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Placenta-tropic VEGF mRNA lipid nanoparticles 
ameliorate murine pre-eclampsia

Kelsey L. Swingle1, Alex G. Hamilton1, Hannah C. Safford1, Hannah C. Geisler1, Ajay S. Thatte1, 
Rohan Palanki1, Amanda M. Murray1, Emily L. Han1, Alvin J. Mukalel1, Xuexiang Han1, 
Ryann A. Joseph1, Aditi A. Ghalsasi1, Mohamad-Gabriel Alameh2,3, Drew Weissman2,3 & 
Michael J. Mitchell1,3,4,5,6,7 ✉

Pre-eclampsia is a placental disorder that affects 3–5% of all pregnancies and is a 
leading cause of maternal and fetal morbidity worldwide1,2. With no drug available  
to slow disease progression, engineering ionizable lipid nanoparticles (LNPs)  
for extrahepatic messenger RNA (mRNA) delivery to the placenta is an attractive 
therapeutic option for pre-eclampsia. Here we use high-throughput screening to 
evaluate a library of 98 LNP formulations in vivo and identify a placenta-tropic LNP 
(LNP 55) that mediates more than 100-fold greater mRNA delivery to the placenta  
in pregnant mice than a formulation based on the Food and Drug Administration- 
approved Onpattro LNP (DLin-MC3-DMA)3. We propose an endogenous targeting 
mechanism based on β2-glycoprotein I adsorption that enables LNP delivery to the 
placenta. In both inflammation- and hypoxia-induced models of pre-eclampsia,  
a single administration of LNP 55 encapsulating vascular endothelial growth factor 
(VEGF) mRNA resolves maternal hypertension until the end of gestation. In addition, 
with our VEGF mRNA LNP 55 therapeutic, we demonstrate improvements in fetal 
health and partially restore placental vasculature, the local and systemic immune 
landscape and serum levels of soluble Fms-like tyrosine kinase-1, a clinical biomarker 
of pre-eclampsia1. Together, these results demonstrate the potential of this mRNA 
LNP platform for treating placental disorders such as pre-eclampsia.

Pre-eclampsia affects 3–5% of all pregnancies and is characterized 
clinically by gestational hypertension, sometimes accompanied by 
proteinuria, kidney and liver injury, neurological conditions includ-
ing seizures, or fetal growth restriction1. The pathogenesis of pre- 
eclampsia is frequently described by a two-stage paradigm of placental 
dysfunction1,4. In normal pregnancy, extravillous trophoblasts from the 
placenta invade the uterine myometrium, remodelling and dilating the 
spiral arteries to create a low-resistance, high-blood-flow environment 
at the chorionic villi (maternal–fetal interface)1,2. The first stage of pre- 
eclampsia is caused by impaired spiral artery remodelling, creating 
a high-velocity and turbulent blood flow environment that results 
in the second stage of pre-eclampsia: placental hypoxia and oxida-
tive stress1. This damage to the placenta induces abnormal secretion 
of antiangiogenic factors such as soluble Fms-like tyrosine kinase-1 
(sFlt-1), which is believed to drive disease progression and hyper
tension1. Placenta-derived sFlt-1 is upregulated during pre-eclampsia 
and sequesters vascular endothelial growth factor (VEGF), hindering 
vasodilation.

No therapeutic has been clinically approved to slow pre-eclampsia 
progression; rather, the only curative option is delivery of the pla-
centa and fetus1. Treatment plans include managing delivery until 
more advanced gestation is achieved while prescribing medications 

to manage blood pressure, prevent seizures and promote fetal lung 
maturity1. To this end, groups have sought to develop therapeutics 
that address the underlying placental dysfunction associated with 
pre-eclampsia. Preclinical research efforts include recombinant 
VEGF therapeutics5–7, viral-vector-mediated overexpression of VEGF 
through systemic and local administration approaches8–12, and gene 
silencing technologies using small interfering RNAs (siRNAs) to knock 
down sFlt-1 (refs. 13,14). Although these approaches have shown 
some preclinical success, recombinant proteins and siRNA conju-
gates have pharmacokinetic and local delivery limitations, whereas 
viral-vector-based gene therapy faces several challenges including 
immunogenicity, non-specific delivery, and packaging and manufac-
turing limitations15,16.

Recently, ionizable lipid nanoparticles (LNPs) have demonstrated 
tremendous clinical success as a non-viral platform for nucleic acid 
delivery, with the Food and Drug Administration approval of the 
Onpattro siRNA therapeutic for hereditary transthyretin-mediated 
amyloidosis (hATTR) in 2018 and the Pfizer/BioNTech and Moderna 
COVID-19 messenger RNA (mRNA) vaccines a few years later3,17,18. Upon 
intravenous (i.v.) administration, LNPs traditionally deliver their cargo 
to the liver through a pathway based on apolipoprotein E (ApoE) adsorp-
tion; thus, early clinical applications of LNP therapeutics were limited 
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to liver-centric diseases19–21. Recent preclinical efforts have focused on 
extrahepatic LNP delivery to broaden the application of LNPs to include 
disorders originating outside the liver20–22, including previous work 
by our laboratory and others to develop LNPs for extrahepatic mRNA 
delivery to the placenta23–27. These works employed typical in vitro 
screening approaches to identify lead LNP candidates for placental 
mRNA delivery. However, in vitro LNP delivery can be poorly predic-
tive of in vivo fate, making it difficult to rationally design LNP libraries 
on the basis of in vitro performance28. To overcome this challenge, 
high-throughput LNP barcoding has been used as an in vivo screen-
ing approach, enabling evaluation of large libraries of LNPs in more 
complex biological environments using DNA barcodes (b-DNAs)28–31.

Here we report the use of a high-throughput screening approach 
using b-DNAs to engineer an mRNA LNP platform for the treatment of 
pre-eclampsia (Fig. 1a). From a library of 98 LNP formulations, we identi-
fied a placenta-tropic formulation (LNP 55) that enabled more than an 
order of magnitude greater luciferase mRNA delivery to the placenta 
than the industry standard C12-200 and clinical standard DLin-MC3-DMA 
LNPs32–34. We propose a potential protein-adsorption-based endo
genous targeting mechanism that could promote delivery to the pla-
centa. In an inflammation-induced mouse model of pre-eclampsia, we 
observed greater LNP 55 delivery to placental immune cells in diseased 
mice compared with healthy pregnant mice. Finally, through a single  
injection of placenta-tropic LNPs encapsulating VEGF mRNA, we were 
able to rescue maternal hypertension until the end of gestation in 
both inflammation- and hypoxia-induced models of pre-eclampsia. 
Together, these results demonstrate the potential of this LNP platform 
for mRNA delivery to the placenta to treat pre-eclampsia and other 
placental disorders during pregnancy.

High-throughput in vivo LNP screening
Achieving extrahepatic delivery to limit LNP-mediated liver toxic-
ity is particularly important for the treatment of pre-eclampsia, as 
HELLP syndrome (haemolysis, elevated liver enzymes and low plate-
lets) is often observed in patients with severe pre-eclampsia35. Studies 
have used various approaches to achieve extrahepatic LNP delivery, 
including designing new ionizable lipids36,37, altering the excipient 
composition38–40, adding permanently charged moleculues20–22 and 
functionalizing the surface with active targeting moieties41–44. Here we 
designed a 98-LNP library with 24 unique ionizable lipids synthesized 
through SN2 reaction chemistry from eight polyamine cores and three 
alkyl epoxides32 (Extended Data Fig. 1a and Supplementary Figs. 1 and 2). 
For the remaining LNPs in the library, 12 of the ionizable lipids were fur-
ther explored by varying excipient composition (Extended Data Fig. 1a 
and Supplementary Table 1). The industry standard C12-200 ionizable 
lipid for mRNA delivery and the clinically approved DLin-MC3-DMA 
ionizable lipid from Onpattro were also included as liver-tropic LNP con-
trols3,32,45. A lipid phase containing ionizable lipid, phospholipid, choles-
terol and lipid-poly(ethylene glycol) (PEG) was prepared for each LNP 
in the library (Table S1) to encapsulate a unique 61 nucleotide b-DNA 
(Extended Data Fig. 1b and Supplementary Table 2). Physicochemical 
characteristics of LNPs, including z-average diameter, polydispersity 
index, surface zeta potential, and encapsulation efficiency, were then 
evaluated (Supplementary Fig. 3 and Supplementary Table 3).

All 98 LNPs were pooled and administered i.v. to non-pregnant and 
pregnant mice (Extended Data Fig. 1b). Six hours after administra-
tion, mice were euthanized, and the heart, lungs, liver, kidneys, spleen, 
uterus, placentas and fetuses were collected. To assess whether LNP 
delivery to the placentas and fetuses varied according to location in 
the uterine horn46,47, we distinguished proximal placentas and fetuses 
that were located closest to the ovaries from distal placentas and 
fetuses located closest to the cervix (Supplementary Fig. 4). Tissues 
were processed to extract b-DNA for detection of LNP delivery using 
next-generation sequencing (Extended Data Fig. 1b). LNP delivery to 

tissues in non-pregnant (Extended Data Fig. 1c) and pregnant mice 
(Fig. 1b) was visualized using heatmaps.

Using these high-throughput screening results, we aimed to 
determine the effects of changing the ionizable lipid and excipient 
formulation on LNP delivery (Supplementary Figs. 5 and 6). Of the 
polyamine cores used for ionizable lipid synthesis, several enabled 
extrahepatic LNP delivery, including the 480, 482, 488, 494 and 497 
cores for delivery to the placentas (Supplementary Fig. 5). Notably, 
LNPs containing ionizable lipids with 16-carbon alkyl tails demon-
strated greater accumulation in most tissues than those containing 
lipids with 12-carbon tails, despite having lower encapsulation effi-
ciencies (Supplementary Figs. 3g and 5). These results could perhaps 
be explained by the enhanced stability conferred by the longer alkyl 
chains, but the lower encapsulation efficiencies of these LNPs limit 
their utility for potent mRNA transfection. To further examine the 
potential for extrahepatic LNP delivery, we performed enrichment 
analysis and constructed volcano plots to identify LNPs that were either 
significantly depleted (top left quadrant) or significantly enriched (top 
right quadrant) in a particular tissue compared with the C12-200 LNP 
formulation (Extended Data Fig. 2a–c). Unsurprisingly, as the C12-200 
LNP demonstrated strong liver tropism, 41 and 12 of our LNP formula-
tions were depleted relative to C12-200 in the livers of non-pregnant 
and pregnant mice, respectively. Encouragingly, 52 LNPs mediated 
significantly greater delivery to the distal placentas compared with 
the C12-200 formulation.

