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ABSTRACT: Two camps have emerged for targeting nanoparticles to specific organs and cell types: affinity moiety targeting and
physicochemical tropism. Here we directly compare and combine both using intravenous (IV) lipid nanoparticles (LNPs) designed
to target the lungs. We utilized PECAM antibodies as affinity moieties and cationic lipids for physicochemical tropism. These
methods yield nearly identical lung uptake, but aPECAM LNPs show higher endothelial specificity. LNPs combining these targeting
methods had >2-fold higher lung uptake than either method alone and markedly enhanced epithelial uptake. To determine if lung
uptake is because the lungs are the first organ downstream of IV injection, we compared IV vs intra-arterial (IA) injection into the
carotid artery, finding that IA combined-targeting LNPs achieve 35% of the injected dose per gram (%ID/g) in the first-pass organ,
the brain, among the highest reported. Thus, combining the affinity moiety and physicochemical strategies provides benefits that
neither targeting method achieves alone.
KEYWORDS: extrahepatic delivery, physicochemical, antibody-mediated, lung targeting, cell-type expression

Nanoparticles have held the promise of selectively
targeting specific cell types and organs, though that

goal has remained largely elusive for organs other than the
liver, the natural clearance organ for intravenous nanoscale
materials.1−5 In working to achieve this targeting goal in
nonliver organs, two strategies have predominated, termed
here “affinity moiety targeting” and “physicochemical tropism”.
“Affinity moiety targeting”, developed first, employs “affinity

moieties” that bind specifically to chosen epitopes on target
cells, e.g., conjugating nanoparticles to monoclonal antibodies
that have affinity for the target cell. First achieved by Torchilin
and others, who showed the benefits of conjugating liposomes
to monoclonal antibodies.6−11 Numerous other affinity
moieties have been used besides monoclonal antibodies,
including small molecules that bind to receptors on target
cells, aptamers, and antibody fragments (Fab, F(ab’)2,
etc.).12−21 At least 10 affinity-moiety-targeted nanoparticles
have reached clinical studies, though none are approved.19,22,23

“Physicochemical tropism” utilizes nanoparticle physical
properties (size, shape, and charge) or chemical features
(binding to specific endogenous proteins because of the

nanoparticles’ chemical makeup) to effect organ tropism. In
general, physicochemical tropism is not easy to design from
first-principles, and therefore commonly achieved by screening
libraries of nanoparticles with slightly varying formulations to
find ones with tropism for a particular cell or organ, as
exemplified by lipid nanoparticle (LNP) screens, especially
Anderson’s studies of the early 2010s.24−27 These optimized
searches through LNP formulation space have produced
numerous formulations with physicochemical tropism for
particular organs or cell types, ranging from the lungs to
spleen, and achieving cell-type-specificity to macrophages and
T-cells.28−32 The first FDA-approved RNA-loaded lipid
nanoparticle (LNP), patisiran, approved in 2018, has
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physicochemical tropism to the plasma protein ApoE, which
selectively shuttles the LNPs to hepatocytes.33

Much has been written comparing affinity moiety targeting
and physicochemical tropism.24−32,34−44 Advantages cited for

affinity moieties include a known mechanism of action,
enabling rational engineering. Physicochemical targeting
usually does not have a known mechanism of action (ApoE
binding is a rare exception), and therefore, rational engineering

