
DOPG formulation was less effective than the MC3 DOPE formula
tion at 1.0 μg/mL mRNA (Figure 5A). Neuronal viability gradually 
decreased as mRNA dose increased (Figure S8A). At 1.0 μg/mL 
mRNA, viability stabilized in MC3 DSPC- and MC3 DOPG-treated 
neurons, and continued to decline in MC3 DOPC- and MC3 DOPE- 
treated neurons, demonstrating a variable effect of phospholipid spe
cies on neuronal health (Figure S8A). All DODMA-containing LNPs 
were significantly more potent than the MC3 DPSC control, and 

among the DODMA-containing formulations, phospholipid species 
significantly affected LNP efficacy (Figure 5B). Luminescence 
increased with mRNA dose for DSPC, DOPC, and DOPE formula
tions, while luminescence did not increase beyond 0.3 μg/mL FLuc 
mRNA delivered with DODMA DOPG LNPs (Figure 5B). 
DODMA DOPE LNPs were the most robust and, without adversely 
impacting neuronal viability, increased luciferase expression more 
than 22-fold at 0.3 μg/mL mRNA compared witho the MC3 DSPC 
control (Figures 5B and S8B). Except for DOPE-containing LNPs, 
we observed a similar trend in neuronal viability in DODMA 
LNP-treated neurons, with gradual phospholipid- and dose-depen
dent decreases in viability plateauing at 1.0 μg/mL mRNA 
(Figure S8B). The viability of DODMA DOPE-treated neurons 
decreased further at 1.0 μg/mL mRNA (Figure S8B). In the MF019 
phospholipid screen, the DSPC-containing formulation performed 
similarly to the MC3 DSPC control, and substitution with other 
phospholipids significantly improved formulation activity 
(Figure 5C). MF019 formulation efficacy also changed with mRNA 
dose: at lower doses, DOPG-containing LNPs were more potent 
than those prepared with DOPC or DOPE and, as observed with 
other DOPG-containing formulations, the efficacy of MF019 
DOPG LNPs dropped sharply at 1.0 μg/mL mRNA (Figure 5C). 
MF019 DOPC- and MF019 DOPE-containing formulations induced 
equivalent levels of luciferase expression (Figure 5C). Phospholipid 
species and mRNA dose also significantly impacted neuronal health 
in cells treated with MF019-containing LNPs (Figure S8C). 
The viability of neurons treated with MC3 DSPC LNPs was compa
rable with that of neurons treated with MF019 DSPC LNPs, and 
treatment with DSPC and DOPG formulations decreased neuronal 
viability with increasing mRNA dose, except at 1.0 μg/mL mRNA, 
where a small increase in viability was measured (Figure S8C). In 
contrast, MF019 formulations containing DOPC and DOPE caused 
progressive decreases in viability with increasing mRNA dose 
(Figure S8C).
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Figure 5. Phospholipid species significantly affects the magnitude of LNP mRNA-mediated luciferase expression in primary neurons 

(A) In MC3 LNPs, DSPC substitution with DOPC, DOPE, and DOPG improved LNP activity (two-way ANOVA with Dunnett post-test, p < 0.0001). MC3 DOPG LNPs were 

most effective at the three lowest FLuc mRNA doses tested (two-way ANOVA with Tukey post-test, 0.01–0.3 μg/mL DOPG vs. DOPE, p < 0.0001), and the DOPE formulation 

was most effective at 1.0 μg/mL FLuc mRNA (two-way ANOVA with Tukey post-test, 1.0 μg/mL DOPE vs. DOPG, p < 0.0001). (B) In DODMA LNPs, formulation potency was 

robust and significantly affected by phospholipid species (two-way ANOVA, Phospholipid: F(3,48) = 211.9, p < 0.0001), and the DODMA DOPE formulation was most effective 

(two-way ANOVA with Dunnett post-test, DODMA DOPE vs. DODMA DSPC, p < 0.0001). (C) In MF019-containing LNPs, phospholipid species also affected formulation 

potency (Phospholipid: F(3,48) = 244.2, p < 0.0001). The DOPC- and DOPG-containing formulations were most effective (two-way ANOVA with Tukey post-test, DOPC vs. 

DOPG, p = 0.1284), while the DOPE formulation was less potent (two-way ANOVA with Tukey post-test, DOPC vs. DOPE, p = 0.0126). The DOPC- and DOPG-containing 

formulations performed equivalently at 0.3 μg/mL mRNA (two-way ANOVA with Tukey post-test, DOPC vs. DOPG, p = 0.9996), and the DOPC- and DOPE-containing 

formulations performed equivalently at 1.0 μg/mL mRNA (two-way ANOVA with Tukey post-test, DOPC vs. DOPE, p = 0.7538). N = 4 biological replicates (N = 1 technical 

replicate) per condition. mRNA treatments were performed at 0.03–1.0 μg/mL FLuc mRNA. Data represent the mean (SD).
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LNP biophysical characteristics are not correlated with activity 

in ex vivo primary neurons

We evaluated biophysical characteristics of all screened LNP formula
tions to characterize relationships between LNP composition and po
tency. Regardless of lipid composition or the method used for LNP 
loading (rapid-mixing or benchtop mixing), all formulations had 
RNA encapsulation efficiencies of at least 80% (1.1%), with most for
mulations approaching near-total RNA entrapment (Figures S9A 
and S9B). Particle size and polydispersity index (PDI) were also as
sessed, but because LNP loading using benchtop mixing does not 
permit measurement of these features due to the relatively low concen
tration of particles produced by the method, these parameters were 
evaluated only for mRNA-containing formulations. The PDIs of 
mRNA-containing LNPs ranged from 0.05 to 0.17 (0.03), indicating 
the formulations were relatively homogenous (Figure S9C). Particle 
size measurements were more variable (57.9–117.0 [16.4] nm particle 
diameter), and although no trends between particle size and LNP 
composition were apparent, the largest particles within each phospho
lipid series were generally more potent (Figures S9D–S9G). Further 
analysis of the relationship between particle diameter and formulation 
potency revealed no consistent significant correlation between the fac
tors (Figures S9D–S9G). Correlation coefficients also progressively ap
proached zero with increasing mRNA dose, indicating an inconsistent 
relationship between particle size and efficacy (Figures S9D–S9G). In 
aggregate, our results show that entrapment of siRNA and mRNA 
was efficient and consistent across all formulations, and that mRNA 
LNP particle size and activity were not reliably correlated in this 
ex vivo system. Thus, these aspects of LNP morphology do not inform 
the patterns of delivery efficacy we report, indicating that alternative 
characteristics (such as lipid composition) dictate LNP potency in 
ex vivo primary neurons.

LNP activity in ex vivo primary neurons does not predict in vivo 

activity in the brain

Ex vivo formulation screening identified distinct LNP compositions 
most effective for delivering siRNA and mRNA to primary neurons, 
and indicated that lipid species is a primary determinant of the dif
ferential efficacies we report. Separate from the formulation charac
teristics that impact LNP transfection potency in ex vivo primary 
neurons, successful delivery of therapeutic nucleic acids to the brain 
requires translatable in vivo LNP functionality. Although the corre
lation between in vitro and in vivo LNP activity is typically poor in 
the periphery,29 a growing number of central nervous system- 
focused LNP studies have demonstrated more consistent formula
tion efficacy across in vitro and in vivo systems; for example, Akita 
et al. showed equivalent potency of plasmid DNA-containing 
LNPs in vitro in KT-5 murine astrocyte-derived cells and in vivo in 
murine astrocytes and neurons.17 An in vitro-optimized LNP formu
lation has also been used to successfully deliver FLuc mRNA to astro
cytes and neurons in vivo via intracerebroventricular infusion,10 and 
a single LNP composition has enabled therapeutic siRNA delivery to 
rat neurons ex vivo and in vivo.11 Informed by these studies, we hy
pothesized that our ex vivo primary neuron LNP formulation screens 
would accurately model LNP activity in the brain in vivo.