To understand the relationship between hepatic and extrahepatic 
delivery, we calculated the correlation coefficient of normalized 
delivery between each tissue pair (Extended Data Fig. 2d–g). In both 
non-pregnant and pregnant mice, LNP delivery to the liver demon-
strated weak correlation with delivery to the extrahepatic organs; 
however, delivery to a given extrahepatic organ was generally strongly 
correlated with delivery to another extrahepatic organ (Extended Data 
Fig. 2d–e). Delivery to the placentas and fetuses was weakly correlated 
with delivery to the other maternal tissues (Extended Data Fig. 2g). The 
correlation of normalized delivery between distal and proximal placen-
tas as well as distal and proximal fetuses was very strong, with squared 
correlation coefficients of 0.978 and 0.845, respectively (Extended 
Data Fig. 2g and Supplementary Fig. 7). These results indicate that 
the location of a placenta or fetus in the uterine horn may not affect 
LNP delivery.

Validation of a placenta-tropic mRNA LNP
We next sought to validate the high-throughput screening results from 
our pooled library by individually evaluating LNP formulations and 
their ability to deliver luciferase mRNA in vivo. As it is important to 
validate the use of high-throughput screening to identify both hits 
and poorly performing LNPs, we selected LNP 6, which ranked at the 
fifth percentile for delivery to the lungs, liver, spleen and placentas, as 
a negative control (Supplementary Fig. 8). To select our placenta-tropic 
LNP formulation, we used least-squares linear regression on encapsula-
tion efficiency or normalized b-DNA delivery to the placenta using LNP 
formulation parameters (ionizable lipid structure and excipient compo-
sition) as explanatory variables (Supplementary Tables 4–8). Although 
the 480, 482 and 488 polyamine cores and C16 epoxide tails contributed 
positively to placental delivery, their capacity for generating formula-
tions with high encapsulation efficiencies seemed to be limited, leading 
us to select the C14-494 ionizable lipid. Ultimately, we selected LNP 55 
as our placenta-tropic formulation, as it contained a greater amount of 
the 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine (DOPE) phospho-
lipid that was identified through regression analysis as a key parameter 
influencing proximal and distal placental delivery. Finally, we selected 
standard LNPs 97 (C12-200) and 98 (DLin-MC3-DMA), which demon-
strated potent delivery to the liver with minimal placental delivery in 
our high-throughput screen (Supplementary Fig. 8).
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Fig. 1 | High-throughput in vivo screening to identify a placenta-tropic LNP 
formulation for the treatment of pre-eclampsia. a, High-throughput in vivo 
screening was employed to identify a placenta-tropic formulation LNP 55 from 
a library of 98 LNP formulations. LNP 55 was used to deliver therapeutic VEGF 
mRNA in inflammation- and hypoxia-induced murine models of pre-eclampsia. 
b, Using a high-throughput in vivo screening approach, 98 LNP formulations 
encapsulating a unique b-DNA cargo were pooled and administered i.v. to 
pregnant mice. Delivery to an assortment of tissues was evaluated using 
next-generation sequencing. The heatmap depicts mean relative accumulation 
for each LNP/b-DNA in pregnant mouse tissues, placentas and fetuses (n = 6 
biological replicates). c–j, LNP 6 (negative control), LNP 55 (placenta-tropic), 
LNP 97 (C12-200) and LNP 98 (DLin-MC3-DMA) were formulated with luciferase 
mRNA and administered to pregnant mice at a dose of 0.6 mg kg−1 mRNA;  

6 h after administration, tissues, fetuses and placentas were dissected and 
imaged using IVIS (c,h). Luminescence was quantified in the lungs (d), liver (e) 
and spleen (f) and used to calculate a spleen-to-liver ratio (g). Luminescence 
was also quantified in the placentas (i) and fetuses ( j). Representative images 
are shown from the mouse with luminescence values in the placenta closest  
to the mean for each treatment group. Luminescence measurements are 
reported as the mean ± s.e.m. (n = 4 biological replicates). Either ordinary (d–g) 
or nested (i–j) two-sided, one-way ANOVAs with post hoc Student’s t-tests 
using the Holm–Šídák correction for multiple comparisons were used to 
compare luminescence across treatment groups. Dist., distal; F, fetuses;  
H, heart; K, kidneys; Li, liver; Lum., luminescence; Lu, lungs; P, placentas;  
Prox., proximal; S, spleen. Illustrations in a were created using BioRender 
(https://biorender.com).

https://biorender.com
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LNPs 6, 55, 97 and 98 were formulated with luciferase mRNA by micro-
fluidic mixing to generate LNPs, the physicochemical properties of 
which were subsequently characterized (Supplementary Figs. 9 and 10 
and Supplementary Table 9). Luciferase mRNA LNPs were administered 
i.v. to non-pregnant and pregnant mice at an mRNA dose of 0.6 mg kg−1. 
Six hours following LNP treatment, the heart, lungs, liver, kidneys, 
spleen, placentas and fetuses were dissected for bioluminescence 
imaging using an in vivo imaging system (IVIS) (Fig. 1c–j, Extended 
Data Fig. 3 and Supplementary Figs. 11–13). Consistent with the results 
from high-throughput screening, LNP 6 mediated minimal luciferase 
expression across all tissues in non-pregnant and pregnant mice, and 
LNPs 97 and 98 both facilitated greater luciferase expression in the liver 
than LNP 55 in non-pregnant mice (Extended Data Fig. 3c). LNP 55 ena-
bled potent luciferase mRNA delivery to the spleen, with significantly 
greater luminescence than LNPs 97 and 98 in pregnant mice (Fig. 1f). To 
quantify extrahepatic delivery, we calculated a spleen-to-liver ratio; in 
both non-pregnant and pregnant mice, the spleen-to-liver ratio for LNP 
55 was greater than those for LNPs 6, 97 and 98 (Fig. 1g and Extended 
Data Fig. 3e). However, the spleen-to-liver ratio was lower in pregnant 
mice than in non-pregnant mice for LNP 55 (Supplementary Fig. 12d), 
suggesting that some of this extrahepatic LNP delivery was potentially 
shifted to other tissues, in particular the placenta.

LNP 55 promoted significantly greater luciferase mRNA delivery 
to the placenta than the other three LNP treatments tested here, con-
sistent with results from the b-DNA high-throughput screen (Fig. 1i). 
Specifically, this placenta-tropic LNP mediated more than an order of 
magnitude greater luciferase mRNA delivery to the placenta compared 
with the C12-200 industry standard LNP (30-fold improvement) and 
the DLin-MC3-DMA clinical standard LNP (183-fold improvement). 
Comparing LNP 55 with previously reported formulations for placen-
tal delivery23,24, we observed that LNP 55 enabled greater luciferase 
mRNA delivery to the placenta with less luminescence in the liver com-
pared with the previously reported A10 formulation24 (Supplementary 
Fig. 14). We did not observe luciferase expression in the fetuses for 
any of the LNP treatment groups, which is likely to be because of the 
presence of tight cellular barriers in the placenta48,49 (Fig. 1h,j and Sup-
plementary Fig. 13).

Mechanism of placental LNP delivery
We next aimed to explore the potential mechanism by which LNP 55 
enables mRNA delivery to the placenta. Many LNP formulations achieve 
liver tropism upon systemic administration because of the forma-
tion of an ApoE-rich protein corona21,50,51. This is true for the Onpattro 
LNP therapeutic for hATTR containing the DLin-MC3-DMA ionizable 
lipid, which promotes ApoE binding and preferential hepatocyte 
targeting45,52. Recent work has indicated that incorporating an ani-
onic phospholipid as a fifth component in the LNP formulation can 
promote spleen tropism through the formation of a β2-glycoprotein I 
(β2-GPI)-rich protein corona20,21. As the placental tropism of LNP 55 was 
accompanied by splenic delivery, we proposed that the C14-494 ioniz-
able lipid structure in this formulation could promote β2-GPI binding; 
in particular, the ether linkages in the structure could impart slight 
electronegativity to the lipid, serving a similar role to that of an anionic 
lipid (Supplementary Figs. 1 and 15).

We formulated LNP 55 and the clinical standard DLin-MC3-DMA 
formulation (LNP 98) with luciferase mRNA and precoated these LNPs 
with either β2-GPI or ApoE to evaluate the effects of protein adsorption 
on luciferase expression and intracellular uptake. In Hep G2 immortal-
ized hepatocytes, LNPs coated with β2-GPI enabled an approximately 
2.7-fold improvement in luciferase expression for LNP 55, but only with 
higher amounts of protein (Fig. 2a). However, preincubating LNP 98 
with ApoEimproved luciferase expression for all amounts of protein 
tested (Fig. 2b). After assessing mRNA transfection, we labelled LNPs 
with lipophilic fluorescent dye (DiD) to evaluate intracellular uptake 

30 min following treatment; precoating LNP 98 with ApoE enhanced 
uptake in Hep G2 cells (Fig. 2c and Supplementary Fig. 16a).

We repeated these experiments in immortalized Jurkat T cells, RAW 
264.7 macrophages and Raji B cells—to model the main cell types in the 
spleen—as well as BeWo b30 immortalized trophoblasts, representative 
of one of the main cell types in the placenta. Preincubating LNPs with 
β2-GPI significantly improved LNP-55-mediated luciferase expression 
in Jurkat, RAW 264.7, Raji and BeWo b30 cells but had no apparent effect 
for LNP 98 (Fig. 2d and Supplementary Fig. 17a,c,e). Conversely, ApoE 
preincubation improved luciferase expression for LNP 98 in Jurkat and 
Raji cells but only at the lowest concentrations of protein tested (Sup-
plementary Fig. 17b,f). Similar but less drastic effects were observed 
in BeWo b30 and RAW 264.7 cells: ApoE preincubation significantly 
improved LNP-98-mediated luciferase expression for all amounts of 
protein tested but had no apparent effect on transfection for LNP 55 
(Fig. 2e and Supplementary Fig. 17d). In addition to enhancing mRNA 
expression, β2-GPI preincubation promoted greater cellular uptake of 
DiD-labelled LNP 55 than uncoated LNPs in both Jurkat and BeWo b30 
cells (Fig. 2f and Supplementary Fig. 16b–d).