Figure 1. LNPs formulated with cationic lipids and targeted to PECAM show improved lung localization and expression. (A) Formulations and
molar percentages of aPECAM, DOTAP, and Combined LNPs. (B) Biodistributions of aPECAM, DOTAP, and Combined LNPs 30 min after
LNP injection. Combined LNPs localize to the lungs >2-fold more than aPECAM or DOTAP LNPs. (C) Lung-to-liver ratios obtained from (B)
were calculated by dividing the %ID/g of tissue in the lung by that in the liver. Combined LNPs have a >2-fold higher lung-to-liver ratio compared
to aPECAM or DOTAP LNPs. (D) Luciferase expression of aPECAM, DOTAP, and Combined LNPs in the lung, liver, and spleen 4 h after LNP
injection. (E) Lung-to-liver ratios were calculated from (D) by dividing the normalized luciferase expression values in the lung by that in the liver.
The lung-to-liver ratio of combined LNPs is about 10- and 5-fold higher than both aPECAM and DOTAP LNPs, respectively. (F) Ratios of lung
expression to localization calculated by dividing the normalized luciferase expression values from (D) to the %ID/g of tissue values from (A) for
each LNP formulation. The expression to localization ratios are not significantly different between formulations indicating a good correlation
between LNP localization and luciferase mRNA expression. Statistics: n = 3 and data shown represent mean ± SEM. Comparisons between groups
were made using 1-way ANOVA with Tukey’s posthoc test. *p < 0.05, ***p < 0.001, ****p < 0.0001.
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Figure 2. Combined LNPs have enhanced uptake in epithelial and mesenchymal cells in vivo in the lung, but also high uptake by neutrophils. (A)
Schematic showing the flow cytometry protocol used, where fluorescently labeled aPECAM, DOTAP, or Combined LNPs were IV injected into
mice at a dose of 7.5 μg of RNA, allowed to circulate for 30 min before being sacrificed, and the lungs were prepared as single-cell suspensions. (B)
Gating first by cell type, e.g., endothelial cells and neutrophils, we then looked at the percentage of each cell type that was positive for aPECAM,
DOTAP, or Combined LNPs. Data show enhanced neutrophil uptake of DOTAP and Combined LNPs. (C) Endothelial-to-neutrophil (E:N)
uptake ratio of aPECAM, DOTAP, and Combined LNPs. Values greater than 1 indicate endothelial cell preference compared to neutrophils.
aPECAM LNPs are shown to have higher endothelial preference. (D) LNP mean fluorescence intensity (MFI) for LNP formulations shows that
while DOTAP and Combined LNPs have a lower E:N ratio compared to aPECAM LNPs, the endothelial cells that take up these LNPs do so
highly and equally to aPECAM LNPs. (E) Gating first by cell type (as in B) and then plotting LNP positivity among epithelial and mesenchymal
cells. These cells are further away from the vascular lumen than endothelial cells and neutrophils and generally harder to access via intravenous
administration. DOTAP and, more so, Combined LNPs are able to cross and be taken up by these two cell types, with Combined LNPs achieving
higher epithelial uptake than both DOTAP and aPECAM LNPs. (F) Schematic depicting Cre mRNA LNP-driven deletion of LoxP-flanked STOP
cassette on Ai6 reporter mice to determine cell types that take up and express Cre-mRNA cargo. We inject aPECAM, DOTAP, or Combined LNPs
via an intravenous route. After 24 h, mice were sacrificed and cell types assessed for enhanced GFP (eGFP) signal driven by the ZsGreen1 gene.
(G) Using this method, we found that pulmonary endothelial cells had the highest rate of expressing eGFP. We observed that aPECAM and
Combined LNPs outcompeted DOTAP LNPs for endothelial cell expression of eGFP. Statistics: n = 3 and data shown represents mean ± SEM.
For Ai6 mouse experiments, a n = 4 was used and data are presented as mean ± SEM. Comparisons between groups were made using 1-way
ANOVA or 2-way ANOVA with Tukey’s posthoc test where appropriate. *p < 0.05, ***p < 0.001, ****p < 0.0001.
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is difficult. However, physicochemical targeting has a large
advantage for industrialization, as affinity moieties such as
antibodies are not easy to conjugate to nanoparticles and purify
at scale.45,46 Physicochemical targeting, for LNPs at least,
usually just involves changing the lipid formulation, which is
facile at industrial scale.47 Thus, each approach has relative
advantages and disadvantages. These two approaches have
rarely been tested head-to-head, especially for LNPs. This lack
of head-to-head testing might be because in general these two
approaches are performed in separate laboratories, falling into
separate “camps.”
Here, we directly compare cell and organ delivery efficiency