To assess the correlation between LNP activity in ex vivo primary 
neurons and in vivo in the brain, we evaluated the activity of the 
most efficacious formulations identified by our ex vivo primary 
neuron screens in the brains of adult mice. For siRNA, we evaluated 
the activity of MC3 DOPG LNPs, and for mRNA, we evaluated the 
activity of both DODMA DOPE and MF019 DOPC LNPs. For 
both payloads, the activity of the optimized formulations was 
compared with the activity of benchmark MC3 DSPC LNPs. All for
mulations were delivered by stereotaxic bilateral intraparenchymal 
injection to striatum, a region of primary pathology for a number 
of genetic neurological disorders including Huntington’s disease 
and GNAO1-dependent early infantile epileptic encephalopathy.30,31

Due to extremely robust EGFP expression levels in transgenic EGFP 
reporter mice, in vivo LNP siRNA formulation screening was per
formed using siRNA targeting the endogenous gene Htt (we have 
previously demonstrated equivalent and effective Htt mRNA 
lowering in primary neurons treated with benchtop-mixed and 
rapid-mixed Htt siRNA-containing LNPs)21; in alignment with 
ex vivo screening studies, FLuc mRNA was used for in vivo LNP 
mRNA studies.

For siRNA, 35.6 (11.0%)–35.9% (7.5%) Htt knockdown was 
measured in striata treated with MC3 DSPC and MC3 DOPG 
LNPs (Figure 6A). The degree of knockdown achieved by the two 
formulations was nearly equivalent, demonstrating that in vivo 
LNP siRNA formulation activity was inconsistent with the activity 
we measured in ex vivo primary neurons (Figure 6A). We observed 
a similar trend in the mRNA screen, where the most robust lumines
cence measurements were recorded in striata injected with MC3 
DSPC LNPs. Less robust luminescence was measured in striata in
jected with MF019 DOPC LNPs, and DODMA DOPE LNPs, which 
were the most efficacious for mRNA delivery in primary neurons 
ex vivo, failed to produce a signal distinguishable from the PBS-in
jected negative control (Figure 6B). Consistent with our ex vivo re
sults, LNP biophysical characteristics were not clearly associated 
with in vivo activity (Figures S10A–S10F). Nucleic acid encapsula
tion exceeded 80% (0.5%) for all formulations (Figures S10A and 
S10D), and particle diameters were not prognostic of in vivo efficacy 
(Figures S10B, S10C, S10E, and S10F).

In these screens, the most efficacious in vivo LNPs contained ioniz
able cationic lipids with structural and physicochemical similarities: 
MC3 and MF019 have identical tertiary amine head groups and ester 
linkages, and highly similar apparent pKas (6.44 and 6.41, respec
tively) (Figure 1B).15,26 Within the pKa variant LNP series, we eval
uated ex vivo, the most effective formulations had ionizable cationic 
lipid apparent pKas within the range that is also most effective for he
patic delivery in vivo,15 suggesting that the ex vivo activity of pKa 

variant LNPs may more closely inform in vivo LNP activity. To 
explore this possibility, we evaluated the impact of ionizable cationic 
lipid pKa on LNP activity in the brain. As previously performed, 
LNPs were prepared with MC2, MC3, and MC4 and equimolar 
blends of MC2 and MC3, and MC3 and MC4, in combination 
with DSPC phospholipid, to generate five formulations containing 
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ionizable cationic lipids with a range of apparent pKa values (5.64– 
6.93). siRNA-containing LNP treatment reduced striatal Htt expres
sion between 18.4% (4.4%) and 37.6% (9.2%), and, although most 
formulations induced similar Htt lowering (excluding the less-effec
tive MC2 LNPs), the most robust Htt knockdown (37.6% [9.2%] Htt 
knockdown) was induced by MC3 LNPs (Figures 7A and S11A). A 
nearly identical trend was observed with FLuc mRNA-containing 
LNPs: the strongest luminescent signal (2243.9 [833.5] RLU/mg tis
sue) was produced by treatment with MC3 LNPs, MC2 LNPs were 
least effective, and the activity of the MC2/MC3, MC3, MC3/MC4, 
and MC4 formulations was statistically comparable (Figures 7B 
and S11B). Consistent with our other results, the LNP biophysical 
characteristics we measured did not inform in vivo activity 
(Figure S12).

LNPs delivered in vivo to murine striatum are taken up by 

multiple cell types

Previous studies have demonstrated similar performance of LNPs 
in vitro and in vivo in the brain10,11,17; however, the potency of the 
LNP formulations we optimized to deliver siRNA and mRNA to pri
mary neurons ex vivo did not translate to the brain in vivo. We hy
pothesized this discordance could be explained by the presence of 
non-neuronal cells in vivo, particularly in the context of glial-medi
ated immune responses that do not occur in ex vivo primary neuron 
cultures. To characterize LNP distribution and activity in the brain 
in vivo, we delivered an MC3 DSPC formulation (the composition 
with the best in vivo activity for both siRNA and mRNA cargoes) 

containing FLuc mRNA to murine striatum by stereotaxic unilateral 
injection. Cells expressing luciferase (Luc+) were present throughout 
the brain parenchyma ipsilateral to the injected hemisphere 
(Figure S13A), demonstrating that our approach effectively delivered 
LNPs to the striatum and proximal structures. Luciferase expression 
was detectable in cells in the corpus callosum (Figure S13B) and adja
cent to the lateral ventricle (Figure S13C), and in the striatum in cells 
with neuron-like morphology (Figure S14D).

The presence of Luc+ cells in both neuron-rich (striatum) and 
neuron-poor (corpus callosum) regions suggested LNPs were taken 
up by a variety of cell types. To determine the identity of these Luc+ 
cells, we used immunostaining to label neurons (NeuN), astrocytes 
(GFAP), microglia (Iba1), and oligodendrocytes (GST-P) in 
luciferase-expressing brain sections (Figure 8A). Most co-labelled 
Luc+ cells were neurons (14.7% [7.1%] NeuN+/Luc+ cells) and oli
godendrocytes (13.8% [9.0%] GST-P+/Luc+ cells), while a smaller 
proportion of Luc+ cells were astrocytes (8.1% [5.1%] GFAP+/ 
Luc+ cells) and microglia (8.9% [5.8%] Iba1+/Luc+ cells) 
(Figure 8B). These data show that, in addition to neurons, the eval
uated MC3 DSPC LNP formulation also effectively delivered mRNA 
to at least three other major cell types in the brain.

DISCUSSION

Here, we report the development and optimization of effective and 
non-toxic LNP compositions that enable siRNA and mRNA delivery 
to primary neurons ex vivo and to the brain in vivo. We utilized a 
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Figure 6. LNP compositions optimized for ex vivo primary neurons are not optimal in vivo in striatum 

To assess correlations between ex vivo and in vivo LNP activity, the most effective LNP formulations for delivering (A) siRNA and (B) mRNA to ex vivo primary neurons were 

evaluated in vivo in murine striatum. (A) The ex vivo-optimized LNP siRNA formulation (MC3 DOPG) and benchmark formulation (MC3 DSPC) containing Htt siRNA lowered 

