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ABSTRACT: Systemic delivery of large nucleic acids, such as
mRNA, to the brain remains challenging in part due to the blood-
brain barrier (BBB) and the tendency of delivery vehicles to
accumulate in the liver. Here, we design a peptide-functionalized
lipid nanoparticle (LNP) platform for targeted mRNA delivery to
the brain. We utilize click chemistry to functionalize LNPs with
peptides that target receptors overexpressed on brain endothelial
cells and neurons, namely the RVG29, T7, AP2, and mApoE
peptides. We evaluate the effect of LNP targeting on brain
endothelial and neuronal cell transfection in vitro, investigating
factors such as serum protein adsorption, intracellular trafficking,
endothelial transcytosis, and exosome secretion. Finally, we show
that LNP peptide functionalization enhances mRNA transfection in
the mouse brain and reduces hepatic delivery after systemic administration. Specifically, RVG29 LNPs improved neuronal
transfection in vivo, establishing its potential as a nonviral platform for delivering mRNA to the brain.
KEYWORDS: lipid nanoparticles, mRNA, peptides, brain delivery, blood-brain barrier, neurons

Delivering nucleic acid therapeutics to the brain remains a
significant challenge, in part due to the blood-brain

barrier (BBB). The BBB prevents ∼98% of small molecule
drugs and ∼100% of large molecule drugs, including naked
messenger RNA (mRNA), from entering the brain.1,2 Ionizable
lipid nanoparticles (LNPs) have emerged as the most clinically
advanced nucleic acid delivery vehicle following the FDA
approval of Onpattro and the COVID-19 vaccines.3,4 However,
for applications beyond liver-based therapies and vaccines,
achieving tissue-specific delivery has proved difficult with
LNPs, motivating groups including ours to explore active
targeting strategies. Examples of active targeting strategies for
tissue- or cell-specific LNP delivery include functionalization
with antibodies targeting the lungs,5,6 T cells,7−9 hematopoietic
stem cells,10,11 bone marrow in multiple myeloma,12 cancer
cells and tumor myeloid cells,13 the placenta,14 and inflamed
cerebral vasculature.15

While antibodies have high binding affinity, they also have
limitations including immunogenicity, susceptibility to pro-
teases, large size, difficulty achieving a binding-specific
orientation, and high production costs.16,17 Peptides are
alternative targeting ligands that address many of these issues.
They are only ∼30 amino acids or less in length, enabling
higher functionalization density on the nanoparticle surface for
improved binding affinity, and compared to antibodies, have
lower immunogenicity and production costs.17 Recent work

has demonstrated the ability of peptides to facilitate targeted
mRNA LNP delivery to retinal neurons in mice and nonhuman
primates.18 However, the potential of peptides to target LNPs
to other tissues remains unexplored.
Here, we design peptide-functionalized LNPs (pLNPs) for

systemic mRNA delivery to the brain, targeting receptors
highly expressed on both brain endothelial cells and neurons
(Figure 1A). The four selected peptides have improved brain
delivery of other nanoparticle systems: RVG29 targeting the
nicotinic acetylcholine receptor,19−23 T7 targeting the trans-
ferrin receptor,24−28 angiopep-2 (AP2) targeting low density
lipoprotein receptor-related protein 1 (LRP-1),29−35 and
mApoE targeting low density lipoprotein receptor
(LDLR).36−38 mRNA LNPs were functionalized with these
peptides at various surface densities via thiol-maleimide click
chemistry and facilitated improved transfection efficiency in
cultured brain endothelial and neuronal cells. In a coculture
transwell model, pLNPs were able to cross the endothelial
monolayer and improve transfection of basolateral neuronal
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cells. We also show that exosomes secreted by pLNP-treated
brain endothelial cells can transfect neuronal cells. Finally, we
demonstrate that pLNPs can transfect the mouse brain after
systemic administration, and that specifically RVG29 LNPs
significantly improve neuronal transfection compared to
untargeted LNPs. Overall, our results demonstrate the promise
of pLNPs as a platform for delivering mRNA therapeutics
across the BBB for the treatment of various neurological
disorders.
Functionalizing mRNA LNPs with Brain-Targeting