We then sought to explore our proposed mechanism for placen-
tal tropism in vivo through β2-GPI knockdown in pregnant mice. We 
employed a knockdown rather than a knockout model as β2-GPI is rap-
idly synthesized by the placenta during pregnancy and β2-GPI-knockout 
mice have been shown to develop fetal growth restriction and com-
promised placental function53,54, which could have unintended and 
confounding consequences for mRNA LNP delivery. Seventy-two 
hours before LNP administration, pregnant mice were treated i.v. with 
1 mg kg−1 β2-GPI siRNA to generate knockdown mice (Supplementary 
Fig. 18a,b). Pregnant mice were then treated with LNP 55 or 98 at a 
dose of 0.6 mg kg−1 luciferase mRNA, after which tissues, placentas 
and fetuses were dissected for luminescence imaging by IVIS. For both 
LNP 55 and LNP 98, β2-GPI knockdown increased luciferase expression 
in the liver (Fig. 2g–h), perhaps owing to an increased likelihood of 
ApoE adsorption. Although β2-GPI knockdown did not significantly 
affect LNP-55-mediated mRNA delivery to the placenta (Fig. 3i), knock-
down decreased (P = 0.0407) luminescence in the placenta for LNP 
98 (Fig. 3j). These results could be partially explained by the strong 
affinity of β2-GPI for anionic structures and that, as a result of employ-
ing a knockdown rather than a knockout model, there was still β2-GPI 
present in the circulation at the time of LNP administration that could 
facilitate LNP tropism.

Cellular LNP delivery in pre-eclampsia
After observing potent in vivo luciferase mRNA delivery to the pla-
centa with LNP 55, we sought to explore the effects of pre-eclampsia 
on LNP delivery, as maternal blood pressure is elevated in this disease 
state to compensate for impaired placental vascularization. A low dose 
of lipopolysaccharide (LPS; 1 µg kg−1) was administered intraperito-
neally (i.p.) to pregnant mice on gestational day 7.5 (E7.5) to establish 
an inflammation-induced model of pre-eclampsia55–57. DiD-labelled 
LNPs encapsulating luciferase mRNA were administered to both healthy 
and pre-eclamptic mice at an mRNA dose of 1 mg kg−1. Twelve hours fol-
lowing administration, tissues were dissected and imaged using IVIS; 
DiD fluorescence was used to evaluate LNP biodistribution, whereas 
luminescence was used to evaluate luciferase mRNA transfection 
(Fig. 3a–d and Supplementary Figs. 19 and 20). Notably, images of 
DiD fluorescence showed accumulation of LNP 55 in the liver without 
evidence of strong luciferase expression (Fig. 4a,b). This suggests that 
although the first-pass hepatic clearance effect evidently drives LNP 
accumulation in liver tissue, reduced binding of ApoE to LNP 55 could 
limit intracellular uptake and subsequent protein expression. Mean 
DiD fluorescence was greater (P = 0.0995) in placentas and significantly 
greater (P = 0.0479) in livers of mice with pre-eclampsia compared with 
healthy pregnant mice (Supplementary Fig. 20b,d).
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After assessing organ biodistribution and transfection, we explored 
LNP delivery to the spleen and placenta—organs in which we observed 
high luminescence—on a single-cell level using flow cytometry58 (Sup-
plementary Figs. 21 and 22). Approximately 65% of splenic CD11b+ 

myeloid cells and CD11b+CD11c+ dendritic cells were DiD+ (Fig. 3e,f), 
and percentages of DiD+ cells were lower among splenic immune cells 
(P = 0.1345), myeloid cells (P = 0.1886), dendritic cells (P = 0.1312) 
and T cells (P = 0.0419) in pre-eclampsia compared with healthy mice 
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either β2-GPI (a,d,f) or ApoE (b,c,e) and used to treat liver Hep G2 (a–c) and 
placenta BeWo b30 cells (d–f). In a, b, d and e, luciferase expression was used to 
evaluate mRNA expression, whereas in c and f, confocal microscopy and flow 
cytometry were used to evaluate intracellular uptake of DiD-labelled LNPs. 
Normalized luciferase expression is reported as mean ± s.e.m. (n = 5 biological 
replicates with 3–6 technical replicates each). Nested two-sided, one-way 
ANOVAs with post hoc Student’s t-tests using the Holm–Šídák correction for 
multiple comparisons were used to compare normalized luciferase expression 
across treatment groups. Representative histograms are shown from the 
technical replicate with the percentage of DiD+ cells closest to the mean for 

each treatment group. g–j, To evaluate the effects of in vivo β2-GPI knockdown 
on LNP mRNA delivery, 72 h before LNP administration, pregnant mice were 
treated with 1 mg kg−1 β2-GPI siRNA. Pregnant mice were treated with luciferase 
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(Fig. 3e–g and Supplementary Fig. 23a). These results are encouraging, 
suggesting the potential for less off-target LNP 55 delivery to splenic 
T cells in pre-eclampsia.

In the placenta, trophoblasts, endothelial cells and immune cells are 
all responsible for regulating angiogenesis and vascularization, mak-
ing them important cellular targets for VEGF mRNA LNP therapy59. In 

contrast to the results observed in the spleen, pre-eclampsia seemed 
to improve LNP 55 delivery to placental cells. There were no significant 
differences in the percentages of DiD+ cells in placental trophoblasts 
(P = 0.1967) and endothelial cells (P = 0.2625), yet we observed signifi-
cantly greater DiD positivity in placental immune cells (P = 0.0078) in 
pre-eclamptic mice than in healthy mice (Fig. 3h–j). This could perhaps 
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correction for multiple comparisons were used to compare the percentages of 
DiD+ cells across treatment groups. Scale bars, 50 μm.
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be explained by the trafficking of phagocytic immune cells such as 
macrophages to the placenta in pre-eclampsia60. In addition, pregnant 
mice with inflammation-induced pre-eclampsia had higher (P = 0.0015) 
serum levels of β2-GPI (Supplementary Fig. 18c), which could partially 
explain the increase in LNP 55 delivery to placental immune cells in 
pre-eclampsia. Immunofluorescence staining of placental tissue sec-
tions was also used to visualize delivery of DiD-labelled LNP 55 to the pla-
cental vasculature. Consistent with flow cytometry results, we observed 
colocalization of DiD LNPs with regions stained positive for cytokeratin 
7 (CK7, trophoblasts) and endomucin (endothelial cells) (Fig. 3k–l).

Finally, we repeated these assays to evaluate cellular delivery in the 
spleen and placenta with the standard LNP formulations 97 and 98 
(Extended Data Fig. 4). Relative to LNP 55, LNP 97 mediated comparable 
DiD positivity in splenic myeloid, dendritic and T cells, with a lower 
proportion of DiD+ cells in the placenta (Extended Data Fig. 4a–c,g–i). 
Notably, LNP 97 facilitated delivery to approximately 25% of tropho-
blasts in the placenta but only about 5% of endothelial cells (Extended 
Data Fig. 4g–h). Conversely, only about 30–40% of splenic myeloid and 
dendritic cells were DiD+ following treatment with LNP 98, and no DiD 
positivity was detectable in the placenta (Extended Data Fig. 4d–f,j–l).

VEGF mRNA LNP therapy for pre-eclampsia
We next explored the application of LNP 55 as a therapeutic for treating 
pre-eclampsia by means of VEGF mRNA delivery to the placenta. First, 
as it is critical to identify the minimum effective dose rather than the 
maximum tolerated dose for pregnant patients, we evaluated the safety 
and potency of three therapeutic doses—0.2, 1.0 and 2.0 mg kg−1 VEGF 
mRNA—in healthy pregnant mice (Supplementary Fig. 24). Six hours 
after i.v. administration, the 1.0 mg kg−1 and 2.0 mg kg−1 treatments 
increased serum VEGF levels by more than ten-fold and more than 
50-fold, respectively, compared with those of untreated mice. As there 
was minimal evidence of dose-dependent inflammation, liver injury 
or vascular permeability in the placenta, we opted to further pursue 
the 1.0 mg kg−1 VEGF mRNA therapeutic in both inflammation- and 
hypoxia-induced models of pre-eclampsia.

Inflammation-induced pre-eclampsia was established by i.p. admin-
istration of 1 µg kg−1 LPS55–57 (Fig. 4a). Starting on gestational day E13, 
pre-eclamptic mice treated with VEGF mRNA LNP 55 had significantly 
greater daily change in weight than the LPS-only treatment group 
(Extended Data Fig. 5a and Supplementary Table 10). Blood pressure 
is used as a primary outcome for animal models of pre-eclampsia, as 
hypertension during pregnancy is a key clinical indicator of the disease1. 
After LPS administration on E7.5, blood pressure increased significantly 
compared with that of healthy mice and remained elevated until the 
end of gestation (Fig. 4b and Supplementary Table 11). A single injec-
tion of VEGF mRNA LNP 55 immediately and permanently alleviated 
maternal hypertension in pre-eclamptic mice until the end of gestation. 
Mice were euthanized before parturition on E17 to evaluate fetal and 
placental weight (Fig. 4c–e and Extended Data Fig. 5b,c). Litter size was 
lower for pre-eclamptic mice than in healthy pregnancy; this reduction 
in litter size was partially dispelled by treatment with VEGF mRNA LNP 
55. VEGF mRNA LNP 55 also significantly increased total litter weight 
compared with that of pre-eclamptic mice.

On gestational day E11.5, six hours following administration of VEGF 
mRNA LNP 55, serum VEGF levels were elevated compared with those 
of the phosphate-buffered saline (PBS) and LPS treatment groups, 
indicating successful expression of VEGF and secretion into circulation 
(Extended Data Fig. 5d). We also assessed serum levels of sFlt-1 and 
the liver enzymes alanine transaminase (ALT) and aspartate amino
transferase (AST) but observed no significant differences among 
treatment groups (Extended Data Fig. 5e–g). Similarly, we measured 
serum cytokine levels to evaluate LNP-mediated inflammation. On 
gestational day E11.5, serum levels of tumour necrosis factor (TNF), 
interleukin-6 (IL-6) and interferon-γ (IFNγ) were all significantly 

elevated in pre-eclampsia compared with healthy pregnancies, 
whereas administration of the VEGF mRNA LNP 55 therapeutic was 
able to reverse this effect for the IL-6 and IFNγ cytokines (Extended 
Data Fig. 5h–j). Finally, haematoxylin and eosin (H&E) staining of 
placental sections was used to visualize vasculature in the placental 
labyrinth; VEGF mRNA LNP 55 demonstrated improvements in mean 
blood vessel area in the placenta compared with pre-eclamptic mice 
(Fig. 4f and Extended Data Fig. 5k).