Htt in striatum (one-way ANOVA with Dunnett post-test, PBS vs. MC3 DSPC, p = 0.0005; PBS vs. MC3 DOPG, p = 0.0006), and the activity of the two formulations was 

nearly equivalent (unpaired t test, p = 0.9589). Htt expression in the striata of treated mice is normalized to the level of Htt expression measured in the striata of PBS-injected 

control mice. 1,250 ng of Htt siRNA was delivered per 0.5 μL injection. N = 4 biological replicates (N = 2 technical replicates) per condition. Brains were collected for analysis at 

seven days post-treatment. (B) The ex vivo-optimized LNP mRNA formulations (DODMA DOPE and MF019 DOPC), and benchmark formulation (MC3 DSPC) were 

compared in vivo in striatum. Only MC3 DSPC and MF019 DOPC LNPs produced detectable luminescence (one-way ANOVA with Dunnett post-test, PBS vs. MC3 DSPC, 

p < 0.0001; PBS vs. DODMA DOPE, p = 0.9431; and PBS vs. MF019 DOPC, p = 0.0013), and the MC3 DSPC formulation was most potent (one-way ANOVA with Tukey 

post-test, MC3 DSPC vs. DODMA DOPE, p = 0.0002; MF019 DOPC vs. DODMA DOPE, p = 0.0131; and MC3 DSPC vs. MF019 DOPC, p = 0.0088). Luminescence in the 

striata of treated mice is shown relative to the background signal measured in the striata of PBS-injected control mice and normalized to RLU/mg tissue. 500 ng of FLuc 

mRNA was delivered per 0.5 μL injection. N = 4 biological replicates (N = 1 technical replicate) per condition. Brains were collected for analysis at 4 h post-treatment. Data 

represent the mean (SD).
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novel approach for benchtop siRNA LNP loading that we devel
oped21 and show microfluidic rapid mixing is most effective for 
mRNA LNP loading. We systematically evaluated LNP formulations 
of siRNA and mRNA prepared with a broad range of ionizable 
cationic lipids and phospholipids to assess the effect of lipid compo
sition on formulation potency and cell viability in primary neurons. 
We measured nucleic acid encapsulation and particle size to evaluate 
LNP biophysical characteristics in the context of lipid compositions 
and corresponding potencies. Finally, we measured the activity of 
ex vivo-optimized LNPs in murine striatum in vivo to assess the de
gree to which LNP screening undertaken in ex vivo primary neurons 
informed in vivo activity.

Although the benchtop mixing method we previously developed for 
LNP loading is efficient for siRNA, mRNA loading using the same 
method produced LNPs with decreased activity in comparison 
with a conventionally prepared formulation. Relative to siRNA, dif
ferences in mRNA molecular size (1,921 nucleotides vs. a 42 nucle
otide 21-mer), structure (single-stranded vs. double-stranded), 
chemical modifications (e.g., pseudouridine),32 and resulting varia
tions in charge density may necessitate the fast flow rate and turbu
lence inherent to rapid-mixing to produce highly efficacious LNPs.33

siRNA and mRNA formulations were also prepared using different 
amine-to-phosphate (N/P) ratios (N/P = 3 for siRNA and N/P = 6 
for mRNA); as a result, the efficacy of LNP loading using the two 
methods (and patterns in the resultant biological activity of siRNA- 
and mRNA-containing formulations prepared using the same ioniz
able cationic lipid and phospholipid species) cannot be compared 

directly. It is clear, however, that while LNPs are amenable to accom
modating various payloads, they must be appropriately designed and 
prepared for each payload type.

Compared witho LNPs with the same composition as the LNP 
siRNA drug Onpattro, our formulation screening strategy improved 
ex vivo neuronal EGFP reporter knockdown over 1.7-fold and re
porter mRNA expression over 22-fold at equivalent nucleic acid 
doses. Different LNP compositions were optimal for delivery of 
each payload: MC3 DOPG LNPs were most effective for siRNA de
livery, whereas DODMA DOPE LNPs were most effective for mRNA 
delivery. Neuronal viability was differentially affected by nucleic acid 
dose and formulation, and was relatively well-preserved with most 
LNP treatments.

To assess the effect of ionizable cationic lipid species on neuronal 
transfection, LNPs prepared with MC3 were compared with formu
lations containing DODMA and MF019, and, for siRNA only, the 
permanently cationic lipid DOTMA. DODMA-containing LNPs 
were less potent than the MC3 benchmark formulation for siRNA 
delivery, but were highly efficient for mRNA delivery. We observed 
a similar effect for MF019 formulations, where replacement of MC3 
with MF019 reduced the effectiveness of siRNA-mediated EGFP 
knockdown, but strikingly improved mRNA formulation efficacy. 
Thioether-containing cationic lipids such as MF019 have been 
shown to modestly improve LNP transfection efficiency compared 
with a cationic lipid containing monounsaturated 18:1 oleyl chains 
by modifying membrane fluidity and the supramolecular packing 
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Figure 7. Ionizable cationic lipid apparent pKa differentially impacts LNP potency in vivo in striatum 

(A) Htt siRNA-containing pKa-variant LNPs knocked down Htt in striatum with apparent pKa-dependent efficacy (one-way ANOVA, p = 0.0094). The apparent pKa = 5.64 

formulation was less potent than the benchmark formulation (denoted by the vertical dotted line at X = 6.44); one-way ANOVA with Dunnett post-test, p = 0.0059), while the 

remaining formulations performed similarly (one-way ANOVA with Dunnett post-test, 6.03 vs. 6.44, p = 0.3210; 6.69 vs. 6.44, p > 0.9999; 6.93 vs. 6.44, p = 0.2549) (see also 

Figure S11A). Htt expression in the striata of treated mice is normalized to the level of Htt expression measured in the striata of PBS-injected control mice. 1,250 ng of Htt 

siRNA was delivered per 0.5 μL injection. N = 4 biological replicates (N = 2 technical replicates) per condition. Brains were collected for analysis at seven days post-treatment. 

(B) FLuc-containing pKa-variant LNPs induced luciferase expression in striatum with apparent pKa-dependent efficacy (one-way ANOVA, p = 0.0010). The apparent pKa = 

5.64 formulation was ineffective compared with the benchmark formulation (denoted by the vertical dotted line at X = 6.44; one-way ANOVA with Dunnett post-test, 

p = 0.0007), while the remaining formulations performed similarly (one-way ANOVA with Dunnett post-test, 6.03 vs. 6.44, p = 0.7933; 6.69 vs. 6.44, p = 0.9649; 6.93 vs. 6.44, 

p = 0.9775) (see also Figure S11B). Luminescence in the striata of treated mice is shown relative to the background signal measured in the striata of PBS-injected control mice 

and normalized to RLU/mg tissue. 500 ng of FLuc mRNA was delivered per 0.5 μL injection. N = 4 biological replicates (N = 1 technical replicate) per condition. Brains were 

collected for analysis at 4 h post-treatment. Data represent the mean (SD).
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of lipids and nucleic acid, which must be balanced to ensure nucleic 
acid encapsulation and intracellular cargo release are both suffi
cient.34 The optimal parameters for each of these factors for siRNA 
and mRNA delivery are likely unique due to differences in molecular 
size and structure between the molecules, which may contribute to 
the potency differences we observed between MF019 formulations 
containing siRNA and mRNA. Although DODMA contains mono
unsaturated 18:1 oleyl chains, siRNA and mRNA cargoes may 
contribute to the differential efficacy of DODMA-containing LNPs 
in a similar manner. Additional structural and functional studies 
are required to more clearly characterize the higher-order interac
tions that occur between ionizable cationic lipids, nucleic acids, 
and other LNP lipid excipients that impact neuronal delivery. 
MF019 was assessed as an alternative to MC3; MF019 acyl chain thi
oether moieties were designed to promote intracellular hydrolysis 
and accelerate lipid clearance from transfected cells. Although 
MF019 did not meaningfully impact neuronal viability ex vivo, the 
benefits of improved clearance may become apparent in the brain 
in vivo, or at higher nucleic acid doses than we evaluated.