Peptides. We first sought to determine if the RVG29, T7,

AP2, and mApoE peptides could be stably conjugated to
mRNA LNPs. For our untargeted LNP, we selected the SM-
102 formulation, which has demonstrated clinical success in
Moderna’s COVID-19 mRNA vaccine with intramuscular
administration39 and was previously shown to enable moderate
brain transfection after systemic administration.40 To for-
mulate pLNPs, we incorporated a fifth lipid component,
DSPE-PEG-maleimide (lipid-PEG-mal), which can bind to a
terminal cysteine on our peptide sequences via a thiol-
maleimide reaction. Since other groups have shown that the
surface density of targeting ligands affects delivery across the

Figure 1. Formulation and characterization of peptide-functionalized LNPs for targeted mRNA delivery to the brain. A) Schematic overview
depicting the process of engineering and validating targeted LNPs for brain delivery following systemic administration. Red cells are endothelial
cells, orange cells are pericytes, blue cells are astrocytes, and purple cells are neurons. B) Schematic showing the formulation process for targeted
LNPs. C) Size of LNPs on days 0 and 5 postformulation. Data are shown as mean + SEM, n = 2 formulation replicates each with n = 3 technical
replicates. D) Zeta potential of LNPs. Data are shown as mean + SEM, n = 2 formulation replicates each with n = 3 technical replicates. E) mRNA
encapsulation efficiency of LNPs. Data are shown as mean + SEM, n = 2 formulation replicates.
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BBB in vitro and in vivo,36,41 we formulated pLNPs with
varying amounts of lipid-PEG-mal, substituting it for 10%,
30%, or 50% of the original 1.5 mol % lipid-PEG (Table S1).
LNPs were formulated with luciferase mRNA via micro-

fluidic mixing, then incubated with peptides postformulation
for click chemistry-mediated conjugation (Figure 1B). Overall,
higher lipid-PEG-mal substitutions led to larger increases in
LNP size postconjugation with targeting peptides (Figure 1C).
Functionalization with RVG29 and AP2 resulted in the largest
increase in size compared to untargeted controls, while T7 led
to the smallest increase, highlighting a positive correlation
between peptide size and pLNP size. The sizes of all pLNPs
were stable 5 days postformulation (Figure 1C). Untargeted
LNPs were monodisperse with a polydispersity index (PDI) of
∼0.1, which was maintained for T7 LNPs at all substitutions
(Figure S1). RVG29 and mApoE LNPs had PDIs of ∼0.2−0.3,
while AP2 LNPs were more polydisperse with PDIs of ∼0.3−
0.4. We also assessed the zeta potential of pLNPs to investigate
changes in surface charge following peptide functionalization
(Figure 1D). Notably, LNPs became less anionic with higher
amounts of mApoE. This is likely due to the abundance of
lysine and arginine in the mApoE sequence, both of which bear
positive charges at neutral pH.
We also confirmed peptide conjugation using two

fluorometric protein quantification kits. The FluoProdige kit
uses a reagent which binds to lysine, arginine, and histidine.
While this kit was able to show the relative difference in

peptide concentration pre- and postpurification of excess
peptides, the high base fluorescence from the untargeted LNP
made interpretation of the peptide concentrations difficult
(Figure S2A). This problem was circumvented with the
CBQCA kit, which uses a reagent that binds to primary amines
and is optimized for protein detection in the presence of lipids
and detergents. Using this kit, the untargeted LNP exhibited
very low base fluorescence, and the pLNPs displayed peptide
concentration values which more closely aligned with their
expected yield (Figure S2B). Overall, both kits demonstrate
that purification reduces the peptide concentration by
approximately half, which was expected given the conjugation
reaction was set up at a 2:1 molar ratio of peptide:lipid-PEG-
mal and suggests that most of the lipid-PEG-mal molecules are
functionalized with peptide. Finally, we confirmed that all
pLNPs maintained high mRNA encapsulation efficiencies
(Figure 1E) and were not cytotoxic to hCMEC/D3 brain
endothelial or SH-SY5Y neuronal cells (Figure S3).
Peptide Targeting Improves mRNA Transfection of

Brain Endothelial and Neuronal Cells. We then assessed
the potential of peptide functionalization to improve LNP-
mediated luciferase mRNA transfection in vitro. We began by
evaluating transfection efficiency in serum-free media (Figure
2A). In brain endothelial cells, mApoE improved transfection
at all lipid-PEG-mal substitutions compared to untargeted 0%
substitution LNPs, with 50% substitution mediating a
significant ∼60-fold improvement. RVG29 and AP2 at 50%