Hypoxia-induced pre-eclampsia was established through over
expression of sFlt-1 as a result of i.v. administration of 1 × 109 plaque- 
forming units (PFU) of sFlt-1 adenovirus (Adv-sFlt-1)6,61 (Fig. 4a). 
Throughout gestation, there were no significant differences in daily 
maternal weight change among treatment groups, but as with the 
inflammation-induced model, mean blood pressure increased immedi-
ately after inducing pre-eclampsia (Fig. 4g and Extended Data Fig. 6a). 
Following the administration of VEGF mRNA LNPs, mean blood pres-
sure decreased for mice treated with LNP 55 and LNP 98; however, 
VEGF mRNA LNP 55 was able to eliminate hypertension until the end 
of gestation, whereas the blood pressure of mice treated with VEGF 
mRNA LNP 98 mice gradually approached that of the Adv-sFlt-1 cohort 
towards the end of gestation (Fig. 4g and Supplementary Table 13). 
Although no significant differences in total litter weight or litter size 
were observed across treatment groups (Extended Data Fig. 6b,c), 
fetal and placental weight distributions indicated that fetal weight 
was generally lower and placental weight was generally higher for 
Adv-sFlt-1-treated mice; both of these effects were diminished by VEGF 
mRNA LNP 55 treatment (Fig. 4h–j).

Consistent with our data demonstrating that LNP 98 is a potent 
liver-tropic formulation, VEGF mRNA LNP 98 facilitated a more than 
four-fold greater concentration of VEGF in serum compared with 
the placenta-tropic LNP 55 on gestational day E11.5 (Extended Data 
Fig. 6e). By the model endpoint on gestational day E17, serum sFlt-1 
levels were elevated more than ten-fold for pre-eclamptic mice com-
pared with healthy pregnancies (Fig. 4k). VEGF mRNA LNP 55 reduced 
sFlt-1 levels in serum, whereas there were no significant differences 
between pre-eclamptic mice and those treated with VEGF mRNA LNP 
98. This hypoxia-induced model of pre-eclampsia may also partially 
recapitulate HELLP syndrome, as liver enzymes ALT and AST were both 
elevated on gestational day E17 compared with healthy pregnant mice 
(Extended Data Fig. 6f,g). VEGF mRNA LNPs 55 and 98 both decreased 
the concentrations of these enzymes during pre-eclampsia, but serum 
AST levels remained elevated compared to healthy pregnancy in mice 
treated with VEGF mRNA LNP 98. Other than a slight increase in serum 
IL-6 concentration 6 h following LNP 55 administration, there were no 
significant differences in the serum concentration of inflammatory 
cytokines across treatment groups (Extended Data Fig. 6h–j). As in the 
LPS-induced model of pre-eclampsia, H&E staining of placental sec-
tions and quantification of mean blood vessel area showed that VEGF 
mRNA LNP 55 increased placental blood vessel area compared with 
that of Adv-sFlt-1-treated pre-eclamptic mice (Extended Data Fig. 6k).

In this hypoxia-induced model, we also assessed renal damage 
through histology and proteinuria, as an elevated concentration 
of protein in urine is often used as a further diagnostic criterion for 
pre-eclampsia in the clinic. The concentration of albumin in urine was 
elevated in Adv-sFlt-1 pre-eclamptic mice compared with healthy preg-
nant mice, and H&E staining of kidney tissue suggested some potential 
kidney injury (Extended Data Fig. 6d,l). For example, kidneys from 
Adv-sFlt-1-treated mice showed signs of enlarged glomeruli and swol-
len glomerular endothelial cells, effects that seemed to be partially 
alleviated by treatment with VEGF mRNA LNPs.

Pre-eclampsia immune landscape modulation
As we observed evidence of red blood cell accumulation and immune 
infiltration in the placenta in the inflammation-induced model of 
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pre-eclampsia (Fig. 4f), we sought to characterize the immune land-
scape in the blood, spleen and placenta in these models (Extended 
Data Fig. 7 and Supplementary Figs. 25–28). First, in the LPS model, 
we evaluated immune cell populations in the blood, including the 
percentages of CD19+ B cells, CD3+ T cells, CD11b+ myeloid cells and 
CD11b+CD11c+ dendritic cells, all of which were significantly elevated 

in pre-eclampsia compared with healthy mice (Extended Data Fig. 7a). 
VEGF mRNA LNP 55 reduced the percentages of both T cells and den-
dritic cells in the blood, shifting the immune landscape closer to that 
of healthy mice. In the spleen, the percentage of CD11b+ myeloid cells 
was significantly elevated for LPS-treated mice, as well as for the VEGF 
mRNA LNP treatment group compared with healthy pregnant mice 
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Fig. 4 | VEGF mRNA LNP 55 alleviates maternal hypertension in inflammation- 
 and hypoxia-induced models of pre-eclampsia. a, Inflammation-induced 
pre-eclampsia was established through i.p. administration of 1 µg kg−1 LPS, 
whereas hypoxia-induced pre-eclampsia was established through i.v. 
administration of 1 × 109 PFU of Adv-sFlt-1 on gestational day E7.5. Then, VEGF 
mRNA LNP 55 or LNP 98 was administered i.v. on gestational day E11 at an mRNA 
dose of 1 mg kg−1. b,g, In both inflammation-induced (b) and hypoxia-induced 
(g) pre-eclampsia, maternal blood pressure (BP) was recorded daily, and on 
gestational day E17, litter size (d), total litter weight (e), fetal weight (i) and 
placental weight ( j) were recorded. In c and h, representative fetus images are 
shown from the mouse with the total litter weight or fetal weight measurements 
closest to the mean for each treatment group. f, Placental vasculature in  
the labyrinth was visualized with H&E staining. k, Serum levels of sFlt-1 were 

evaluated on gestational days E11.5 and E17. For the inflammation-induced 
model of pre-eclampsia, mean BP, litter size and total litter weight are reported 
as mean ± s.e.m. (n = 8 biological replicates). For the hypoxia-induced model of 
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(i,j) two-sided, one-way ANOVAs or ordinary two-sided, two-way ANOVAs 
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multiple comparisons were used to compare responses across treatment 
groups. Scale bars, 100 μm. The illustration of mice and syringes in a was 
created using Microsoft PowerPoint stock icons.
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(Extended Data Fig. 7b). This expansion of myeloid cells in the spleen 
was probably a result of LPS-induced systemic and local inflammation 
in this model of pre-eclampsia, consistent with previous reports of 
myeloid cell expansion in the spleen as a result of inflammatory condi-
tions62. In the placenta, the percentages of CD19+ B cells, CD3+ T cells and 
CD11c+ dendritic cells were all significantly elevated in pre-eclampsia 
(Extended Data Fig. 7c). Administration of VEGF mRNA LNPs then 
reduced the proportion of B cells and T cells in the placenta to those 
observed in healthy mice.

As the hypoxia-induced model of pre-eclampsia we employed is 
far less immune-implicated than the inflammation-induced model, 
we observed few significant changes in immune cell population fre-
quencies in the blood and spleen (Supplementary Figs. 27a,b and 28).  
However, in the placentas, fractions of CD19+ B cells, CD3+ T cells, 
CD11b+ myeloid cells and CD11c+ dendritic cells were all elevated in the 
Adv-sFlt-1 and VEGF mRNA LNP 55 treatment groups (Supplementary 
Fig. 27c). These results indicate possible immune cell infiltration to 
the placenta in pre-eclampsia; in the future, this could be more thor-
oughly explored and perhaps addressed using a second-generation 
placenta-tropic therapeutic.

Conclusions
LNPs are the most clinically advanced non-viral platform for mRNA 
delivery and have been used in a variety of clinical applications includ-
ing infectious disease vaccines, protein replacement therapies and 
gene editing therapeutics63,64. However, LNPs have been minimally 
explored with respect to women’s health applications, particularly for 
conditions occurring during pregnancy. Here we aimed to develop a 
VEGF mRNA LNP therapeutic to remodel placental vasculature to treat 
pre-eclampsia during pregnancy. To this end, we used high-throughput 
in vivo screening to identify LNP 55, a placenta-tropic LNP formulation 
that enabled a 183-fold improvement in mRNA delivery to the placenta 
compared with the clinically approved DLin-MC3-DMA LNP formula-
tion. We propose a potential protein-adsorption-based endogenous 
targeting mechanism that may facilitate mRNA delivery to the placenta. 
In an inflammation-induced mouse model of pre-eclampsia, off-target 
LNP delivery to the spleen was reduced while on-target delivery to pla-
cental immune cells was improved compared to healthy pregnant mice. 
Finally, through delivery of VEGF mRNA, this LNP platform rescued 
maternal hypertension in multiple mouse models of pre-eclampsia 
with a single i.v. injection.