The addition of DOTMA to MC3-based siRNA formulations 
reduced knockdown efficiency and increased toxicity, likely due to 

the presence of a permanent positive charge.35 Although incorpo
rating permanent cationic lipids in LNP formulations has been 
shown to improve nucleic acid encapsulation, this addition may 
also impede LNP activity by sequestering siRNA within particles 
and therefore limiting intracellular release.36,37 While we observed 
increased siRNA encapsulation in formulations containing progres
sively larger molar percentages of DOTMA, siRNA encapsulation 
was comparable between MC3-only LNPs and LNPs containing a 
larger proportion of MC3 than DOTMA. It is likely that the presence 
of a small molar percentage of DOTMA in combination with MC3 
prevented or limited the intracellular release of siRNA without 
meaningfully improving encapsulation, thus reducing the effective 
siRNA dose delivered by those formulations. The modest EGFP 
knockdown induced by LNPs containing intermediate DOTMA per
centages may be attributed to increased siRNA encapsulation 
coupled with partial intracellular release enabled by MC3, while 
the lack of knockdown associated with the 45% DOTMA formula
tion may be attributed to failed intracellular siRNA release (despite 
a 99.1% [0.9%] encapsulation efficiency). The poor performance of 
DOTMA-containing siRNA LNPs and the notable toxicity of the for
mulations (which is a well-characterized feature of nucleic acid deliv
ery vectors containing permanently charged cationic lipids)38 do not 
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Figure 8. Neurons, astrocytes, microglia, and oligodendrocytes take up LNPs in vivo 

(A) Following direct intrastriatal injection of MC3 DSPC LNPs containing FLuc mRNA, luciferase-expressing brain cells co-localized with cellular markers for neurons (NeuN), 

astrocytes (GFAP), microglia (Iba1), and oligodendrocytes (GST-P). Representative images of luciferase expression and cell type-specific markers for NeuN, GFAP, Iba1, and 

GST-P are shown. Cell nuclei are shown in blue, luciferase-expressing cells are shown in green, and cell type-specific markers are shown in red. Examples of luciferase 

expression and cell type-specific marker co-localization are indicated by white arrows for each cell type. Scale bars, 50 μm. (B) Of luciferase-expressing brain cells, 14.7% co- 

localized with NeuN+ cells, 8.1% co-localized with GFAP+ cells, 8.9% co-localized with Iba1+ cells, and 13.8% co-localized with GST-P+ cells. Luciferase-expressing cells 

most frequently co-localized with NeuN+ cells (one-way ANOVA with Tukey post-test, NeuN vs. GFAP, p = 0.0027; NeuN vs. Iba1, p = 0.0099) and GST-P+ cells (one-way 

ANOVA with Tukey post-test, GST-P vs. GFAP, p = 0.0103; GST-P vs. Iba1, p = 0.0341). An equivalent proportion of luciferase-expressing cells co-localized with NeuN+ and 

GST-P+ cells (one-way ANOVA with Tukey post-test, NeuN vs. GST-P, p = 0.9577) and GFAP+ and Iba1+ cells (one-way ANOVA with Tukey post-test, GFAP vs. Iba1, p = 

0.9752). N = 3 biological replicates (N = 27–30 technical replicates/cell type-specific marker). 500 ng of FLuc mRNA was delivered per 0.5 μL injection. Brains were collected 

for analysis 4 h post-treatment. Data represent the mean (SD).
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support the use of DOTMA-containing LNPs for siRNA delivery to 
primary neurons; as such, we did not evaluate DOTMA LNPs for 
mRNA delivery.

In contrast with in vivo gene silencing potencies measured in hepa
tocytes following systemic LNP administration,15 our results show 
that higher ionizable cationic lipid apparent pKas do not substan
tially impact the magnitude of LNP-mediated EGFP knockdown in 
ex vivo primary neurons (Figure 2C; Table S1). This is objectively un
surprising because these respective in vivo and ex vivo datasets 
comprise a number of important differences, including the absence 
of a neuronal competent immune response. The direct application 
of LNPs to target cells also lowers the delivery barrier for slightly 
positively charged particles (i.e., for formulations containing ioniz
able cationic lipids with higher apparent pKas). For mRNA-contain
ing LNPs, however, treatment with the MC3-only formulation 
(pKa = 6.44) in the pKa variant screen resulted in the most robust 
FLuc expression, while lower and higher pKa variant formulations 
were statistically suboptimal at all doses (Figures 3B and S6). In 
contrast, DODMA-containing LNPs were more effective for 
mRNA delivery than those containing MC3. DODMA has an esti
mated pKa of 6.59–7.0,39,40 indicating that aspects of lipid chemistry 
aside from apparent pKa contribute to LNP efficacy ex vivo. Consid
ered together, these results suggest that mRNA-containing LNP sys
tems may be more sensitive to ionizable cationic lipid apparent pKa 

than systems containing siRNA, or that the methods used to assess 
the activity of each formulation type are not directly comparable. 
One consideration is the differences in the relative dynamic ranges 
of the outcome measures used to assess knockdown and expression 
levels: mRNA delivery typically exacerbates differences in activity be
tween formulations (as every successful delivery attempt results in a 
positive signal), whereas knockdown requires siRNA delivery, 
engagement with the cognate mRNA, and RISC activation. The var
iable impact of apparent pKa upon LNP activity in ex vivo primary 
neurons and in vivo in the brain is also demonstrated by the lack 
of statistically significant correlation between LNP activity and 
apparent pKa when apparent pKa is analyzed as a continuous inde
pendent variable (Table S1; siRNA LNP r2 = 0.2586; mRNA LNP 
r2 = 0.03549 [0.03 μg/mL FLuc mRNA], 0.05337 [0.1 μg/mL FLuc 
mRNA], 0.1662 [0.3 μg/mL FLuc mRNA], and 0.2661 [1.0 μg/mL 
FLuc mRNA]). While our results show that apparent pKa affects 
LNP activity both ex vivo and in vivo, it is clear that other chemical 
and biological factors also contribute to formulation efficacy; ioniz
able cationic lipid apparent pKa, therefore, is an important consider
ation when designing LNP systems for RNA delivery to the central 
nervous system, but is not the sole determinant of potency.

Enhanced potency of LNPs prepared with DOPC and DOPE is 
well-documented,28,41,42 and both siRNA and mRNA LNP systems 
prepared using DOPC and DOPE transfected ex vivo primary neu
rons more effectively than those containing DSPC. DSPC is 
comprised of a quaternary amine head group and saturated phos
phatidylcholine acyl chains connected by ester linkages, while 
DOPE has a primary amine head group and acyl chains with 1◦ of 

unsaturation (Figure S1). The features of DOPE favor the formation 
of hexagonal HII phase lipid structures, which increase membrane 
fusogenicity and are critical for intracellular nucleic acid release 
from endocytosed LNPs.41,43,44 DOPC was selected as an intermedi
ate structural control between DPSC and DOPE; like DSPC, it con
tains a quaternary amine head group and, like DOPE, has acyl chains 
with 1◦ of unsaturation. Relative to DOPC formulations, the 
improved activity of DOPE LNPs may be attributed to the smaller 
primary amine head group, which confers cone-shaped geometry 
to DOPE and further promotes HII phase formation.45

Because DSPC, DOPC, and DOPE are uncharged zwitterionic mol
ecules, DOPG (which has a glycerol head group and unsaturated acyl 
chains) was evaluated as an alternative, negatively charged phospho
lipid. LNP siRNA systems containing DOPG were superior for 
neuronal siRNA delivery in combination with every ionizable 
cationic lipid we evaluated, and, depending on dose, were also effec
tive for mRNA delivery. Anionic nanocomplexes containing DOPG 
have been used for siRNA delivery in vitro to Neuro-2A cells and 
in vivo in the brain and while DOPG may have contributed to formu
lation efficacy in these studies, the concurrent presence of other ele
ments that also modify potency (such as PEGylated lipids, targeting 
peptides, and in vivo convection enhanced delivery) makes it difficult 
to elucidate a DOPG-specific transfection effect that also applies to 
our results.46–48 For mRNA delivery, treatment with DOPG LNP for
mulations at higher concentrations did not improve luciferase 
expression and, with formulations containing MC3 and MF019, 
the 1.0 μg/mL mRNA dose produced a weaker reporter signal. 
This contradictory effect is likely caused by the PEG lipid, which dis
sociates from LNPs after treatment and, at sufficiently high concen
trations, can impede in vitro transfection efficiency by interfering 
with binding interactions between LNPs and target cells.16,49 Addi
tional investigations concerning the mechanism by which DOPG 
improves LNP neuronal delivery efficacy are required to better 
inform the rational design of future neuron-specific LNP 
formulations.