and specificity when delivering to a single organ, the lung,
using PECAM for affinity targeting vs cationic lipids for
physicochemical targeting. We do this for LNPs, since they are
the leading nanoparticle format currently under development
in industry, with billions invested in the past few years.48,49 We
chose to target the lungs because many formulations with both
affinity and physicochemical targeting have been created with
the goal of ameliorating alveolar diseases, especially acute
respiratory distress syndrome (ARDS), the alveolar inflamma-
tory disease that was the primary cause of death during the
COVID-19 pandemic and still causes >75000 deaths each year
from non-COVID types of ARDS.50−55

For affinity-moiety targeting to the alveolar vasculature, we
chose LNPs conjugated to antibodies against PECAM-1.
Compared to untargeted LNPs, PECAM targeting has been
shown to increase mRNA delivery and protein expression in
the lung by ∼200- and 25-fold, respectively.36 PECAM has
been compared to other affinity moieties, and none performs
markedly better with respect to lung uptake. For phys-
icochemical tropism in the lungs, we chose LNPs incorporating
a cationic lipid. Numerous LNPs have been formulated that
have physicochemical tropism to the lungs, with the
commonality that nearly all possess lipids bearing positive
charges within biologically relevant pH ranges. Some of these
are ionizable lipids with tertiary amines, while others are
permanently cationic with quaternary amines.28,30,56 Here we
chose the most cited such LNP formulation, which includes
DOTAP, a permanently cationic lipid with a quaternary
amine,28−30,57 shown to drive expression of mRNA-luciferase
to the lungs.28−30,57

In a comparison of aPECAM and DOTAP LNPs, we find
that they have nearly identical localization to the lungs, despite
dramatically different targeting mechanisms. We then show
that combining PECAM antibodies and DOTAP into a single
LNP produces a synergistic benefit, achieving the highest
reported delivery of an LNP to the lungs, suggesting that
bringing together these two approaches can produce higher
uptake than either alone.
To begin these studies, we chose the ionizable lipid cKK-

E12 for our base formulation, which others in the field have
shown drives high expression from mRNA cargo.58−60 We
formulated affinity-moiety-targeted LNPs by conjugating
aPECAM antibodies to the LNP surface (herein referred to
as “aPECAM LNPs”). We fabricated LNPs with physicochem-
ical tropism to the lungs by adding a cationic lipid, DOTAP, as
published previously (herein referred to as “DOTAP LNPs”).
“Combined LNPs” were formulated by conjugating aPECAM
antibody to the surface of DOTAP LNPs (Figure 1A). We
added a radiotracer lipid (Indium-111-DTPA-PE) to the LNPs
and intravenously (IV) injected them into healthy mice at a
dose of 7.5 μg mRNA per mouse. After allowing the LNPs to

circulate for 30 min, the amount of radioactivity in each organ
was measured and recorded as the percent of injected dose per
gram of tissue (%ID/g). We found that aPECAM and DOTAP
LNPs achieved essentially identical lung uptake, despite
different targeting mechanisms. LNPs combining the two
targeting techniques localize to the lungs >2-fold more than
either DOTAP or aPECAM LNPs (Figure 1B). Similarly,
Combined LNPs have a >2-fold higher lung-to-liver local-
ization ratio than aPECAM or DOTAP LNPs (Figure 1C).
To measure protein expression, we fabricated aPECAM,