Approximately 800 women die from pregnancy- or childbirth-related 
conditions every day, with the vast majority of these deaths occurring 
in developing countries owing to hypertensive pregnancy disorders 
such as pre-eclampsia and eclampsia65. Although future work will focus 
on translating this mRNA LNP technology, preliminary results evalu-
ating the shelf-life of LNP 55 are encouraging and suggest that potent 
mRNA delivery is retained over a 6 week period and after multiple 
freeze–thaw cycles (Supplementary Fig. 29). Here we engineered an 
easy-to-manufacture LNP platform that enables potent mRNA delivery 
to the placenta upon simple i.v. administration, a potentially broadly 
translatable therapeutic with key advantages over previous approaches 
that have required more invasive injection into the intrauterine artery 
for viral-vector-mediated gene therapy9–11. This work demonstrates the 
potential application of a placenta-tropic mRNA LNP platform for the 
treatment of obstetric disorders such as pre-eclampsia.
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Article
Methods

Ionizable lipid synthesis
DLin-MC3-DMA was purchased from Cayman Chemical. All other 
ionizable lipids were synthesized as previously described32. Briefly,  
the polyamine core (1 equiv., Enamine) was combined with excess  
alkyl epoxide (7 equiv., MilliporeSigma) in ethanol in 4 ml glass 
scintillation vials under gentle sitting with a magnetic stir bar 
for 2 days at 80 °C. The polyamine cores used in this work were 
3-[4-(3-{[2-(4-{3-[4-(3-aminopropyl)piperazin-1-yl]propyl}piperazin- 
1 yl)ethyl]amino}propyl)piperazin-1-yl]propan-1-amine (denoted 
by 480), 1-N-{2-[4-(4-aminocyclohexyl)piperazin-1-yl]ethyl}
cyclohexane-1,4-diamine (denoted by 482), {2-[2-(2-aminoethoxy)
ethoxy]ethyl}[2-(4-{2-[2-(2-aminoethoxy)ethoxy]ethyl}piperazin-1-yl)
ethyl]amine (denoted by 488), 10-(4-{2-[(10-aminodecyl)amino]ethyl}
piperazin-1-yl)decan-1-amine (denoted by 489), 3-(4-{2-[(3-amino- 
2-ethoxypropyl)amino]ethyl}piperazin-1-yl)-2-ethoxypropan-1-amine 
(denoted by 490), [1-({[2-(4-{[1-(aminomethyl)cyclohexyl]methyl}
piperazin-1-yl)ethyl]amino}methyl)cyclohexyl]methanamine (denoted 
by 493), 2-{2-[4-(2-{[2-(2-aminoethoxy)ethyl]amino}ethyl)piperazin- 
1-yl]ethoxy}ethan-1-amine (denoted by 494) and 1-[4-(3-{2-[2- 
(3-aminopropoxy)ethoxy]ethoxy}propyl)piperazin-1-yl]-7,10,13-trioxa- 
3-azahexadecan-16-amine (denoted by 497) (Supplementary Fig. 1). 
The alkyl epoxide tails used in this work were 1,2-epoxydodecane 
(denoted by C12), 1,2-epoxytetradecane (denoted by C14) and 
1,2-epoxyhexadecane (denoted by C16). After 2 days, solvent was evapo-
rated using a Rotovapor R-300 rotary evaporator (Buchi) to isolate 
crude product. Liquid chromatography mass spectrometry spectra 
(Supplementary Fig. 2) were acquired to confirm molecular identity 
using an SQD equipped with an Acquity UPLC using a C8 column, with 
a 2 min wash followed by a gradient mobile phase from 50% water  
(1% trifluoroacetic acid) and 50% acetonitrile (1% trifluoroacetic acid) 
to 100% acetonitrile.

b-DNA and mRNA production
b-DNAs were designed as previously described31 and synthesized and 
purified by Integrated DNA Technologies (Supplementary Table 2). 
Briefly, the 61-nucleotide b-DNA sequence contained five phospho-
rothioate bonds at each end, with a ten-nucleotide barcode region in 
the centre. Another ten randomized nucleotides were included at the 
3′ end of the barcode region, and the 5′ and 3′ ends of each b-DNA con-
tained priming sites for the addition of Illumina-compatible adapters.

Luciferase mRNA was synthesized by in vitro transcription (IVT) 
using Ambion’s MEGAscript kit with linearized plasmids (pLuc19) 
encoding codon-optimized firefly luciferase and T7 RNA polymer-
ase (ThermoFisher Scientific) as previously described66. mRNA was 
transcribed with the N1-methyl-pseudouridine modification and 
130-nucleotide-long poly(A) tails67. RNA was capped using a ScriptCap 
m7G capping kit with 2′-O-methyltransferase (CellScript) to obtain 
the cap previously described as cap1 (ref. 67). Finally, mRNA was puri-
fied by fast protein liquid chromatography using an Akta purifier (GE 
Healthcare) as previously described68. mRNA product integrity was 
validated using denaturing or native agarose gel electrophoresis, and 
mRNA was stored frozen for later use.

For VEGF mRNA production, a double-stranded DNA IVT template 
was purchased (Integrated DNA Technologies) as a gBlock consisting 
of a T7 RNA polymerase promoter, a 5′ untranslated region derived 
from tobacco etch virus, a mouse codon-optimized VEGF164-A cod-
ing sequence and a 3′ untranslated region derived from Xenopus beta 
globin. The template was amplified by PCR with Q5 High-Fidelity 
DNA Polymerase (New England BioLabs; NEB) and purified using 
Monarch PCR & DNA Cleanup spin columns (NEB). IVT was per-
formed using a HiScribe T7 High Yield RNA Synthesis kit (NEB), and 
full N1-methyl-pseudouridine substitution was achieved by replac-
ing UTP with N1-methylpseudouridine-5′-triphosphate (TriLink 

Biotechnologies). Cotranscriptional capping was achieved using a 
CleanCap Reagent AG cap1 analogue (TriLink Biotechnologies). RNA 
was purified using Monarch RNA Cleanup spin columns (NEB). RNA 
transcripts were polyadenylated using Escherichia coli poly(A) poly-
merase (NEB) and purified once again using RNA Cleanup spin columns. 
mRNA product integrity was validated using native agarose gel elec-
trophoresis and mRNA was stored frozen for later use.

LNP formulation and characterization
A library of 98 LNPs was formulated using a 10:1 molar ratio of ionizable 
lipid to nucleic acid with a unique ionizable lipid and excipient formu-
lation38 (Supplementary Table 1). For all LNPs excluding LNP 98, the 
ionizable lipid was combined in an ethanol phase with cholesterol (Mil-
liporeSigma), 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine (Avanti 
Polar Lipids) and 1,2-dimyristoyl-sn-glycero-3-phosphoethanolamine- 
N-[methoxy(polyethylene glycol)-2000] (ammonium salt) (C14-PEG2000, 
Avanti Polar Lipids) to a total volume of 112.5 µl. For LNP 98, the ionizable 
lipid DLin-MC3-DMA was combined in an ethanol phase with cholesterol 
(MilliporeSigma), 1,2-distearoyl-sn-glycero-3-phosphocholine (Avanti 
Polar Lipids) and 1,2-dimyristoyl-rac-glycero-3-methoxypolyethylene 
glycol-2000 (DMG-PEG2000, Avanti Polar Lipids) to 112.5 µl. For some 
formulations, C14-494 or 1,2-dioleoyl-sn-glycero-3-phospho-l-serine 
(Avanti Polar Lipids) was added to the LNP 98 formulation as a fifth 
component according to molar ratios reported previously20.

A separate aqueous phase was prepared with 25 µg of b-DNA, lucif-
erase mRNA, β2-GPI siRNA or VEGF mRNA in 10 mM citrate buffer to a 
total volume of 337.5 µl. For high-throughput screening with b-DNA, 
ethanol and aqueous phases were combined by pipette mixing to form 
LNPs31,69. For luciferase mRNA, β2-GPI siRNA and VEGF mRNA LNPs, 
ethanol and aqueous phases were combined by chaotic mixing using 
a microfluidic device designed with herringbone features70. LNPs were 
dialysed against 1× PBS in either Pierce 96-well microdialysis plates or 
Slide-A-Lyzer dialysis cassettes with a molecular weight cutoff of 20 kDa 
(Thermo Fisher Scientific) for 2 h, sterilized using 0.22 µm filters and 
stored at 4 °C for later use.

For dynamic light scattering measurements, LNPs were diluted 
10–100× in 1× PBS. Z-average diameter and polydispersity index were 
recorded using either a Zetasizer Nano (Malvern Panalytical) or using a 
DynaPro Plate Reader III (Wyatt Technology). For zeta potential meas-
urements, 20 µl of LNP was diluted 50× in ultrapure water in dispos-
able folded capillary cells and measured using a Zetasizer Nano. For 
high-throughput screening, z-average diameter, polydispersity index 
and zeta potential are reported as the mean (n = 3 measurements for 
each sample) (Supplementary Table 3).

b-DNA and RNA encapsulation efficiencies for each LNP formulation 
were measured using a Quant-iT-OliGreen (Thermo Fisher Scientific) 
assay and Quant-iT-RiboGreen (ThermoFisher Scientific) assay, respec-
tively. Each LNP sample was diluted 100× in either 1× Tris-EDTA (TE) 
buffer or TE buffer containing 0.1% (v/v) Triton X-100 (MilliporeSigma). 
LNPs in TE buffer, LNPs in Triton X-100 and standards were plated in 
black 96-well plates, and either the OliGreen or RiboGreen fluores-
cence detection reagent was added to each well per the manufacturer’s 
instructions. Fluorescence intensity was measured using an Infinite 
200 Pro plate reader (Tecan). Encapsulated b-DNA and RNA were esti-
mated by comparison with a standard curve fitted using univariate 
least-squares linear regression. Encapsulation efficiency was calculated 
as (B − A)/B × 100%, where A is the measured nucleic acid content in 
TE buffer and B is the measured nucleic acid content in Triton X-100. 
For high-throughput screening, encapsulation efficiency is reported 
as the mean (n = 4 measurements for each sample) (Supplementary  
Table 3).

The pKa, or pH at which the LNP is 50% protonated, was measured for 
various LNP formulations as previously described71. Briefly, a buffered 
solution containing 150 mM sodium chloride, 20 mM sodium phos-
phate, 20 mM ammonium acetate and 25 mM ammonium citrate was 



pH-adjusted to generate solutions from pH 2.0 to 12.0 in increments 
of 0.5. Then, 125 µl of each pH-adjusted solution and 5 µl of each LNP 
were plated in quadruplicate in black 96-well plates, and 6-(p-toluidinyl) 
naphthalene-2-sulfonic acid was added to each well to a final concen-
tration of 6 µM. Fluorescence intensity was read on an Infinite 200 
Pro plate reader (Tecan) with excitation/emission wavelengths of  
322/431 nm.