Figure 2. In vitro transfection efficacy of peptide-functionalized LNPs in brain endothelial and neuronal cells. A) Luciferase expression in LNP-
treated brain endothelial and neuronal cells cultured in serum-free media. Cells were treated with LNPs for 24 h at 60 ng mRNA/20k cells. Data are
shown as mean + SEM, n = 2 biological replicates each with n = 4 technical replicates. B) Luciferase expression in LNP-treated brain endothelial
and neuronal cells cultured in 10% FBS-supplemented media. Cells were treated with LNPs for 24 h at 60 ng mRNA/20k cells. Data are shown as
mean + SEM, n = 3 biological replicates each with n = 4 technical replicates. All data are normalized to the untargeted 0% lipid-PEG-mal
substitution group. One-way ANOVA with Dunnett’s multiple comparisons test was used to determine statistical significance compared to the 0%
lipid-PEG-mal substitution group, *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.
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substitution also improved transfection, whereas T7 showed no
improvement at all substitutions tested. In neuronal cells,

mApoE LNPs were again the top performing formulations,
improving transfection at all substitutions compared to 0%

Figure 3. Peptide-functionalized LNP transfection in a BBB transwell and exosome secretion model. A) Schematic depicting the experimental
approach for establishing the transwell model. B) Luciferase expression in apical brain endothelial cells treated with LNPs for 24 h at 60 ng mRNA/
20k endothelial cells. C) Luciferase expression in basolateral neuronal cells after 24 h. Data are shown as mean + SEM, n = 3 technical replicates.
D) Schematic depicting the experimental procedure for evaluating the potential of endothelial cell-secreted exosomes to transfect neuronal cells. E)
Luciferase expression in brain endothelial cells treated with LNPs for 2 h at 60 ng mRNA/20k cells. F) Luciferase expression in neuronal cells
treated with endothelial cell-derived exosomes for 24 h. Data are shown as mean + SEM, n = 4 technical replicates. All data are normalized to the
untargeted 0% lipid-PEG-mal substitution group. One-way ANOVA with Dunnett’s multiple comparisons test was used to determine statistical
significance compared to the 0% lipid-PEG-mal substitution group, *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.

Nano Letters pubs.acs.org/NanoLett Letter

https://doi.org/10.1021/acs.nanolett.4c05186
Nano Lett. XXXX, XXX, XXX−XXX

D

https://pubs.acs.org/doi/10.1021/acs.nanolett.4c05186?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.4c05186?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.4c05186?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.4c05186?fig=fig3&ref=pdf
pubs.acs.org/NanoLett?ref=pdf
https://doi.org/10.1021/acs.nanolett.4c05186?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


untargeted controls, with 10% substitution mediating a
significant ∼20-fold improvement. AP2 at 10% substitution
improved transfection by ∼5-fold.
While the serum-free media condition was helpful in

assessing the efficacy of peptide targeting, it does not account
for the protein corona that forms around nanoparticles under
physiological conditions,42,43 which may interfere with
targeting ligands binding to their receptors.44,45 Thus, we
repeated the transfection assays in media supplemented with
10% fetal bovine serum (FBS) (Figure 2B). In brain
endothelial cells, the substantial mApoE-induced improvement
in transfection over untargeted LNPs detected in the serum-
free conditions was no longer observed. Rather, LNPs with
30% and 50% lipid-PEG-mal substitutions without peptides
exhibited a significant transfection increase compared to 0%
substitution LNPs. The free maleimide groups on these LNPs
may be reacting with free thiols on serum proteins, leading to
improved cellular uptake. In neuronal cells, mApoE LNPs
appeared less susceptible to serum-induced changes in
transfection, with all substitutions mediating significant ∼10-
to 15-fold improvements compared to 0% substitution LNPs.
Interestingly, AP2 LNPs in serum-containing media facilitated
greater transfection improvements over untargeted LNPs
compared to serum-free media, with all substitutions mediating
∼5- to 10-fold improvements compared to 0% substitution
LNPs. Similarly, RVG29 LNPs also facilitated greater trans-
fection improvements over untargeted LNPs in serum-
containing media, with all substitutions mediating ∼5-fold
improvements.
We also assessed whether these trends would hold in more