DOTAP, and Combined LNPs loaded with luciferase mRNA.
LNPs were IV-injected into healthy mice, then sacrificed 4 h
later for measurement of luciferase activity in each organ.
Combined LNPs have a >2-fold and >1.6-fold higher luciferase
expression in the lungs compared to aPECAM or DOTAP
LNPs, respectively (Figure 1D). Combined LNPs also have
10-fold and 5-fold higher lung-to-liver luciferase expression
ratios than aPECAM and DOTAP LNPs, respectively, (Figure
1E). Lung-expression-to-uptake ratios were obtained by
dividing the normalized luciferase expression values in Figure
1E by the %ID/g values in Figure 1A (Figure 1F). We found
no significant difference in the expression-to-uptake ratio
between formulations, indicating that Combined LNPs’
advantage in luciferase expression is due entirely to their
improved lung localization (deposition of nanoparticles in the
lung) rather than an advantage in the amount of luciferase
expression produced by each LNP that stays in the lungs.
To investigate the different cell types that take up our three

different LNP formulations, we used flow cytometry to trace
fluorescent aPECAM, DOTAP, and combined LNPs in cells
isolated from lungs 30 min after IV injection of the LNPs
(Figure 2A; gating strategy shown in Supporting Figure 2). We
determined the percentage of endothelial cells and neutrophils
that take up our LNPs (Figure 2B). All three formulations
achieve high uptake in endothelial cells (>85% of endothelial
cells were LNP-positive) with no significant difference between
them. Neutrophils took up DOTAP and Combined LNPs in
significant quantities (90% and 80% of neutrophils were
positive for DOTAP and Combined, respectively), whereas
only 41% of neutrophils were positive for aPECAM LNPs.
Endothelial-to-neutrophil uptake ratios (Figure 2C) show that
aPECAM LNPs have clear endothelial preference compared to
that of DOTAP and Combined LNPs. aPECAM and
Combined LNPs had similar mean fluorescence intensities,
with a small but significant edge to that of aPECAM LNPs
over DOTAP LNPs (Figure 2D). A large fraction of
neutrophils took up DOTAP and Combined LNPs, however,
MFI data show that these LNPs were taken up in significantly
greater concentrations by endothelial cells, compared to
neutrophils. We assessed LNP uptake in alveolar mesenchymal
and epithelial cells and cells further away from the alveolar
capillary lumen (Figure 2E). DOTAP-containing LNPs can
reach these deeper cell types.28,29 aPECAM and DOTAP LNPs
are taken up by <1% and 4% of epithelial cells, respectively.
However, epithelial cells take up a staggering 40% of
Combined LNPs. Similarly, mesenchymal cells take up 35%
of the Combined formulation (Figure 2E). In summary,
aPECAM LNPs are more endothelial-specific than DOTAP-
containing LNPs, with DOTAP-containing LNPs being taken
up by a high fraction of neutrophils but with only a moderate
amount of uptake per cell, as compared to endothelial cells.
We assessed monocytes/macrophages and lymphocytes

(Supporting Figure 3A,F). DOTAP and Combined LNPs
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were taken up in monocytes/macrophages at a significantly
higher rate than aPECAM LNPs. But uptake in monocytes/
macrophages was low, with only 30% of monocytes and
macrophages taking up DOTAP and Combined LNPs. Uptake
in other leukocytes was similarly low for all of the LNP
formulations.

We next investigated the correlation between cell type
uptake and expression. To do this, we generated our three
LNP formulations loaded with mRNA expressing Cre-
recombinase. These LNPs were then injected into the Ai6
Cre reporter mice. Ai6 mice have a loxP-flanked Stop cassette
preventing transcription of an enhanced green fluorescent