At equivalent nucleic acid doses, we observed more toxicity associ
ated with siRNA formulations than mRNA formulations. Although 
nucleic acid (and corresponding lipid) doses significantly affected 
neuronal health in siRNA and mRNA screens, mRNA LNPs were 
prepared at a higher N/P ratio than siRNA LNPs, indicating that 
lipid dose was not primarily responsible for this effect. Instead, satu
ration of endogenous RNAi machinery may have occurred at higher 
siRNA doses, which can disrupt endogenous miRNA processing and 
cause toxic effects.50

Particularly at the lowest nucleic acid doses we tested, LNP treatment 
modestly increased neuronal viability compared with untreated con
trol neurons from the same culture, which may have been driven by 
ApoE addition. Supplementation with exogenous human ApoE 
isoforms 3 and 4 has been shown to exert neurotrophic and neuro
protective effects on rat hippocampal neuron cultures (assessed 
by neurite outgrowth and metabolic activity) through a mechanism 
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independent from ApoE-LDL receptor binding, suggesting that 
ex vivo primary neurons may benefit from the addition of ApoE to 
culture medium.51 Other evidence suggests that ApoE4 (used in 
our study) impedes neurite outgrowth of murine cortical neurons 
through a mechanism that depends upon ApoE-LDL receptor bind
ing, which requires the complexation of ApoE with additional 
lipids.52 At the lowest nucleic acid concentrations we assessed, 
ApoE may be present in excess of the exogenous lipids in the LNP 
suspension, and could therefore be present both as free apolipopro
tein and adsorbed to LNPs. Because the neurotrophic effects of ApoE 
are independent from ApoE-LDL receptor family interactions, free 
ApoE may improve neuronal health and account for the viability in
creases we observed. This effect may be dampened at higher doses, 
where the proportion of free ApoE is smaller, or increased lipid 
and nucleic acid concentrations make associated toxicities more 
prevalent. With some formulations, we also observed a subtle 
improvement in the viability of primary neurons treated with 
LNPs at 1.0 μg/mL mRNA, but not siRNA. This effect may be driven 
by exogenous cholesterol, which has been shown to promote the sur
vival of rat primary neurons treated with inhibitors of cholesterol 
biosynthesis.53 The LNP formulations used in our study were pre
pared with 39 mol% cholesterol, and the N/P ratios used for 
mRNA (N/P = 6) and siRNA (N/P = 3) LNPs mean that, at 
1.0 μg/mL nucleic acid, LNP mRNA treatment introduced 
0.24 nmol cholesterol/neuron while LNP siRNA treatment intro
duced 0.12 nmol cholesterol/neuron. Our data suggest the quantity 
of cholesterol introduced by LNP siRNA treatment at 1.0 μg/mL 
siRNA is insufficient to impact the viability of primary neurons, 
while the quantity of cholesterol introduced by LNP mRNA treat
ment at 1.0 μg/mL mRNA may support neuronal health. This effect 
was not observed for all LNP mRNA-treated primary neurons at 
1.0 μg/mL mRNA; in cases where neuronal health declined with 
increased mRNA dose, it is likely that lipid-associated toxicity super
seded the cholesterol-associated viability benefit.

With the exception of the pKa variant screens, we did not observe 
consistent activity trends between ex vivo-optimized LNPs and the 
formulations we assessed in vivo, which may be a product of nuanced 
differences between the model systems. The primary neurons 
cultured for ex vivo formulation screening were isolated from micro
dissected cortex tissue, while in vivo screens were conducted in stria
tum. The relative proportions of neuronal subtypes in these regions 
are distinct: cortical neuron populations consist of approximately 
20% GABAergic interneurons and 80% glutamatergic pyramidal 
neurons,54 while striatal neuron populations consist of approxi
mately 95% GABAergic medium spiny projection neurons, 1% 
cholinergic interneurons, and 4% aspiny GABAergic interneurons.55

Ex vivo primary cortical neurons were also isolated from E17.5 
cortices, while in vivo screening was undertaken in adult murine 
striatum. Although ex vivo LNP screens were conducted using meta
bolically stable neurons (Figure S14A) and Ldlr expression in embry
onic and adult murine brain is comparable,56 inherent differences in 
neuronal subtypes and cellular maturity may have contributed to the 
discrepancies in LNP activity we report. It is also likely that the pres

ence of non-neuronal cells in vivo contributed to the lack of correla
tion we observed between ex vivo and in vivo LNP activity. While 
14.7% (7.1%) of Luc+ cells in vivo were neurons, an equivalent pro
portion (13.8% [9.0%] GST-P+/Luc+ cells) were oligodendrocytes, 
and an additional 8.1% (5.1%) and 8.9% (5.8%) were, respectively, as
trocytes and microglia.

The presence of differing lipoprotein species and abundance in pri
mary neuron culture medium and the brain may have also influenced 
the in vivo translatability of our ex vivo formulation screening results. 
Studies conducted both in vitro using media prepared with ApoE− /−

mouse serum and in vivo in ApoE− /− mice have clearly demonstrated 
that ApoE is required for LNP-mediated RNA delivery7,16; however, 
LNP activity in vitro is also impacted by the type of serum with which 
cells are cultured,16,57 and, in general, discordance between in vitro 
and in vivo LNP potencies may be driven by the species-specific pro
tein compositions of sera used in mammalian cell culture. Although 
primary neurons are not cultured in serum, recombinant ApoE is 
added to defined culture medium to facilitate LNP uptake ex vivo; 
in vivo, however, over 700 endogenous proteins, including ApoE, 
are measurable in murine cerebrospinal fluid.58 While ApoE is pre
sent in both systems, ApoE binding affinity and resultant LNP up
take and activity in vivo may be altered by the complex protein 
composition of cerebrospinal fluid; as a result, LNP activity in vivo 
may also be impacted.

In our assessment of cell-type-specific LNP uptake in the brain, 
45.5% of Luc+ cells co-localized with NeuN, GFAP, Iba1, and 
GST-P; therefore, a substantial proportion of Luc+ cells were not 
neurons, astrocytes, microglia, or oligodendrocytes. The markers 
used for cell type labeling may have limited identification of cells 
within the same lineage at various stages of maturation. For example, 
NeuN and GST-P, respectively, label mature neurons and oligoden
drocytes; therefore, these markers do not label neural progenitor 
cells (NPCs) or oligodendrocyte precursor cells (OPCs), and the dis
tribution pattern of the remaining Luc+ cells suggests a portion of 
them may be NPCs and OPCs. Many Luc+ cells were localized in 
the dorsolateral subventricular zone (SVZ), a region from which 
NPCs originate59; OPCs may also be borne from the SVZ in adult 
mammalian brain.60 Proximity to the lateral ventricle also suggests 
a subset of Luc+ cells may be ependymal.61

The strong concentration of Luc+ cells within the corpus callosum 
indicates LNPs delivered directly to the brain parenchyma have af
finity for white matter. A similar LNP distribution pattern has 
been reported following direct intrastriatal injection of an LNP 
formulation with a distinct lipid composition and molar ratio from 
the one we evaluated62; thus, LNP brain distribution may be at least 
partially agnostic of lipid composition. Whether white matter 
expression results from LNP transport through the parenchyma or 
reflux through the injection track augments delivery to tissues prox
imal to the needle track remains to be determined. Regardless, these 
findings suggest LNP-based therapies may be useful for treating CNS 
disorders associated with white matter.
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In summary, our LNP formulation development approach improved 
EGFP reporter knockdown over 1.7-fold and FLuc mRNA expres
sion over 22-fold in ex vivo primary neurons relative to a benchmark 
control formulation. Different LNP compositions were optimal for 
delivering each payload: MC3 DOPG LNPs were most effective for 
siRNA delivery, while DODMA DOPE LNPs were most effective 
for mRNA delivery. These formulations dramatically improved the 
efficiency of siRNA and mRNA delivery to neurons without substan
tially worsening neuronal health, demonstrating that LNPs are an 
effective and safe modality for delivering nucleic acid to ex vivo pri
mary neurons. Because they enable gene knockdown and exogenous 
mRNA expression in the absence of toxicity, these optimized formu
lations will be useful tools for enabling post-treatment proof-of- 
concept regulatory and phenotypic studies in ex vivo primary 
neurons that may, in turn, accelerate the development of nucleic 
acid-based therapies for genetic neurological disorders affecting neu
rons. Although we report that lipid species-associated LNP activity in 
ex vivo primary neurons does not directly correlate with the activity 
of LNPs in the brain in vivo, we demonstrate a pattern of LNP activity 
associated with ionizable cationic lipid apparent pKa that is consis
tent across both siRNA- and mRNA-containing LNPs and ex vivo 
and in vivo model systems, and show that LNPs effectively deliver 
RNA to a variety of cell types in the brain in vivo. While apparent 
pKa is not the only factor that affects LNP potency in the brain, 
our results demonstrate that ionizable cationic lipids with apparent 
pKa values between 6.03 and 6.93 may be suitable for use in LNP for
mulations designed for brain delivery. To our knowledge, this is the 
first evidence demonstrating the impact of apparent ionizable 
cationic lipid pKa on LNP activity in the absence of serum and in 
the brain, which may inform the rational design of future LNP- 
enabled brain gene therapies.