Animal experiments
All animal use was in accordance with the guidelines of and approval 
from the University of Pennsylvania’s Institutional Animal Care and Use 
Committee (protocol number 806540). Non-pregnant 6–8-week-old 
female C57BL/6 mice and time-dated pregnant female C57BL/6 mice 
were purchased from Jackson Laboratory. Time-dated pregnancies 
were also achieved by housing four C57BL/6 females and one C57BL/6 
male all at least 8–10 weeks of age together in one cage overnight and 
separating the male the next morning. Consistent with the breeding 
scheme established by Jackson Laboratory, separation was deemed 
to be gestational day E0. Pregnancies were confirmed visually on 
or after gestational day E11 or by measuring weight change. Mice 
were housed in a vivarium with a 12 h light–dark cycle and were pro-
vided with food and water ad libitum. Vivarium temperature and 
humidity were maintained between 68 and 76 °F and 30 and 70%,  
respectively.

b-DNA library preparation and next-generation sequencing
A constant volume of each of the 98 LNP formulations encapsulat-
ing a unique b-DNA oligomer was used to generate an injection pool, 
which was then combined with a naked, unencapsulated b-DNA oligo. 
Although no evidence of LNP aggregation in pooled LNP samples was 
observed (Supplementary Fig. 9d), the pooled LNPs were immediately 
(within 6 h) administered i.v. by tail vein injection to non-pregnant mice 
and gestational day E16 pregnant mice. Six hours following administra-
tion, mice were euthanized with CO2, and the heart, lungs, liver, kidneys, 
spleen, uterus, fetuses and placentas were collected into SPEX 5 ml 
polyethylene vials with 9.5 mm steel grinding balls (SPEX Sample Prep) 
on dry ice. Organs were snap-frozen using liquid nitrogen, and a 2010 
Geno/Grinder (SPEX Sample Prep) was used to generate powdered 
tissue homogenates by two consecutive homogenization cycles of 
30 s at a speed of 750 strokes per min.

Approximately 50 mg of powdered tissue was weighed into 1.5 ml 
tubes and incubated in 750 µl of lysis buffer containing 100 mM 
Tris-HCl, 5 mM EDTA, 0.2% SDS, 200 mM NaCl and 0.2 mg ml−1 pro-
teinase K (ThermoFisher Scientific) overnight at 37 °C. Then, 1 µl of 
4 mg ml−1 RNase A (Promega) was added to each sample, followed by 
incubation for 1 h at 37 °C, and samples were centrifuged for 5 min at 
15,000g. Oligos were extracted from 300 µl of sample supernatant 
using an Oligo Clean and Concentrator kit (Zymo Research) accord-
ing to the manufacturer’s instructions. PCR on eluted DNA was per-
formed using Phusion High-Fidelity DNA Polymerase for 35 cycles 
(NEB). The list of full-length reverse primers (index sequences) can 
be found in Supplementary Table 13. The forward primer sequence 
was as follows: 5′-AATGATACGGCGACCACCGAGATCTACACTCTTT 
CCCTACACGACGCTCTTCCGATCT-3′.

PCR products were purified using gel electrophoresis with a 3% 
agarose gel (ThermoFisher Scientific) in Tris-acetate-EDTA running 
buffer (ThermoFisher Scientific). Amplified b-DNA was excised 
from the gel and purified using a Zymo Gel DNA Recovery kit (Zymo 
Research) according to the manufacturer’s instructions. The pooled, 
uninjected library of LNP formulations was processed using the pro-
tocol described above and amplified with a unique reverse primer. 
The next-generation sequencing library was balanced and pooled 
using a Quant-iT-PicoGreen assay (ThermoFisher Scientific). Quality 
control was performed using an Agilent Bioanalyzer system to check 
library purity and measure concentration for loading the flow cell at 

a concentration of 4 nM. Next-generation sequencing was performed 
using multiplexed runs on an Illumina MiSeq.

Normalized delivery of a particular b-DNA LNP to a particular tissue 
was calculated as the ratio of two frequencies31. Briefly, within one tis-
sue sample, the sequencing reads from each b-DNA were divided by 
the sum of reads from all b-DNAs in the tissue sample. Similarly, within 
the uninjected LNP pool, the sequencing reads from each b-DNA were 
divided by the sum of reads from all b-DNAs in the uninjected pool. 
Normalized delivery for each b-DNA to a particular tissue was calculated 
as the ratio of these two frequencies.

In vivo luciferase mRNA LNP delivery
LNPs encapsulating luciferase mRNA were administered i.v. to 
non-pregnant and gestational day E16 pregnant mice at doses of 0.6 
or 1.0 mg kg−1 of mRNA. In some experiments, LNPs were labelled with 
10 µM Vybrant DiD Cell-Labeling Solution (ThermoFisher Scientific) for 
15 min at 25 °C with gentle shaking at 300 rpm. Six or twelve hours fol-
lowing administration, luminescence and/or DiD fluorescence imaging 
was performed using Living Image software on an IVIS (PerkinElmer). 
Ten minutes before imaging, d-luciferin potassium salt (Biotium) was 
administered i.p. to mice at a dose of 150 mg kg−1. Mice were subse-
quently euthanized with CO2, and the heart, lungs, liver, kidneys, spleen, 
fetuses and placentas were dissected and imaged.

For in vivo β2-GPI siRNA-mediated knockdown experiments, on 
gestational day E13, pregnant mice were treated i.v. with 1 mg kg−1 of 
predesigned β2-GPI siRNA (MilliporeSigma, SASI_Mm01_00_67354/
APOH) encapsulated in the C12-200 LNP formulation. The siRNA 
sequences were as follows (where [dT] indicates a deoxythymidine 
residue): strand 1—5′-GUUUACCUGUCCUCUCACA[dT][dT]-3′ and 
strand 2—5′-UGUGAGAGGACAGGUAAAC[dT][dT]-3′.

Seventy-two hours later and immediately before i.v. administration of 
LNP 55 or 98, blood was collected retro-orbitally using non-heparinized 
capillary tubes (ThermoFisher Scientific) into Microtainer blood col-
lection tubes (Becton, Dickinson and Company; BD). Blood was allowed 
to clot for 2 h at room temperature; it was then centrifuged for 20 min 
at 2000g to collect serum, which was subsequently stored at −20 °C for 
further analysis of β2-GPI levels by ELISA (Novus Biologicals). Pregnant 
mice were treated i.v. with luciferase mRNA LNPs at a dose of 0.6 mg kg−1 
of mRNA, and tissues were dissected and imaged as described above. To 
quantify luminescence, Living Image Software (PerkinElmer) was used 
to place a rectangular region of interest around the tissue of interest. 
The spleen-to-liver ratio was calculated by dividing the luminescence 
in the spleen by the luminescence in the liver.

In vitro luciferase mRNA LNP delivery and cellular uptake
The Hep G2 hepatocyte, Jurkat T cell, Raji B cell and RAW 264.7 mac-
rophage cell lines were purchased from ATCC; and the BeWo b30 
choriocarcinoma cell line was provided by D. Huh at the Univer-
sity of Pennsylvania. All cell lines tested negative for mycoplasma 
at the University of Pennsylvania’s Cell Center. The morphology of 
all cells was checked at every subculture or passage to ensure they 
were free from contamination for authentication purposes. Hep G2, 
RAW 264.7 and BeWo b30 cells were cultured in Dulbecco’s modi-
fied Eagle medium with l-glutamine (Gibco) supplemented with 10% 
(v/v) fetal bovine serum (Gibco) and 1% (v/v) penicillin–streptomycin 
(Gibco). Jurkat and Raji cells were cultured in Roswell Park Memo-
rial Institute 1640 medium with l-glutamine (Gibco) with the same  
supplements.

For luciferase mRNA expression experiments, cells were plated in 
96-well plates (ThermoFisher Scientific) at densities of 10,000 cells 
per 100 µl (Hep G2), 60,000 cells per 100 µl (Raji and Jurkat) or 20,000 
cells per 100 µl (RAW 264.7 and BeWo b30). Hep G2, RAW 264.7 and 
BeWo b30 cells were plated and allowed to adhere overnight, and the 
medium was changed to Opti-MEM Reduced Serum Medium (Gibco) 
before treatment. Luciferase mRNA LNPs were incubated with either 
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recombinant human ApoE4 (ThermoFisher Scientific) or recombi-
nant mouse β2-GPI (ThermoFisher Scientific) at doses of 0, 0.1, 0.25, 
0.5, 0.75 and 1 µg of protein per µg of lipid for 15 min at 37 °C with gen-
tle shaking at 300 rpm. Hep G2 cells were treated with 5 ng of encap-
sulated luciferase mRNA, while Jurkat, Raji, RAW 264.7 and BeWo 
b30 cells were treated with 20 ng of encapsulated luciferase mRNA. 
Twenty-four hours after LNP treatment, medium was removed, and 
50 µl 1× reporter lysis buffer (Promega) was added to each well, fol-
lowed by 100 µl luciferase assay substrate (Promega). After 10 min of 
incubation, luminescence intensity was quantified using an Infinite 
200 Pro plate reader (Tecan). For in vitro protein adsorption assays, 
normalized luciferase expression was calculated first by subtracting 
the luminescence signal from untreated cells and then dividing by the 
mean luminescence signal from cells treated with uncoated (no protein) 
LNPs. For in vitro shelf-life assays, normalized luciferase expression 
was calculated first by subtracting the luminescence signal from wells 
containing untreated cells and then dividing by the mean luminescence 
signal from cells treated with an equivalent amount of RNA (20 ng) 
freshly prepared with Lipofectamine MessengerMAX (Thermo Fisher  
Scientific).

For cellular uptake evaluations using confocal microscopy, Hep G2, 
Jurkat and BeWo b30 cells were plated in Nunc Lab-Tek II four chamber 
slides (ThermoFisher Scientific) at densities of 200,000 cells per ml 
(Hep G2 and BeWo b30) or 400,000 cells per ml ( Jurkat). Hep G2 and 
BeWo b30 cells were plated and allowed to adhere overnight, and the 
medium was changed to Opti-MEM Reduced Serum Medium before 
treatment. For Jurkat cells, chambers were coated with 50 µg ml−1 
poly-l-lysine (MilliporeSigma) in 10 mM Tris-HCl (ThermoFisher Sci-
entific) for 30 min and then allowed to dry overnight. DiD-labelled 
luciferase mRNA LNPs were incubated with either recombinant human 
ApoE4 or recombinant mouse β2-GPI at doses of 0 or 0.75 µg of protein 
per µg of lipid for 15 min at 37 °C with gentle shaking at 300 rpm. Hep 
G2, Jurkat, and BeWo b30 cells were treated with 200 ng of encapsulated 
luciferase mRNA. Thirty minutes after treatment, medium was removed, 
and cells were washed with 1× PBS and fixed with 4% paraformalde-
hyde (MilliporeSigma) for 15 min. Cells were then washed with 1× PBS 
and counterstained with 1 µg ml−1 DAPI (ThermoFisher Scientific) for 
5 min. Finally, slides were mounted to glass coverslips (ThermoFisher 
Scientific) with ProLong Diamond Antifade Mountant (ThermoFisher 
Scientific) overnight before imaging. Slides were imaged using a Leica 
Stellaris 5 confocal laser scanning microscope equipped with a fixed 
405 nm DAPI laser and an extended tuneable white light laser with a  
×20 objective.