Figure 3. Combined LNPs show superior lung localization in a mouse model of acute lung inflammation. (A) Schematic of nebulized-LPS injury
and resulting assays performed, briefly 4 h after neb-LPS injury, mice are either injected with fluorescently labeled or Indium-111 (In-111)
radiolabeled nanoparticles, allowed to circulate for 30 min before sacrifice to determine either cell type distribution or whole organ particle
localization. (B) Comparative biodistribution between healthy and neb-LPS challenged mice given aPECAM, DOTAP, and combined LNPs shows
enhancement of localization for all formulations to the lung following neb-LPS challenge. Combined LNPs localize to the lungs 3-fold and 2.25-fold
more than aPECAM and DOTAP LNPs, respectively, following neb-LPS challenge. (C) Comparison of lung-to-liver ratios between healthy and
neb-LPS challenged mice shows significant enhancement to lung localization after neb-LPS challenge for all formulations but especially for the
combined formulation, getting an almost 2-fold improvement in lung targeting. Similarly, combined LNPs have a >2-fold higher lung to liver ratio
compared to aPECAM or DOTAP LNPs also after neb-LPS injury. (D) Quantification of the effect of pathological lung uptake and delivery
aPECAM, DOTAP, and Combined LNP formulations. Dividing the %ID/g of LNP in the lung after neb-LPS by the %ID/g in healthy lung shows
that aPECAM, DOTAP, and Combined LNPs increase localization between 1.5 and 2 fold increase in lung localization. (E) Gating first by cell type
(endothelial cells) and then identifying the percentage that are LNP positive shows that pathology does not influence uptake of LNPs by
endothelial cells. (F) Similarly, this is the case for neutrophils. Statistics: n = 3 and data shown represent mean ± SEM. Comparisons between
groups were made using 1-way ANOVA or 2-way ANOVA with Tukey’s posthoc test where appropriate. *p < 0.05, ***p < 0.001, ****p < 0.0001.
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protein (eGFP), all inserted into the ROSA-26locus as shown
in Figure 2F. Using this method, we find that all three
formulations drive eGFP expression in endothelial cells but
aPECAM and Combined LNPs outcompete DOTAP LNPs for
endothelial expression. Interestingly, we also find that these 2
formulations also express in monocytes and macrophages
Figure 2G.
We next used the most common model for ARDS, nebulized

LPS (neb-LPS),61,62 to investigate how acute lung inflamma-
tion affects LNP lung targeting and cell type specificity.

Radiolabeled or fluorescent LNPs were administered IV, 4 h
after neb-LPS, after inflammatory processes and neutrophilic
infiltration into the lung have developed (Figure 3A).
In radiotracer data, Combined LNPs had a 2-fold improve-

ment in lung uptake in neb-LPS mice vs healthy animals
(Figure 3B and Supporting Figure 1). Lung uptake of
Combined LNPs in neb-LPS mice was also 2-fold higher
than that of aPECAM or DOTAP LNPs. Lung-to-liver uptake
ratio follows a similar trend (Figure 3C), showing the high
lung specificity of Combined LNPs after neb-LPS injury. We

Figure 4. DOTAP and Combined LNP formulations are dependent on first pass privilege for brain localization, but provide unprecedented
targeting to the brain. A test for targeted therapeutics specificity to the lung is to measure the dependence of the first pass effect as the lung is the
first major capillary bed targeted therapeutics face. (A) To eliminate the first pass effect, In-111 radiolabeled aPECAM, DOTAP, and Combined
LNPs were injected intra-arterially (IA) into the right carotid artery and allowed to circulate for 30 min, the animals were then sacrificed and organs
measured for radioactivity, this was compared to direct intravenous delivery (IV) via retro orbital injection. Segments of the brain were dissected as
shown in (A) (right) identifying the ipsilateral (same side of injection), contralateral (opposing side of injection), and the cerebellum. (B)
Following IA injection of aPECAM, DOTAP, and Combined LNPs, we show enhanced localization by DOTAP and Combined LNPs in the brain,
specifically in the ipsilateral cerebrum (the same side where the LNP was injected). (C) Directly comparing the %ID/g in the brain after IA
injection to %ID/g after IV injection highlights that for brain localization, where IA administration gives the brain capillary bed first pass privilege,
enhanced delivery by DOTAP and Combined LNPs by an order of magnitude. (D) We next compare this IA:IV ratio in the brain to that of the
lung to better evaluate the intraarterial first pass effect dependence on targeting to the brain. (E) To determine the cell types in the brain that take
up Combined LNPs, we injected fluorescently labeled Combined LNPs and separately prepared the ipsilateral and contralateral hemispheres of the
brain. In the contralateral side of the brain, LNPs are taken up more by cerebral vascular endothelial cells, whereas LNPs are taken up more by
monocytes and macrophages in the ipsilateral side of the brain. Statistics. n = 3 and data shown represent mean ± SEM. Comparisons between
groups were made using 1-way ANOVA, where appropriate, with Tukey’s posthoc test. *p < 0.05, ***p < 0.001.
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define a “pathology ratio” as lung uptake in neb-LPS mice
divided by lung uptake in healthy mice. aPECAM, DOTAP,
and Combined LNPs had statistically similar pathology ratios,
with neb-LPS causing a ∼1.5- to 2-fold increase in lung uptake
(Figure 3D).
Despite increased lung uptake in radiotracer data, in flow