MATERIALS AND METHODS

Materials

The ionizable cationic lipid 2,2-dilinoleyl-4-(2-dimethylaminoethyl)- 
[1,3]-dioxolane (KC2) was synthesized by Biofine International (Van
couver, BC). The ionizable cationic lipids MC2, MC3, and MC4 were 
synthesized as previously described.15 The ionizable cationic lipid 
MF019 was synthesized as previously described.26 The cationic lipid 
DOTMA and DSPC, DOPC, DOPE, and DOPG were purchased 
from Avanti Polar Lipids (Alabaster, AL). The ionizable cationic 
lipid DODMA was purchased from Cayman Chemicals (Ann 
Arbor, MI). Cholesterol was purchased from Sigma-Aldrich (St Louis, 
MO). (R)-2,3-bis(tetradecyloxy)propyl-1-(methoxy polyethylene gly
col 2000) (PEG-DMG) was synthesized as previously described.63

Structures of the cationic lipids and phospholipids used are shown 
in Figures 1 and S1, respectively.

Assay development

The longitudinal viability of primary neurons isolated from both 
mouse strains was measured to establish appropriate time points 
for LNP treatment and sample collection (Figure S14A). In both pri
mary neuron genotypes, viability measurements (inferred based on 
ATP abundance) increased from DIV3 to DIV7, indicating high 

metabolic activity during neuronal maturation. Viability stabilized 
in mature primary neurons between DIV7 and DIV1064 and progres
sively declined at DIV14 and DIV21, signifying cell death. All subse
quent LNP treatments were performed using mature, metabolically 
stable primary neurons at DIV7, and reporter expression was assayed 
no later than DIV10.

LNP uptake is dependent upon adsorption of the lipoprotein ApoE, 
which is abundant in serum and facilitates endocytosis by binding 
LDL family receptors.6–9 Because primary neurons are cultured 
and maintained ex vivo in serum-free medium, we assessed the effect 
of adding exogenous recombinant ApoE to culture medium on 
neuronal LNP uptake using an LNP formulation containing FLuc 
mRNA. Luciferase expression was significantly enhanced by the 
presence of ApoE, demonstrating the requirement of ApoE for effec
tive LNP endocytosis by primary neurons (Figure S14B). To establish 
a protocol for ApoE addition to primary neuron culture medium, 
luciferase expression was measured in neurons where ApoE was 
added either together with, or immediately after, LNP treatment 
(Figure S14C). The timing of ApoE addition did not significantly 
impact luciferase expression, and all subsequent primary neuron 
treatments were performed by diluting, in order, ApoE and LNP for
mulations in culture medium before application to cells.

LNP preparation: Benchtop mixing

To prepare empty TCVs for benchtop mixing, lipids were dissolved in 
ethanol at a final combined concentration of 20 mM and combined 
with a 25 mM sodium acetate pH 4 aqueous buffer using a 
T-junction microfluidic mixer at a total flow rate of 20 mL/min and 
a flow rate ratio of 3:1 v/v aqueous:organic phases. The resulting sus
pension was dialyzed overnight against a 1,000-fold volume of 25 mM 
sodium acetate pH 4 buffer. To load particles, empty TCVs were com
bined with siRNA at 0.058 μg siRNA or 0.029 μg mRNA per μmole 
lipid. Lipid solutions were pipette-mixed with siRNA and incubated 
at room temperature for 10 min. Culture medium was added to the 
incubated TCV suspension before primary neuron treatment.

LNP preparation: Rapid mixing

To prepare LNPs loaded with nucleic acid, lipids were dissolved in 
ethanol at a final combined concentration of 10 mM. Purified siRNA 
and mRNA were dissolved in 25 mM sodium acetate pH 4 buffer to 
achieve the appropriate N/P ratio (siRNA = 3 and mRNA = 6). Lipid 
and nucleic acid solutions were combined using a T-junction microflui
dic mixer at a total flow rate of 20 mL/min, and a flow rate ratio of 3:1 
v/v aqueous:organic phases. The resulting suspension was dialyzed 
overnight against a 1,000-fold volume of PBS pH 7.4. Following dial
ysis, formulations were concentrated using Amicon centrifugal filtra
tion units (Millipore Sigma, Burlington, MA) with a 10 kDa NMWCO.

LNP preparation: Compositions and nucleic acid cargoes

To compare the activity of LNPs prepared using rapid mixing 
and benchtop mixing, LNPs were formulated at 50/10/38.5/1.5 mol% 
KC2, DSPC, cholesterol, and PEG lipid to increase particle stability.65

For formulation screening, all LNPs were formulated at 50/10/39/1 
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mol% ionizable cationic lipid, phospholipid, cholesterol, and PEG 
lipid. All siRNA formulation screening experiments were performed 
using LNPs loaded by benchtop mixing, and all mRNA formulation 
screening experiments were performed using LNPs prepared by rapid 
mixing. For all formulation screening studies, LNP formulations of 
siRNA were screened at 0.01 μg/mL GFP siRNA, while mRNA-con
taining formulations were screened across a range of mRNA doses 
(0.03–1.0 μg/mL). siRNA against GFP (Sense: 5′-ACAUGAAGCAGC 
ACGACUUTT-3′; Antisense: 5′-AAGUCGUGCUGCUUCAUGU 
TT-3′) was purchased from Integrated DNA Technologies (Coralville, 
IA). Pre-designed Silencer Select siRNA against Htt, ID s67440 (Sense: 
5′-GGCCUUACCUGGUGAAUCUTT-3′; Antisense: 5′-AGAUUC 
ACCAGGUAAGGCCTG-3′) was purchased from ThermoFisher Sci
entific (Burnaby, British Columbia). Photinus pyralis FLuc (NCBI 
Gene ID: 116160065) mRNA incorporating an m7G cap analog, full 
substitution with 5-methoxyuridine-5′-triphosphate, and a poly(A) 
tail length of ∼100 nucleotides was purchased from APExBIO (Hous
ton, TX) and Trilink BioTechnologies (San Diego, CA).

LNP characterization

Number-weighted LNP diameter was measured using dynamic light 
scattering with a Malvern Zetasizer NanoZS (Worcestershire, UK) 
instrument. Nucleic acid encapsulation efficiency was measured us
ing the Quant-iT RiboGreen RNA assay (Life Technologies, Burling
ton, ON). LNP formulations were diluted in 1X TE (Invitrogen) 
alone, or 1X TE + 1% Triton X-100 (Sigma-Aldrich). Fluorescence 
intensity (Ex/Em: 485/510 nm) was measured following RiboGreen 
reagent addition using a POLARstar Omega microplate reader 
(BMG Labtech) to quantify free nucleic acid in intact (1X TE only) 
and lysed (1X TE + 1% Triton X-100) LNPs. Total lipid content 
was evaluated by cholesterol quantification using the Cholesterol E 
assay (Wako Chemicals, Richmond, VA). Nucleic acid concentration 
was measured by absorbance at 260 nm.