physiologically relevant conditions by incubating LNPs in 40%
human serum prior to treatment (Figure S4). In brain
endothelial cells, RVG29 and mApoE LNPs at 10% lipid-
PEG-mal substitution retained their transfection efficiency
compared to untargeted 0% substitution LNPs, and all 3
formulations demonstrated slightly improved transfection over
untargeted LNPs without human serum incubation. In
neuronal cells, AP2 and mApoE LNPs at 10% substitution
maintained a ∼6-fold improvement compared to 0%
substitution LNPs with and without human serum incubation.
Overall, it appears that pLNPs made with 10% lipid-PEG-mal
substitution are the most resistant to human serum protein
adsorption.
Altogether, these data suggest that LNP targeting advantages

conferred by peptide functionalization are sensitive to serum
protein adsorption. Accordingly, we used serum-containing
media for the remainder of our in vitro assays to more
accurately account for the adsorption of serum proteins.
Serum-containing media was also used to confirm that pLNP
transfection is dose-dependent (Figure S5), and that top-
performing pLNPs for each cell line can also deliver mCherry
mRNA, as visualized with fluorescence microscopy (Figure S6,
S7). Future work should entail detailed characterization of
pLNP protein coronas, both before and after BBB transcytosis,
as it has been demonstrated that the corona compositions of
other nanoparticles change during BBB transcytosis.44,46

Peptide LNPs Enhance BBB Transcytosis and Sub-
sequent Neuronal Transfection In Vitro. We next sought
to characterize the effect of peptide functionalization on BBB
transcytosis. We used a 96-well transwell model that our group
has previously established, composed of a brain endothelial
monolayer on the transwell insert and neuronal cells in the
basolateral compartment, and assessed transfection of both cell

types (Figure 3A).40 In the apical endothelial cells, pLNPs with
10% lipid-PEG-mal substitution demonstrated the highest
transfection, each facilitating a significant increase in luciferase
expression compared to 0% substitution LNPs (Figure 3B). In
the 30% and 50% substitution groups, RVG29 LNPs also
demonstrated significant increases in transfection compared to
0% substitution LNPs. In basolateral neuronal cells, similar
trends were observed, with targeted 10% substitution LNPs
mediating the greatest improvement in transfection compared
to 0% substitution LNPs, and RVG29 LNPs bearing significant
improvements at 10% and 50% substitution (Figure 3C).
Overall, this data shows that while some pLNPs transfect
endothelial cells after endocytosis, others are able to
transcytose and transfect neuronal cells. The benefit of peptide
targeting is most clear in this transwell model, where 10%
substitution RVG29 LNPs mediate an almost 100-fold
improvement in neuronal transfection post-BBB crossing.
Next, we further investigated the mechanisms of LNP

endocytosis and transcytosis. We first used fluorescence
microscopy to track the intracellular distribution of pLNPs
in brain endothelial cells over the course of 24 h. Cells were
treated with luciferase mRNA LNPs labeled with fluorescent
dye DiR for 2 h, and then, after a total of 2, 4, 12, or 24 h of
incubation, stained with LysoTracker to visualize acidic
compartments such as late endosomes and lysosomes (Figure
S8). Yellow signal indicates colocalization of red DiR and
green LysoTracker. Cells treated with untargeted LNPs
demonstrated low DiR and yellow signal at 2 h, indicating
limited LNP uptake. Cells treated with RVG29 LNPs had
more yellow signal at 2 h, indicating higher LNP uptake and
endosome acidification, as well as diffuse DiR signal at 24 h,
indicating endosomal escape. T7 and mApoE LNPs demon-
strated the highest cellular uptake with bright DiR signal at 12
and 24 h, however the LysoTracker signal was lower than that
of RVG29 at 2 h, potentially indicating that the high LNP
accumulation inhibited the endosomal acidification necessary
for mRNA release and expression.47 Overall, these results
could explain why the 10% substitution RVG29 LNPs
facilitated the highest basolateral neuronal transfection in the
transwell study�these LNPs may enable higher cellular uptake
combined with efficient endosome acidification, which allows
increased cargo release for both transfection and basolateral
secretion.
To further investigate this hypothesis, we conducted

experiments to study how peptide functionalization affects
the endothelial secretion of LNPs and mRNA cargo. Recent
literature has suggested that after LNP endocytosis, mRNA
cargo is repackaged and secreted in extracellular vesicles, which
then mediate gene transfer to other cells.48−50 We hypothe-
sized that a similar mechanism may occur when LNPs cross
the BBB and sought to evaluate this in a proof-of-concept
experiment where exosomes were isolated from pLNP-treated
endothelial cells (Figure 3D). In this model, the observed
endothelial transfection trends were similar to those from the
transwell study, with 10% lipid-PEG-mal substitution pLNPs
yielding the highest improvement compared to 0% substitution
LNPs, and RVG29 LNPs performing the best across all
substitutions (Figure 3E). The higher magnitudes of improve-
ment compared to earlier experiments is likely a result of the
shorter treatment period (2 versus 24 h), as receptor-mediated
endocytosis may mediate more rapid cellular uptake. For
instance, TfR-targeted immunoliposomes had greater improve-
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ments in brain capillary accumulation over untargeted
immunoliposomes at 1 h compared to 24 h.51

