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Abstract

Ionizable lipid nanoparticles (LNPs) are the most clinically advanced nonviral platform for 

mRNA delivery. While they have been explored for applications including vaccines and gene 

editing, LNPs have not been investigated for placental insufficiency during pregnancy. Placental 

insufficiency is caused by inadequate blood flow in the placenta, which results in increased 

maternal blood pressure and restricted fetal growth. Therefore, improving vasodilation in the 

placenta can benefit both maternal and fetal health. Here, we engineered ionizable LNPs for 

mRNA delivery to the placenta with applications in mediating placental vasodilation. We designed 

a library of ionizable lipids to formulate LNPs for mRNA delivery to placental cells and 

identified a lead LNP that enables in vivo mRNA delivery to trophoblasts, endothelial cells, and 

immune cells in the placenta. Delivery of this top LNP formulation encapsulated with VEGF-A 

mRNA engendered placental vasodilation, demonstrating the potential of mRNA LNPs for protein 

replacement therapy during pregnancy to treat placental disorders.

Graphical Abstract
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1. INTRODUCTION

Viral and nonviral nucleic acid delivery approaches have been explored for a variety of 

clinical applications, including vaccines, protein and enzyme replacement therapies, and 

gene editing technologies.1,2 Viral platforms for nucleic acid delivery require genomic 

integration and therefore result in permanent gene expression.3 However, these platforms 

pose risks associated with immunogenicity and ectopic genomic integration, which can 

be particularly harmful in gene editing applications.4,5 Nonviral approaches include the 

delivery of therapeutic messenger RNA (mRNA), which does not require nuclear transport 

and initiates transient protein expression in the cytosol.5,6 mRNA faces several delivery 

challenges in vivo, including rapid degradation by nucleases and poor cellular uptake, due 

to its large size and negative charge.2,7 Drug delivery platforms such as lipid nanoparticles 

(LNPs) can address these challenges, as they have demonstrated efficient cellular uptake 

and potent mRNA delivery in vivo.8–13 Currently, LNPs are the most clinically advanced 

nonviral drug delivery platform for nucleic acid therapeutics. Specifically, LNPs are utilized 

for Moderna and Pfizer/BioNTech’s COVID-19 mRNA vaccines and Intellia’s gene editing 

therapies for congenital disorders.14–16 For these reasons, many groups including our own 

are exploring LNP-mediated mRNA delivery for novel applications.

To our knowledge, LNP-mediated nucleic acid therapy has been relatively unexplored for 

applications during pregnancy including placental disorders. The placenta is an organ that 

is fetal in origin and develops rapidly during gestation to supply nutrients and oxygen 

to the fetus.17,18 Insufficient vasodilation in the placenta can result in disorders such as 

pre-eclampsia, which affects 3–8% of all pregnancies.18–20 During pre-eclampsia, placental 

vasodilation is compromised and maternal blood pressure rises in an effort to continue 

providing nutrients and oxygen to the fetus.18 In severe cases, fetal growth restriction (FGR) 

develops, which is characterized by abnormally low fetal growth rates. FGR is the leading 

cause of stillbirth and prematurity worldwide, as the only curative treatment option for 

pre-eclampsia and FGR involves delivering the fetus regardless of viability and gestational 

age.20
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To address pre-eclampsia and FGR, several groups have developed gene therapies 

to improve placental vasodilation and angiogenesis. This has been done by either 

upregulating vascular endothelial growth factor (VEGF) or placental growth factor (PlGF) 

or downregulating soluble fms-like tyrosine kinase-1 (sFlt-1, the soluble version of VEGF 

receptor 1), which is overexpressed in pre-eclampsia.21–25 Most of these therapies have 

used viral approaches; however, due to the challenges associated with permanent, off-target 

VEGF expression, these therapies have been administered locally to the placenta via an 

invasive intrauterine artery injection. Alternatively, nonviral platforms, such as mRNA 

LNPs, offer the opportunity for transient VEGF expression via a simpler injection route, 

such as intravenous administration. However, LNP-mediated mRNA delivery to the placenta 

has been minimally evaluated during pregnancy. Extensive preclinical work in nonpregnant 

mice has demonstrated potent LNP-mediated mRNA delivery primarily to the liver upon 

intravenous administration.8,26 Interestingly, the placenta shares many physiological features 

with the liver including high blood flow and a fenestrated endothelium, suggesting the 

potential for LNP-mediated mRNA delivery to the placenta during pregnancy.27–29 Thus, we 

hypothesized that engineered LNPs capable of mRNA delivery to extrahepatic organs may 

mediate delivery to the placenta due to the high blood flow to the placenta during pregnancy.