cytometry, there was no increase in the fraction of either
endothelial cells or neutrophils positive for LNPs when
comparing neb-LPS to healthy mice (Figure 3E,F). Epithelial
and mesenchymal uptake of DOTAP and Combined LNPs
was similarly conserved (Supporting Figure 3G). There was an
increase in monocyte and macrophage uptake of DOTAP and
Combined LNPs, from 30% positive in healthy mice to 50% in
neb-LPS mice (Supporting Figure 3B,F). However, the mean
LNP fluorescence for these cell types does not increase,
suggesting they are not the source for the increase in lung
uptake (Supporting Figure 3D).
Since the lungs possess the first capillary bed downstream of

an IV injection, we used intraarterial (IA) injection in the right
carotid artery to see if a first pass effect may (a) contribute to
lung uptake of our LNPs; (b) allow for increased LNP uptake
in the brain after intracarotid injection (Figure 4A). After IA
injection, radiolabeled aPECAM, DOTAP, and Combined
LNPs were allowed to circulate for 30 min before assessing
biodistributions.
DOTAP LNPs have increased uptake in the lungs after IA

injection, compared to IV injection (Supporting Figure 4A,B).
This may be because IA injection provides the DOTAP LNPs
an extra cardiac cycle before lung exposure, allowing for
accumulation of additional opsonins (see the discussion for
further hypotheses). aPECAM and Combined LNPs’ lung
uptake was unaffected by the injection method. Our results
indicate a first-pass effect is not the main reason for lung
uptake of our targeted LNPs.
After IA injection in the right carotid artery, we observed a

high uptake of DOTAP and Combined LNPs in the brain but
no such uptake with aPECAM LNPs. Uptake of DOTAP and
Combined LNPs in the right (ipsilateral to injection site)
hemisphere was 35% ID/g, which is, to our knowledge, the
highest reported delivery to the brain (Figure 4B).63,64 IA
injection moderately increases the DOTAP and Combined
LNP uptake in the contralateral side and the cerebellum.
Comparing ipsilateral brain uptake of LNPs after IA vs IV
delivery shows that IA delivery increases brain delivery ∼50−
100-fold (Figure 4C). Implying DOTAP-containing LNP brain
uptake is almost entirely first-pass mediated. Comparing the
IA-to-IV ratio for brain uptake versus lung uptake shows a
greater first-pass effect for brain delivery than for lung delivery
of DOTAP-containing LNPs, especially Combined LNPs
(Figure 4D).
Last, we tested the cell-type uptake of our Combined LNP

following intra-arterial injection (Figure 4E). Following
circulation, the brains were separated into ipsilateral and
contralateral hemispheres. We found that about 20−40% of the
endothelial cells are positive for LNP delivery, which is
impressive compared to prior delivery technologies.
Two classes of targeting methods have achieved LNP

delivery to specific cell types and organs: affinity moiety
targeting34,36,37,40 and physicochemical tropism.24,28−30,65