Neuronal cells treated with the isolated exosomes also
demonstrated luminescence, indicating that the isolated
exosomes encapsulated luciferase mRNA (Figure 3F).
Exosomes derived from 10% substitution pLNP groups
significantly improved transfection compared to those from
the 0% substitution group. Specifically, exosomes derived from
cells treated with RVG29 and mApoE LNPs yielded a ∼15-fold
improvement. Future work should investigate whether the
LNPs are exocytosed intact, or whether the lipid, mRNA, and
peptide components are being repackaged into endogenous
exosomes. These studies should also assess whether secretion
occurs preferentially at the luminal or abluminal side of
endothelial cells and elucidate the biological mechanisms
behind these trends.
Peptide LNPs Improve In Vivo Brain Transfection

after Systemic Administration. We next evaluated whether

peptide targeting could improve in vivo mRNA transfection in
the brain after systemic administration. Based on the in vitro
screening data, 10% lipid-PEG-mal substitution was selected
for all pLNPs. LNPs were formulated with luciferase mRNA
and intravenously administered to healthy adult C57BL/6
mice at a dose of 0.3 mg/kg. After 6 h, luciferin was
intraperitoneally administered, and mice were euthanized for
organ collection and ex vivo imaging (Figure S9).
All pLNPs facilitated improvements in brain transfection

compared to untargeted LNPs, with RVG29 and AP2 enabling
a ∼70-fold improvement (Figure 4A,B). The brain-to-liver
ratio for mice treated with mApoE LNPs was ∼8-fold greater
than the those treated with untargeted LNPs (Figure 4C). This
LNP also outperformed other LNPs in terms of extrahepatic
delivery, with increased transfection of the spleen and lungs as
well (Figure 4D,E). While for all other LNPs at least 90% of
the total organ luminescence originated from the liver, for
mApoE LNPs, only 25% of signal originated from the liver

Figure 4. In vivo mRNA transfection after intravenous administration of peptide-functionalized LNPs. A) Representative in vivo imaging system
(IVIS) images and B) quantification of luciferase mRNA transfection in the brain in adult C57BL/6 mice. Untargeted LNPs have 0% lipid-PEG-
mal substitution, targeted LNPs have 10% lipid-PEG-mal substitution. Mice were injected intravenously with LNPs at a dose of 0.3 mg/kg mRNA
or PBS and sacrificed after 6 h. Representative IVIS images are shown from the mice with the greatest luciferase expression in the brain for each
group. Relative radiance was calculated by subtracting PBS group luminescence from LNP groups. C) Brain to liver and D) spleen to liver
luminescence ratios for LNP-treated mice. Data are shown as mean + SD with n = 4 mice. One-way ANOVA with Dunnett’s multiple comparisons
test was used to determine statistical significance compared to the 0% substitution group, ***p < 0.001, ****p < 0.0001. E) Distribution of
luminescence across brain, heart, lungs, liver, kidneys, and spleen. Data are shown as % of total luminescence = (organ luminescence)/(total organ
luminescence)*100.
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with the largest contribution being from the spleen (Figure
4E). Indeed, the spleen-to-liver ratio for mice treated with
mApoE LNPs was ∼160-fold greater than those treated with
untargeted LNPs (Figure 4D). This is an interesting
observation considering that serum ApoE has been shown to
drive LNP delivery to hepatocytes via LDLR,52,53 as we
observed with untargeted LNPs (Figure 4E). This suggests
that though the mApoE sequence is derived from ApoE, the
two lead to different LNP organ tropisms; however, the
specific mechanisms behind this phenomenon remain unclear.
To reduce off target delivery, future work should involve
designing peptides that target receptors expressed more
exclusively in the brain. High-throughput approaches, such as
phage display screening for identifying new peptides and DNA
or mRNA barcoding for LNP library screening,54−57 may be
useful in these pursuits.
LNP Peptide Targeting Enhances Transfection of