For cellular uptake evaluations using flow cytometry, Hep G2, Jurkat 
and BeWo b30 cells were plated in 96-well plates at a density of 50,000 
cells per 100 µl. Hep G2 and BeWo b30 cells were plated and allowed to 
adhere overnight, and the medium was changed to Opti-MEM Reduced 
Serum Medium before treatment. Luciferase mRNA LNPs were labelled 
with DiD and coated with protein as described above and used to treat 
Hep G2, Jurkat and BeWo b30 cells with 50 ng of encapsulated luciferase 
mRNA. Thirty minutes after LNP treatment, medium was removed, and 
cells were washed with 1× PBS with 2 mM EDTA. Single-cell suspensions 
were analysed by flow cytometry for DiD fluorescence intensity using 
Luminex InCyte software on a Guava easyCyte flow cytometer equipped 
with blue, green and red lasers (Luminex). At least 10,000 events cor-
responding to singlets were acquired for all experimental samples. The 
percentage of DiD+ cells is reported as mean ± s.e.m. (n = 4 biological 
replicates with n = 6 technical replicates each).

In vivo LNP delivery to splenic and placental cells
Spleens and placentas were collected into 2 ml of ultrapure H2O and 
placed on ice for subsequent cell isolation and staining for flow cyto-
metric analysis58. Briefly, the tissues were passed through 100 µm cell 
strainers (MilliporeSigma) to generate cell suspensions. Placenta cell 
suspensions were treated with 1% (v/v) 2000 U/mL DNase I (NEB) and 

10% (v/v) 10X DNase I buffer (NEB) for 30 min at room temperature. 
Ammonium-chloride-potassium (ACK) lysis buffer (ThermoFisher 
Scientific) was then added to spleen and placenta cell suspensions for 
5 min, cells were centrifuged at 500g for 5 min and the supernatant was 
removed. ACK lysis was repeated until red blood cells were removed, 
and the resulting pellet was resuspended in 1× PBS with 2 mM EDTA. 
Then, 0.5 µl of TruStain FcX PLUS (anti-mouse CD16/32) antibody (Bio-
Legend) was added to each sample for 10 min at 4 °C.

Spleen samples were stained for cell surface markers for 30 min 
at 4 °C with 5 µl Brilliant Violent 421 anti-mouse CD45 antibody, 5 µl 
Brilliant Violet 711 anti-mouse CD19 antibody, 2 µl FITC anti-mouse 
CD3 antibody, 2 µl PE anti-mouse CD11c antibody and 5 µl PE-Cyanine7 
anti-mouse CD11b antibody (BioLegend). Placenta samples were stained 
for cell surface markers for 30 min at 4 °C with 3 µl Brilliant Violet 421 
anti-mouse CD45 antibody and 1.5 µl FITC anti-mouse CD31 antibody 
(BioLegend). Placenta samples were then washed, fixed and permeabi-
lized using a Cyto-Fast Fix/Perm buffer kit (BioLegend) per the manu-
facturer’s instructions. Placental cells were then stained intracellularly 
with 3 µl PE anti-mouse cytokeratin 7 antibody (Novus Biologicals). Data 
were acquired using BD FACSDiva software on a BD LSR II flow cytom-
eter equipped with violet, blue, green and red lasers. At least 50,000 
events corresponding to singlets were acquired for all samples. Thresh-
olds for positivity were determined using fluorescence-minus-one 
controls (Supplementary Figs. 21 and 22).

Placentas were also collected for immunofluorescence analysis; 
after dissection, placentas were immediately placed in 10% neutral 
buffered formalin (MilliporeSigma) for twenty-four hours. Samples 
were then dehydrated in ethanol, embedded in paraffin wax and sec-
tioned into 4-µm-thick sections longitudinally from the centre of the 
placenta. Sections were then stained for cytokeratin 7 (primary: rabbit 
anti-mouse cytokeratin 7 antibody (1:200, Abcam); secondary: PE don-
key anti-rabbit antibody (1:200, BioLegend)) or endomucin (primary: 
goat anti-mouse endomucin antibody (1:200, R & D Systems; secondary: 
FITC donkey anti-goat antibody (1:200, Abcam)) and counterstained 
with DAPI. Slides were then mounted to coverslips, after which images 
were acquired using the Leica Application Suite X on a Leica Stellaris 5 
confocal laser scanning microscope with a ×20 objective. Images were 
collected for two placentas per mouse, two sections per placenta and 
three images per section with reproducible results.

Inflammation- and hypoxia-induced pre-eclampsia models
For inflammation-induced pre-eclampsia, time-dated pregnant mice 
arrived on gestational day E5 and were randomly allocated into three 
cohorts; on E7, 200 µl of either 1× PBS or 1 µg kg−1 LPS (MilliporeSigma) 
was administered i.p.55–57. For hypoxia-induced pre-eclampsia, females 
at least 8–10 weeks of age were ear-tagged and weighed before timed- 
dated pregnancies were set up as described above. On gestational day 
E7, female mice were weighed, and those with a change in body weight 
of at least 1.5 g were randomly allocated into five cohorts. Pregnant 
mice were then treated i.v. with 1 × 109 PFU of Adv-sFlt-1 (refs. 6,61) 
(Vector BioLabs) diluted in 1× PBS. For both the inflammation- and 
hypoxia-induced models of pre-eclampsia, on gestational day E11, LNP 
55 or 98 encapsulating VEGF mRNA was administered i.v. to mice at a 
dose of 1 mg kg−1 of mRNA.

Mice were weighed daily from gestational day E6 to E16, and daily 
weight change was calculated for gestational days E7 to E16 by subtract-
ing the initial body weight measurement from E6. Pregnant mice were 
trained using a CODA Monitor Noninvasive Blood Pressure System 
(Kent Scientific Corporation) on gestational days E5 and E6 before 
recording a preliminary blood pressure reading on E7. Maternal mean 
arterial pressure was recorded daily at the same time of day from E7 
to E16; two to four readings were recorded for each mouse per day.

On gestational days E11.5 (six hours following LNP treatment) 
and E17, blood was collected retro-orbitally for serum analysis as 
described above. Similarly, at the study end point, blood was collected 



retro-orbitally in 1.5 ml tubes prefilled with 200 µl 0.5 M EDTA for flow 
cytometric analysis. Urine was also collected at the study end point 
by applying firm but gentle pressure to the lower backs of the mice to 
expel urine from the bladder onto a clean plastic surface. Urine was 
transferred to tubes for storage at −20 °C for further analysis. Mice 
were then euthanized with CO2, and fetuses, placentas, kidneys and 
spleens were dissected. Fetuses and placentas were weighed individu-
ally with a precision balance (Mettler Toledo, Columbus, OH). Total 
litter weight was calculated for each mouse as the sum of the weights 
of all fetuses in the litter.

Spleens and placentas were prepared for flow cytometric analysis 
as described above. Similarly, blood was prepared by several rounds 
of red blood cell lysis using ACK lysis buffer until cell pellets were 
clear. Blood and spleen cell pellets were resuspended in 1× PBS with 1% 
bovine serum albumin, and placenta cell pellets were resuspended in 
1× PBS with 2 mM EDTA. Then, 0.5 µl of TruStain FcX PLUS (anti-mouse 
CD16/32) antibody (BioLegend) was added to each sample for 10 min 
at 4 °C. Blood, spleen and placenta cell samples were stained for sur-
face markers for 30 min at 4 °C with 1 µl Spark 387 anti-mouse CD8 
antibody, 2 µl Brilliant Violet 421 anti-mouse CD4 antibody, 2 µl Bril-
liant Violet 711 anti-mouse CD19 antibody, 2 µl PerCP anti-mouse CD45 
antibody, 2 µl PE anti-mouse CD25 antibody, 2 µl PE-Cy7 anti-mouse 
CD11b antibody, 1 µl AlexaFluor 700 anti-mouse CD11c antibody and 
2 µl APC anti-mouse CD3 antibody (BioLegend). Data were acquired 
using BD FACSDiva software on a BD LSRFortessa flow cytometer 
equipped with ultraviolet, violet, blue, yellow/green and red lasers. 
At least 50,000 events corresponding to singlets were acquired for 
all spleen and placenta samples, and at least 10,000 events corre-
sponding to singlets were acquired for blood samples. Thresholds for 
positivity were determined using fluorescence-minus-one controls 
(Supplementary Fig. 25).

Placentas and kidneys were prepared for histological sectioning as 
described above and stained using H&E. An EVOS FL Auto 2 wide-field 
microscope (ThermoFisher Scientific) was used to image H&E-stained 
placenta and kidney sections. Mean blood vessel area in the labyrinth 
region of the placenta was calculated as previously described23. Briefly, 
two H&E-stained sections were prepared for each placenta, and three 
images were taken in the labyrinth region for each section. The Analyze 
Particles tool in ImageJ was used to calculate the mean vessel area for 
each image.

Mouse Quantikine ELISA kits (R & D systems) were used to evaluate 
VEGF, sFlt-1, TNF, IL-6 and IFNγ levels in serum per the manufacturer’s 
instructions. Colorimetric assay kits (Cayman Chemical) were used to 
evaluate ALT and AST levels in serum per the manufacturer’s instruc-
tions. Fluorescence assay kits (Abcam) were used to evaluate urine 
albumin concentration per the manufacturer’s instructions.

Statistical analysis
All plots were generated using RStudio or GraphPad Prism. FlowJo 
was used to analyse flow cytometry data. ImageJ2 was used to analyse 
wide-field microscopy and confocal laser scanning microscopy images. 
Data in normalized delivery heatmaps represent the mean, and data in 
violin plots (for instance, for fetal and placental weight, mean blood 
vessel area) represent the median with the 25th and 75th percentiles. All 
other data are presented as the mean ± s.e.m. with the exact number of 
replicates reported in the figure legends. All samples had at least n = 3 
biological replicates, and no statistical methods were used to prede-
termine sample size. Investigators were not blinded during outcome 
assessment or data analysis.