Here, we directly compare these two methods. We focused
on targeted delivery to the lungs using aPECAM LNPs to
represent affinity moiety targeting and DOTAP LNPs to
represent physicochemical tropism. We also incorporated

aPECAM and DOTAP in the same LNPs, to achieve a
“Combined” targeting LNP.
Focusing on comparing affinity moiety targeting and

physicochemical tropism, both strategies produced nearly
identical overall lung uptake. Indeed different targeting
strategies yield similar lung uptake, nanoparticles targeted via
aPECAM, aICAM,66 the technique of RBC-hitchhiking,67−69

and physicochemical tropism to marginated neutrophils.70

Suggesting a saturation value for lung uptake focused on the
alveolar capillaries. Combined LNPs overcome this saturation.
Comparing cell type selectivity of affinity moiety targeting vs
physicochemical tropism, aPECAM LNPs have better
endothelial specificity than DOTAP LNPs. Endothelial cells
are traditionally the cells of interest in lung targeting. However,
DOTAP provides delivery to cells outside of the vasculature, to
epithelial and mesenchymal, promising RNA delivery to lung
cell types inaccessible with IV agents. Combined LNPs had
>2×-higher lung uptake than either aPECAM or DOTAP
alone and provided unprecedented delivery to alveolar
epithelial cells. They exhibited 2×-higher delivery to inflamed
lungs than to healthy lungs. These advantages encourage
investigation of Combined LNPs and their mechanisms of
uptake, especially in pathology, like pulmonary inflammation.
Combined LNPs required optimization to work. Particularly,

the identity and molar ratio of PEG-lipids must be optimized.
Our choice was utilizing DSPE-PEG (18 carbons) for
aPECAM-LNPs, DMG-PEG (10 carbons) for DOTAP-
LNPs, and a half mix of both to generate our Combined
LNPs. DSPE with 18 carbons in its acyl chain anchors the lipid
to the surface layer more strongly than DMG, which only has
10 carbons.9 Conversely, DMG desorbs very quickly in serum,
allowing serum proteins (e.g., ApoE) to adsorb onto the LNP
surface, driving localization (as shown with FDA-approved
patisiran). DSPE is used to anchor lipids for affinity moieties
(here anti-PECAM antibodies) to keep the lipid-affinity-
moiety conjugate on the LNP surface at least long enough for
the affinity moiety to reach its target. DMG is the most used
lipid for anchoring PEG when physicochemical tropism is
desired. For our Combined LNPs, we “thread the needle”,
achieving a balance of antibody targeting and protein corona
guided localization. Indeed, in Supporting Figure 4E,F, we see
that changing the PEG ratio from 1.5% DSPE PEG to a ratio of
0.75% DMG PEG and 0.75% DSPE PEG matching the PEG
ratio used in our Combined formulation, we observed ablation
of aPECAM LNP lung targeting. Likely, half of the LNPs’ PEG
desorbed quickly, allowing serum proteins, especially comple-
ment proteins such as C3, to adsorb onto the LNPs’
antibodies.12,13 Complement C3-coated antibodies are avidly
cleared by Kupffer cells, hence, the high liver expression. Thus,
changing the PEG-lipid ratios has a very large effect on
comparing the various LNPs.
DOTAP and Combined LNPs strongly localize to the brain

following intra-arterial injection. They achieve ∼35% ID/g on
the side of the brain ipsilateral to the injection site. This level
of brain uptake exceeds standard brain targeting methods,
including transferrin and VCAM targeting63,64 and is largely
unilateral. This can be useful for brain injuries that present
unilaterally, including stroke and traumatic brain injuries.
When targeting the brain, Combined LNPs were mostly

taken up by endothelial cells and innate immune cells instead
of neurons. While in some applications the goal is to target the
neurons, targeting endothelial cells and leukocytes is actually
quite advantageous for acute brain injuries, like ischemic
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stroke, hemorrhagic stroke, and traumatic brain in-
jury.34,63,71−73 Our goal is not to target LNPs past the BBB
(blood−brain barrier), but rather to the endothelial cells of the
BBB. In all these acute brain injuries, the BBB endothelium is
leaky, allowing toxic plasma proteins and innate immune cells
to cross the BBB and contact the parenchyma, injuring the
neurons. We have shown that targeting LNPs to endothelial
cells, delivering anti-inflammatory proteins like IL-10 or
thrombomodulin, can seal up the BBB and reduce inflamma-
tion and neuronal injury.63,71 Additionally, targeting LNPs to
the neutrophils and monocytes that surround the BBB can
ameliorate neuronal inflammation.34 Thus, targeting the brain
endothelial cells, neutrophils, and macrophages is a major goal
but is limited by other technologies achieving ∼1% of the
injected dose (%ID) to the brain, a tiny fraction going to these
cells.
The intracarotid injections of Combined LNPs provides