Neurons In Vivo. Finally, we investigated cell type-specific
transfection and uptake in the brain with our pLNP
formulations. LNPs were formulated with mCherry mRNA
and 1 mol % DiR and intravenously administered to healthy
adult C57BL/6 mice at a dose of 0.3 mg/kg. After 12 h, mice
were euthanized, and the brains were processed for flow
cytometric analysis. A representative gating strategy is shown
in Figure S10.
When evaluating all live cells, RVG29 LNPs mediated a

significant increase in the percentage of mCherry+ cells
compared to untargeted LNPs (Figure 5A). NeuN+ neurons
from mice treated with RVG29 LNPs were ∼2.4% mCherry+,
whereas neurons from mice treated with untargeted LNPs

were only ∼1.2% mCherry+, which was very close to the
background autofluorescence from the PBS-treated group
(Figure 5B). GFAP+/CD31−/NeuN− astrocytes from mice
treated with RVG29 LNPs were ∼1.9% mCherry+, whereas
astrocytes from mice treated with untargeted LNPs were
∼1.4% mCherry+, though this difference was not statistically
significant (Figure 5C). In CD31+/GFAP−/NeuN− endothelial
cells, untargeted, RVG29, and T7 LNPs facilitated similar
levels of mCherry transfection (Figure 5D). Notably, though
T7 LNP treatment led to the highest percentage of DiR+ live
cells, neurons, astrocytes, and endothelial cells compared to
other groups (Figure 5E-H), this did not directly correlate to
improved transfection. This corroborates what was observed in
vitro, where T7 and mApoE LNPs exhibited higher endothelial
uptake compared to RVG29 LNPs (Figure S8) but not higher
transfection (Figures 2B and 3B,E). These findings underscore
the importance of screening for both transfection and uptake
when delivering nucleic acids like mRNA. Mean fluorescence
intensities (MFIs) for flow cytometry data are shown in Figure
S11.
Together, this data shows that RVG29 LNPs facilitate

significant improvements in transfecting neurons but not
endothelial cells, suggesting that these targeted formulations
are able to cross the BBB and avoid entrapment in endothelial
cells. Notably, the identification of RVG29 LNPs as the top
performer for neuronal transfection in vivo aligns with the
results of the in vitro coculture transwell study (Figure 3C),
highlighting the utility of this in vitro screening platform for
predicting in vivo results. Future work may entail adding

Figure 5. Cell-specific flow cytometric analysis of in vivo mRNA LNP transfection and uptake in the brain. The percentage of mCherry+ cells in A)
live cells, B) neurons, C) astrocytes, and D) endothelial cells and the percentage of DiR+ cells in E) live cells, F) neurons, G) astrocytes, and H)
endothelial cells from adult C57BL/6 mice treated with mCherry mRNA LNPs containing 1 mol % DiR. Untargeted LNPs have 0% lipid-PEG-mal
substitution, peptide-functionalized LNPs have 10% lipid-PEG-mal substitution. Mice were injected intravenously with LNPs at a dose of 0.3 mg/
kg mRNA or PBS and sacrificed after 12 h. Bar graphs are reported as mean + SD with n = 4 mice. One-way ANOVA with Tukey’s multiple
comparisons test was used to determine statistical significance, *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.
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additional cell types of interest to this analysis, such as
microglia or oligodendrocytes.
In conclusion, we have designed a peptide-functionalized

LNP platform for targeted mRNA delivery to the brain after
systemic administration. Through in vitro evaluation in
endothelial and neuronal cells and in vivo studies, we identified
an RVG29 LNP formulation with a 10% lipid-PEG-mal
substitution that was able to improve neuronal transfection
in vivo with low entrapment in BBB endothelial cells. Potential
limitations of this work include the fact that peptide
conjugation increases the size of LNPs, which could hinder
diffusion through the extracellular space of the brain and
prevent LNPs from reaching deeper areas of parenchyma.
Another important consideration for furthering this work is the
effect of disease and aging on receptor expression.58,59 For
instance, LRP-1 expression on the BBB has been reported to
be downregulated in Alzheimer’s disease58 and aging.60

Accordingly, targeting peptides should be thoughtfully selected
and evaluated for specific therapeutic applications. Overall, our
study demonstrates the potential of peptide targeting to
improve systemic mRNA delivery to the brain, and the
preferential neuronal transfection mediated by RVG29 LNPs
suggests its promise as a potential candidate for treating
neurological disorders.
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