Ordinary (one technical replicate per biological replicate) or nested 
(multiple technical replicates per biological replicate) two-sided, 
one-way analyses of variance (ANOVAs) with post hoc Student’s t-tests 
using the Holm–Šídák correction for multiple comparisons were used 
to compare responses across treatment groups. Each fetus or placenta 
from one mouse was considered a technical replicate. Two-sided 

ordinary two-way ANOVAs with post hoc Student’s t-tests using the 
Holm–Šídák correction for multiple comparisons were used to compare 
responses across treatment groups and gestational days or mouse 
cohorts (non-pregnant versus pregnant). For data with only two treat-
ment groups, either ordinary or nested unpaired, two-tailed Student’s 
t-tests were used to compare responses across treatment groups. To 
generate volcano plots, ordinary two-sided, one-way ANOVAs with 
post hoc Student’s t-tests using the Holm–Bonferroni correction for 
multiple comparisons were used to compare normalized LNP delivery 
with the C12-200 formulation.

Least-squares linear regression was used to calculate the pKa 
(reported with 95% confidence interval), defined as the pH correspond-
ing to half-maximum fluorescence intensity. To generate correlation 
coefficient heatmaps, the squared Pearson’s correlation coefficient 
of mean normalized delivery was calculated for each pair of organs. 
Least-squares multiple linear regression models of normalized b-DNA 
delivery to proximal and distal placentas as well as encapsulation effi-
ciency were constructed. Linear models were stepwise simplified on 
the basis of the Akaike information criterion to identify key parameters 
influencing placental b-DNA delivery and encapsulation.

Reporting summary
Further information on research design is available in the Nature Port-
folio Reporting Summary linked to this article.

Data availability
Demultiplexed next-generation sequencing data from b-DNA LNP 
screening are available at https://upenn.box.com/v/VEGF-LNPs-pre- 
eclampsia. Source data are provided with this paper.

Code availability
Supplementary Code 1 for read extraction and tabulation and Supple-
mentary Code 2 for data transformation/normalization are provided 
with this paper.
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Extended Data Fig. 1 | High-throughput in vivo evaluation of a 98 LNP 
library using molecular barcoding in non-pregnant and pregnant mice.  
a, A large library of 98 LNP formulations was designed by synthesizing 24 unique 
ionizable lipid structures from 8 polyamine cores and 3 epoxide tails. 12 of 
these ionizable lipids were then further explored to formulate LNPs of varied 
excipient composition. b, Each of the 98 LNPs was formulated encapsulating a 
unique DNA barcode (b-DNA) to enable high-throughput, in vivo screening. 

The pooled LNPs were administered i.v. to non-pregnant and pregnant mice 
(n = 6 biological replicates) following which tissues were collected, processed, 
and prepared for next generation sequencing. Demultiplexing and subsequent 
data analysis identified a placenta-tropic LNP formulation. c, Heatmap depicting 
relative accumulation for each LNP/b-DNA in non-pregnant mouse tissues. Ion., 
ionizable; chol., cholesterol. Illustrations in b were created using BioRender 
(https://biorender.com).

https://biorender.com
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Extended Data Fig. 2 | Enrichment and correlation analysis of b-DNA LNP 
delivery in non-pregnant and pregnant mice. a–c, Volcano plots depicting 
significantly enriched (top right quadrant) and significantly depleted (top left 
quadrant) LNPs compared with the liver-tropic C12-200 LNP formulation in (a) 
non-pregnant and (b) pregnant tissues as well as (c) placentas and fetuses. 
Normalized delivery is reported as the mean (n = 6 biological replicates). For 
each tissue, two-sided, one-way ANOVAs with post hoc Student’s t tests using 
the Holm-Bonferroni correction for multiple comparisons with the C12-200 LNP 

were used to compare normalized delivery across LNP formulations for 
generating p values. d–g, The squared Pearson’s correlation coefficient  
for mean normalized delivery (r2) was calculated for each tissue pair and is 
presented as a heatmap for (d) non-pregnant mouse tissues, (e) pregnant 
mouse tissues, (f) between non-pregnant and pregnant mouse tissues, and  
(g) between pregnant mouse tissues and the placentas and fetuses. Dist., distal; 
Prox., proximal.



Extended Data Fig. 3 | Validation of results from high-throughput screening 
via luciferase mRNA delivery in non-pregnant mice. LNP 6 (negative control), 
LNP 55 (placenta-tropic), LNP 97 (C12-200), and LNP 98 (DLin-MC3-DMA) were 
formulated with luciferase mRNA and administered to non-pregnant mice at a 
dose of 0.6 mg kg−1 mRNA. a, Six hours after administration, tissues (H: heart, 
Lu: lungs, Li: liver, K: kidneys, S: spleen) were dissected and imaged using an 

in vivo imaging system (IVIS). b–e, Luminescence was quantified in the  
(b) lungs, (c) liver, and (d) spleen which was then used to calculate (e) a spleen-
to-liver ratio. Luminescence measurements are reported as the mean ± s.e.m. 
(n = 4 biological replicates). Ordinary two-sided, one-way ANOVAs with post 
hoc Student’s t tests using the Holm-Šídák correction for multiple comparisons 
were used to compare luminescence across treatment groups.
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Extended Data Fig. 4 | Cellular LNP delivery in the spleen and placenta for 
industry and clinical standard LNPs in healthy and inflammation-induced 
pre-eclamptic mice. To evaluate differences in biodistribution between healthy 
and pre-eclamptic pregnant mice,inflammation-induced pre-eclampsia  
was established via i.p. administration of 1 µg kg−1 lipopolysaccharide (LPS). 
DiD-labelled LNPs 97 and 98 were administered at an mRNA dose of 1 mg kg−1. 
Twelve hours later, cellular LNP delivery was evaluated in the (a–f) spleen and 

(g–l) placenta via flow cytometry. The percentage of DiD+ cells is reported as 
the mean ± s.e.m. (PBS, LNP 97, LNP 98, LPS + LNP 98: n = 4 biological replicates; 
LPS + LNP 97: n = 3 biological replicates). Either ordinary (a–f) or nested (g–l) 
two-sided, one-way ANOVAs with post hoc Student’s t tests using the Holm-Šídák 
correction for multiple comparisons were used to compare the percentage of 
DiD+ cells across treatment groups. CK7: cytokeratin 7.



Extended Data Fig. 5 | VEGF mRNA LNP 55 improves maternal weight and 
serum concentration of inflammatory cytokines in inflammation-induced 
pre-eclampsia. Inflammation-induced pre-eclampsia was established through 
i.p. administration of 1 µg kg−1 lipopolysaccharide (LPS) on gestational day E7.5. 
1 mg kg−1 VEGF mRNA LNP 55 was then administered i.v. on gestational day E11. 
a–c, Change in maternal weight was measured daily (a), and on gestational day 
E17 (b,c) fetal and placental weight were recorded. d–j, Serum levels of (d) VEGF, 
(e) sFlt-1, (f) alanine transaminase (ALT), (g) aspartate aminotransferase (AST), 
(h) tumour necrosis factor (TNF), (i) interleukin-6 (IL-6), and ( j) interferon-γ 
(IFNγ) were evaluated on gestational days E11.5 and E17. k, Mean blood vessel 

area in the placental labyrinth was quantified from H&E-stainined placental 
sections. Maternal weight change and serum protein levels are reported as the 
mean ± s.e.m. (n = 8 biological replicates). Fetal and placental weight are reported 
as the median with the 25th and 75th percentiles (n = 8 biological replicates,  
6–9 fetuses or placentas per mouse). Mean blood vessel area is reported  
as the median with the 25th and 75th percentiles (n = 8 biological replicates,  
1–2 placentas per mouse, 2 sections per placenta, 2–3 images per section). 
Ordinary two-sided, two-way (a, d–j) or nested two-sided, one-way (b–c, k) 
ANOVAs with post hoc Student’s t tests using the Holm-Šídák correction for 
multiple comparisons were used to compare responses across treatment groups.
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Extended Data Fig. 6 | VEGF mRNA LNP 55 reduces liver enzyme levels  
in serum and improves placental blood vessel area in hypoxia-induced 
pre-eclampsia. Hypoxia-induced pre-eclampsia was established through 
i.v. administration of 1 × 109 plaque forming units (PFU) of soluble Fms-like 
tyrosine kinase-1 adenovirus (Adv-sFlt-1) on gestational day E7.5. 1 mg kg−1  
VEGF mRNA LNPs 55 or 98 were then administered i.v. on gestational day E11.  
a–d, Maternal weight change was recorded daily (a), and on gestational  
day E17 (b) total litter weight, (c) litter size, and (d) albumin concentration in 
urine were measured. e–j, Serum levels of (e) VEGF, (f) alanine transaminase 
(ALT), (g) aspartate aminotransferase (AST), (h) tumour necrosis factor (TNF), 
(i) interleukin-6 (IL-6), and ( j) interferon-γ (IFNγ) were evaluated on gestational 
days E11.5 and E17. k, Placental vasculature in the labyrinth was visualized with 

H&E staining; stained sections were used to quantify mean blood vessel area.  
l, Similarly, renal histology was visualized using H&E staining with arrows 
indicating glomeruli. Maternal weight change, total litter weight, litter size, 
urine albumin concentration, and serum protein levels are reported as the 
mean ± s.e.m. (Adv-sFlt-1 + VEGF mRNA LNP 55: n = 5 biological replicates;  
PBS, Adv-sFlt-1: n = 4 biological replicates; Adv-sFlt-1 + VEGF mRNA LNP 98: n = 3 
biological replicates). Mean blood vessel area is reported as the median with 
the 25th and 75th percentiles (1–2 placentas per mouse, 2 sections per placenta, 
2–3 images per section). Ordinary (b–d) or nested (k) two-sided, one-way 
ANOVAs or ordinary two-sided, two-way ANOVAs (a, e–j) with post hoc 
Student’s t tests using the Holm-Šídák correction for multiple comparisons 
were used to compare responses across treatment groups.



Extended Data Fig. 7 | In inflammation-induced pre-eclampsia, VEGF 
mRNA LNP 55 partially restores a healthy immune landscape in the blood 
and placenta. a–c, Immunophenotyping was performed to evaluate 
differences in the proportion of immune cell populations in the (a) blood,  
(b) spleen, and (c) placenta in inflammation-induced pre-eclampsia following 

administration of the VEGF mRNA LNP 55 therapeutic. The proportion of 
immune cells are reported as mean ± s.e.m. (n = 8 biological replicates). 
Ordinary two-sided, one-way (a–b) or nested two-sided, one-way (c) ANOVAs 
with post hoc Student’s t tests using the Holm-Šídák correction for multiple 
comparisons were used to compare responses across treatment groups.
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