>20× improvement in the %ID in the brain. Therefore, we
hoped that it also provided good delivery to endothelial cells,
neutrophils, and monocytes, and indeed, the data in Figure 4E
and Supporting Figure 7A shows that it does. 20−40% of
endothelial cells are positive for LNP delivery, which is
impressive compared to prior delivery technologies.
Safety and side effects are critical issues that must be

investigated in future studies. Combined LNPs will have side
effects, and it is important to investigate these and attempt to
engineer solutions. Of greatest concern with DOTAP-
containing LNPs is that IV LNPs formulated with any of
various cationic lipids cause thrombosis.74 It is reasonable to
hypothesize that Combined LNPs may have similar effects.
However, our recent work also demonstrated techniques to
mitigate clotting induced by cationic lipid LNPs, including
anticoagulation and reduced LNP size. These techniques
should be applied to Combined LNPs in future studies. It
remains to be seen whether these or other engineered solutions
will be sufficient to make the risk-benefit ratio meet the
criterion for further preclinical development of what appears to
be a promising targeting technology.
Additional safety concerns include LNP-associated inflam-

mation. We have previously shown that LNPs as a class worsen
pre-existing inflammation.75 In this manuscript, we attempted
to measure LNP-based mRNA expression after intracarotid
artery injection; however, the mice did not survive.
Cannulation and injection of the carotid artery in mice is a
technically difficult procedure, usually done for 2 h short-term
experiments. After many attempts, we were unable to get mice
to survive the 4 h found to be necessary to observe significant
expression from mRNA LNPs. A big surgery like carotid artery
exposure and cannulation induces a major inflammatory
response, which is compounded by mRNA-LNPs worsening
pre-existing inflammation.75 Thus, we could not determine the
correlation between the delivery and expression in the brain.
However, we successfully correlated mRNA delivery versus

expression after intravenous (IV) delivery. First, we showed in
Figure 1B−F in the lungs that, for these formulations
(aPECAM, DOTAP, Combined), the LNPs’ expression and
localization correlate very well with one another and can be
used as surrogate measures. Additionally, in Figure 2G, we
examined the cell-type-specific expression of LNPs in the Ai6
mouse model. Figure 2G shows that the expression data looks
like the delivery data, with the exception that neutrophils do
not express highly, primarily due to their 6−8-h half-life and
we measured expression at 24 h. At the level of whole-organ

biodistribution and comparative cell type level, these LNPs
appear to have delivery/uptake that correlate well with
expression of their cargo mRNA. While we cannot be sure of
such a correlation upon intracarotid delivery to the brain, the
main point of Figure 4 shows DOTAP provides f irst-pass
delivery, indicating localization to the first capillary bed
encountered.
DOTAP-containing LNPs have greater uptake by innate

immune cells, possibly leading to even greater inflammation in
comparison to other LNPs. Flow cytometry data shows that
DOTAP and Combined LNPs are avidly taken up by innate
immune cells, especially in acute lung injury (Figures 2B and
3F and Supporting Figure 3A,B,F). This increased immune
uptake of LNPs increases the potential for activation of
inflammatory pathways, possibly allowing later adaptive
immunity against the LNPs. Future studies should aim to
engineer solutions to uptake of DOTAP-containing LNPs by
innate immune cells, such as adding on “don’t eat me” signals
such as CD47-mimetic peptides.76 Conversely, DOTAP-LNPs’
uptake by innate immune cells also present new targets for
RNA delivery and disease-specific treatment.62,77−79
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