Animals

Transgenic EGFP C57BL/6 mice were a generous gift from Dr. Colin 
Ross. C57BL/6 (JAX #000664) mice were purchased from The Jack
son Laboratory (Bar Harbor, ME). Mice were housed on ventilated 
racks in a specific pathogen-free barrier facility under a 12h light/ 
dark cycle. Prior to breeding, mice were group-housed with litter
mates to a maximum of five mice per cage and given free access to 
food and water. To generate embryos for primary neuron cultures, 
male and female mice of appropriate ages were paired in clean single 
cages. Breeding pairs were separated immediately following visual 
detection of a seminal plug in the vaginal canal, and pregnant female 
mice were single-housed until collection. Mixed-sex cohorts of wild- 
type C57BL/6 mice between 3 and 6 months of age were used for all 
in vivo studies. All animal work was carried out with the approval of 
the Canadian Council for Animal Care and the University of British 
Columbia’s Animal Care Committee (Protocol #A22-0167).

Primary neuron culture

Primary cortical neuron cultures were derived from wild-type and 
transgenic EGFP-expressing C57BL/6 mice at embryonic day 17.5. 

Cortices were isolated by dissection in ice-cold 1X Hank’s balanced 
salt solution (HBSS; Gibco) and collected in Hibernate E medium 
(BrainBits) supplemented with 0.5 mM L-glutamine (Cytiva). Tissue 
was digested in a 0.05% (v/v) trypsin (Cytiva) solution in a 37◦C wa
ter bath for 15 min. Following trypsin inactivation by fetal bovine 
serum (FBS) (Hyclone) addition, digested tissue was dissociated by 
trituration using a constrained 5-mL serological pipette and filtered 
through a 40-μm cell strainer (Falcon). Filtered cells were pelleted by 
centrifugation for 5 min at 800 RPM, washed once with 1X HBSS to 
remove FBS, and resuspended in warmed Neurobasal medium 
(Gibco) supplemented with 2% (v/v) 50X B27 (Gibco), 0.5 mM 
L-glutamine (Cytiva), and 0.5 mg/mL penicillin/streptomycin (Cy
tiva). Neurons were plated in poly-D-lysine-coated 24-well and 
96-well plates (Falcon; Corning) at 1.5 × 105 cells/mL and main
tained in a humidified atmosphere at 37◦C and 5% CO2. Hibernate 
E medium was purchased from BrainBits (Springfield, IL). All other 
cell culture reagents were purchased from Life Technologies (Bur
lington, ON).

Primary neuron LNP transfection

Neurobasal medium (Gibco) supplemented with 0.5 μg/mL recom
binant human ApoE4 (PeproTech)11 was used to dilute LNP formu
lations. To treat neurons, 50% of the plating medium was removed 
from each well and replaced with an equivalent volume of diluted 
LNP suspension. The reported nucleic acid doses and ApoE4 con
centration represent the final concentration(s) in each well. Primary 
neurons were maintained in vitro for seven days prior to LNP treat
ment. Neurons treated with LNP siRNA formulations were collected 
for analysis 72 h following treatment, and neurons treated with LNP 
mRNA formulations were assayed after 24 h.

Quantitative RT-PCR

Primary neurons in 24-well plates were collected for RNA extraction 
by washing with 1X PBS (Gibco), scraping in RNA lysis buffer (In
vitrogen) containing 1% 2-mercaptoethanol, and snap-freezing on 
dry ice. Total RNA was extracted from thawed samples using a 
PureLink RNA Mini kit (Invitrogen) according to the manufac
turer’s instructions. PureLink DNase (Invitrogen) was used to 
degrade residual genomic DNA on preparation columns to increase 
RNA yield and purity. RNA concentrations were measured using a 
NanoDrop 2000 spectrophotometer (Thermo Scientific). Reverse 
transcription was performed using the SuperScript VILO cDNA 
Synthesis Kit (Invitrogen). Amplification of cDNA was performed 
using FastSYBR Green Master Mix (Applied Biosystems) and the 
StepOne Plus Real-Time PCR System (Applied Biosystems). All sam
ples were run in duplicate. mRNA levels were quantified by standard 
curve using 10-fold serial dilutions prepared from untreated control 
samples. Relative quantities of target mRNA were calculated as the 
ratio between target mRNA abundance and a normalization factor 
created using two control genes (Csnk2a2 and ActB) based on 
GeNorm.66 Quantitative RT-PCR primers were purchased from In
tegrated DNA Technologies (Coralville, IA). Primer sequences are 
listed in Table S2. All other quantitative RT-PCR reagents were pur
chased from Life Technologies (Burlington, ON).
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Primary neuron viability assay

The viability of LNP siRNA-treated neurons was assayed 72 h after 
treatment using the CellTiter-Glo luminescent cell viability assay 
system (Promega) according to the manufacturer’s instructions. 
Neuron plating/treatment medium was removed, replaced with 
100 μL of warmed Neurobasal medium (Gibco), equilibrated to 
room temperature, and combined with an equivalent volume of 
CellTiter-Glo reagent. Cells were lysed by mixing on an orbital 
shaker for two minutes and incubated on the benchtop for an addi
tional 10 min. Luminescence was measured using a POLARstar 
Omega microplate luminometer (BMG Labtech). The CellTiter- 
Glo luminescent cell viability assay system kit and associated re
agents were purchased from Promega (Madison, WI).

Primary neuron luciferase assay

Luciferase assays were performed 24 h after LNP treatments. Lumi
nescence was measured using the SteadyGlo Luciferase Assay System 
(Promega) according to the manufacturer’s instructions. Neuron 
plating/treatment medium was removed, and neurons were gently 
washed with 1X PBS (Gibco) and scraped in 1X Glo Lysis Buffer 
(Promega). Equal volumes of neuron lysate and SteadyGlo luciferase 
reagent were combined in a 96-well plate (Corning), mixed on an 
orbital shaker for 30 s, and incubated on the benchtop for five 
minutes. Luminescence was measured using a POLARStar Omega 
microplate luminometer (BMG Labtech). The SteadyGlo Luciferase 
Assay System kit and associated reagents were purchased from 
Promega (Madison, WI).

Primary neuron combined viability and luciferase assay

For LNP siRNA-treated neurons, viability and luminescence were 
measured in succession using the ONE-Glo+Tox Luciferase 
Reporter and Cell Viability Assay kit (Promega) according to the 
manufacturer’s instructions. Neuron plating/treatment medium 
was removed, replaced with 100 μL of warmed Neurobasal medium 
(Gibco), equilibrated to room temperature, combined with 20 μL of 
CellTiter-Fluor reagent (prepared as a 5X solution of GF-AFC sub
strate diluted in assay buffer), and incubated for 30 min at 37◦C. 
Fluorescence intensity (Ex/Em: 400/510 nm) was quantified using 
a POLARstar Omega microplate reader (BMG Labtech). To measure 
luminescence, 100 μL of ONE-Glo reagent was added to each well, 
incubated for three minutes, and assayed using a POLARstar Omega 
microplate luminometer (BMG Labtech). The ONE-Glo+Tox Lucif
erase Reporter and Cell Viability Assay kit and associated reagents 
were purchased from Promega (Madison, WI).

Intraparenchymal LNP injections

In an induction chamber, mice were anesthetized with 5% inhaled iso
flurane in oxygen (1 L/min) until the righting reflex was lost and the 
breathing pattern slowed and deepened. Anesthetized mice were 
immediately transferred to a stereotaxic apparatus equipped with an 
isoflurane vapourizer and a 37◦C heating pad. Mice were maintained 
in a surgical plane of anesthesia with 3%–4% isoflurane in oxygen (1 
L/min) throughout surgery. The surgical plane was routinely checked 
through toe pinch and blink reflexes. A sterile ophthalmic lubricant 

was applied to the eyes to prevent corneal drying, and a lubricated rectal 
probe was placed into the rectum to monitor temperature. Warmed 
0.9% sodium chloride (w/v; 20 mL/kg) and Metacam (5 mg/kg) solu
tions were administered subcutaneously for supportive care and pro
phylactic analgesia, respectively. Hair was removed from the surgery 
site using an electric clipper, and the area was cleaned three times 
with a skin soap solution comprised of 4% chlorhexidine gluconate fol
lowed by 70% isopropanol (v/v). Bupivacaine (5 mg/kg) was adminis
tered to provide analgesia by infiltrating under the skin at the injection 
site after the first skin cleaning preparation. A small vertical incision in 
the skin of the head was made to expose the skull, and a small hole was 
drilled in the bone at predetermined coordinates to reach the striatum 
(+0.8 mm anterior-posterior, ±1.8 mm medial-lateral, and 3.5 mm dor
sal-ventral from Bregma).67 0.5 μL of PBS (control) or LNP (treatment) 
containing siRNA or mRNA was bilaterally injected through burr holes 
using a 10 μL Hamilton syringe coupled to a 32-gauge glass micronee
dle at a rate of 250 nL/min. The microneedle was left in position for two 
minutes before initiating the injection, and left in place for five minutes 
after the injection was completed to allow diffusion of the solution. The 
needle was slowly removed from the brain, and a surgical drape with a 
fenestration for the head was placed on top of the animal to maintain 
sterility. Skin incisions were sutured using a monofilament suture 
(Monocryl 5-0). Animals were maintained on a 37◦C heating pad 
and observed until fully recovered from anesthesia. Post-recovery, an
imals were housed individually with Hydrogel and food freely available 
on the bottom of cages, as well as regular food in the hopper and water 
ad libitum. Following the procedure, a surgery card was marked to 
indicate animal ID, procedures performed, drugs administered, and 
all health checks performed. Mice were monitored every 4–8 h during 
the first 24 h after surgery, and then twice per day for at least 48 h 
following surgery or until the mice were healthy and the incisions 
healed. Body weight, incision sites, and general health were assessed 
and recorded on dedicated monitoring sheets. Metacam (5 mg/kg) 
was subcutaneously administered daily for two days, and 0.9% sodium 
chloride (w/v; 20 mL/kg) was administered to prevent dehydration.

Brain microdissection

Four hours (mRNA) or seven days (siRNA) after injection, mice 
were injected intraperitoneally with a lethal dose of Avertin 
(750 mg/kg; 2,2,2-tribromoethanol; Millipore Sigma, Burlington, 
MA) and returned to their cages until deep anesthesia was reached. 
Anesthetized mice were immediately transferred to an induction 
chamber and euthanized with CO2 at a flow rate of 6 L/min, followed 
by cervical dislocation. Brains were harvested and microdissected on 
ice to isolate cortex, hippocampus, striatum, and cerebellum tissues. 
Brain region- and hemisphere-separated tissues were collected in 
1.7 mL Eppendorf tubes and snap-frozen on dry ice. Samples were 
stored at − 80◦C for downstream analysis.

Brain tissue homogenization

For tissues collected from LNP siRNA-treated mice, microdissected 
brain regions were placed in chilled Lysing Matrix D tubes (MP Bio
medicals, Santa Ana, CA) and homogenized in 600 μL of RNA lysis 
buffer (Invitrogen) containing 1% 2-mercaptoethanol using a 
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FastPrep FP120 cell disruptor (MP Biomedicals, Santa Ana, CA). Ho
mogenates were combined with an equal volume of 70% RNase-free 
ethanol (v/v) and RNA extraction was performed using a PureLink 
RNA Mini kit (Invitrogen) as described above according to the manu
facturer’s instructions. Quantitative RT-PCR was performed as 
described above. For tissues collected from LNP mRNA-treated 
mice, individual microdissected brain regions were combined with 
75 μL of chilled 1X Glo Lysis Buffer (Promega) and manually Dounce 
homogenized. Samples were spun at maximum speed (>13,000 RPM) 
for five minutes to pellet the tissue, and 50 μL of tissue lysate was trans
ferred to a 96-well plate (Corning). Samples were combined with an 
equal volume of SteadyGlo luciferase reagent (Promega), mixed on 
an orbital shaker for 30 s, and incubated on the benchtop for five mi
nutes. Luminescence was measured using a POLARStar Omega micro
plate luminometer (BMG Labtech).

Immunohistochemistry

Four hours after injection, mice were anesthetized by intraperitoneal 
injection with a lethal dose of Avertin (750 mg/kg; 2,2,2-tribromoetha
nol; Millipore Sigma, Burlington, MA) and terminally perfused 
through the ascending aorta with cold 3% paraformaldehyde in 0.1M 
phosphate buffer at a flow rate of 5 mL/min for 10 min. Brains were 
post-fixed at 4◦C in 3% paraformaldehyde overnight, transferred to 
1X PBS, and stored at 4◦C for downstream processing. Before immu
nostaining, brains were equilibrated in 30% sucrose in 1X PBS for 
24–48 h at 4◦C, embedded in O.C.T. compound (Fisher Scientific, 
Pittsburgh, PA, USA) and frozen on dry ice. 25 μm coronal sections 
were cut through the entire striatum using a CM3050 S cryostat (Leica), 
serially collected in 1X PBS +0.01% sodium azide, and stored at 4◦C. 
Serial coronal sections spaced 150 μm apart were permeabilized in 
PBS-T (1X PBS + 0.1% Triton X-100), blocked at room temperature 
(RT) in PBS-T + 10% normal donkey serum (NDS) and incubated at 
4◦C for 12–20 h in PBS-T + 2% NDS with the following primary anti
bodies: firefly luciferase (Luc; Abcam Cat.# ab181640; 1:300), glial fi
brillary acidic protein (GFAP; Sigma Cat.#G3893; 1:500), calcium 
adapter binding protein (Iba1; Invitrogen Cat.# PA5-21274; 1:200), 
neuronal nuclei (NeuN; Abcam Cat.# ab177487; 1:250) and gluta
thione S-transferase pi (GST-P; MBL Life Science Cat.# 311; 1:200). 
Immunofluorescent detection was achieved by incubation with appro
priate species-specific Alexa Fluor 488 or Alexa Fluor 594 secondary 
antibodies (Invitrogen; 1:1,000) in PBS-T + 2% NDS at RT. Immuno
stained sections were incubated for five minutes at RT in 1X PBS + 
4′,6-diamidino-2-phenylindole (DAPI; Millipore Sigma; 1:50,000), 
mounted on SuperFrost slides (Fisher Scientific, Pittsburgh, PA, 
USA), and coverslipped using ProLong Gold Antifade Mountant 
(Fisher Scientific, Pittsburgh, PA, USA). Images were captured using 
an Olympus BX61 Fluorescence and Transmittance Wide Field Micro
scope (Olympus Life Sciences, Tokyo, Japan). Cells were counted 
manually using the Fiji Cell Counter plugin (ImageJ2 v2.16.0/1.54p).

Statistics

All statistical analyses were performed using Prism v.9 software 
(GraphPad). Data are presented as mean (SD). p values of less 
than 0.05 were considered significant. The effect of ApoE supple

mentation on LNP uptake was assessed by unpaired t test. Formula
tion strategies were compared using one-way analysis of variance 
(ANOVA) with formulation method or mRNA dose as factors and 
Bonferroni post-hoc analysis to correct for multiple comparisons. 
siRNA cationic lipid and phospholipid screens were analyzed using 
one-way ANOVA with Dunnett and Tukey post-hoc analyses to 
respectively compare treatment means to control means, and to 
compare individual means, and to correct for multiple comparisons. 
siRNA viability measurements and mRNA ionizable cationic lipid 
and phospholipid screens and viability measurements were assessed 
using two-way ANOVA with Dunnett or Tukey post-hoc analyses to 
respectively compare treatment means with control means and to 
compare individual means, and to correct for multiple comparisons. 
LNP composition and siRNA or mRNA dose were examined as fac
tors. Linear regression associations between datasets were assessed 
using Pearson correlation.
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