Here, we engineer ionizable LNPs for mRNA delivery to the placenta with applications 

in mediating placental vasodilation using VEGF mRNA. To this end, we formulated 15 

luciferase mRNA LNPs from a library of ionizable lipids and screened in vitro mRNA 

delivery in placental cells. From this screen, LNP A4 mediated potent in vitro luciferase 

expression and was identified as a lead formulation. LNP A4 and a C12–200 LNP, an 

industry-standard ionizable LNP formulation, were evaluated for in vivo luciferase mRNA 

delivery in nonpregnant and pregnant mice. LNP A4 enabled extrahepatic mRNA delivery 

and potent luciferase expression in the placentas of pregnant mice, while C12–200 LNPs 

mediated mRNA delivery primarily to the liver with little luciferase expression in the 

placenta. Upon characterization of cellular mRNA LNP delivery, LNP A4 mediated in vivo 
mCherry expression in trophoblasts, endothelial cells, and immune cells in the placenta. 

When assessing functional delivery of a clinically relevant cargo such as VEGF mRNA, 

LNP A4 mediated local VEGF expression in the placenta and an increase in fetal blood 

vessel area with a better safety profile compared to C12–200 LNPs. Collectively, these 

results demonstrate the potential for an mRNA LNP platform to promote e vasodilation in 

the placenta to potentially aid in treating disorders during pregnancy.

2. RESULTS AND DISCUSSION

2.1. Design and Characterization of Ionizable Lipid LNP Library.

To engineer LNPs for mRNA delivery to the placenta during pregnancy, we formulated 

a library of LNPs each with their own unique ionizable lipid. Specifically, a library 

of ionizable lipids was synthesized, as previously described, using a fast and simple 

SN2 reaction setup, where one of three epoxide tails—A (C12), B (C14), or C (C16)—

was reacted with one of five polyamine cores—1, 2, 3, 4, or 5 (Figure 1A,B).9 Liquid 

chromatography–mass spectrometry (LC-MS) was used to confirm the molecular identity 
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of each of these 15 lipids (Figure S1). Reactions for the C1 and C4 lipids did not produce 

stable products, and these lipids were consequently removed from the library.

Each of the remaining 13 ionizable lipids was combined with 1,2-dioleoyl-sn-glycero-3-

phosphoethanolamine (DOPE), cholesterol, and lipid-anchored poly(ethylene glycol) (PEG) 

to formulate LNPs via chaotic mixing with an aqueous phase of luciferase mRNA in 

a microfluidic device (Figure 1C).30 Each of these lipid excipients plays a key role in 

LNP formulation, intracellular uptake, and delivery. The ionizable lipid enables mRNA 

encapsulation and endosomal escape for potent intracellular delivery, the phospholipid 

DOPE promotes LNP membrane formation, cholesterol enhances membrane stability, and 

lipid-PEG limits rapid clearance and immune cell opsonization.10,31,32 In addition to 

our library of 13 LNPs each with their own unique ionizable lipid, we formulated two 

control LNPs with ionizable lipids C12–200 and DLin-MC3-DMA, which serve as industry-

standard lipids for comparison (Figure S2).33

Following formulation, we characterized the hydrodynamic size, polydispersity index (PDI), 

encapsulation efficiency, and pKa of the LNP library (Figure 1D). Thirteen of the 15 LNPs 

were less than 120 nm in diameter and 14 of the 15 LNPs had PDIs less than 0.2. LNPs 

A5, B5, and C5 were the largest LNPs from each of their respective groups by epoxide tail 

length, suggesting that polyamine core 5—having the highest molecular weight of all of 

the evaluated cores—could increase the size of the LNP formulations. Ten of the 15 LNPs 

had mRNA encapsulation efficiencies greater than 85%; interestingly, these formulations 

primarily had ionizable lipids with C12 or C14 epoxide tails. Finally, we characterized 

LNP pKa, or the pH at which the LNP is 50% protonated. LNP pKa depends largely on 

the ionizable lipid component and a value <7.0 indicates the ability of the LNP to escape 

the acidic environment of the endosome following endocytosis.31 In the endosome, LNPs 

become protonated causing their membrane lipids to fuse with the anionic lipids of the 

endosome and release their mRNA cargo into the cytosol.31,32 pKa values for the LNP 

library ranged from 5.12 to 7.45, indicating the ionizable nature of our LNPs for potent 

intracellular mRNA delivery.

2.2. In Vitro mRNA LNP Delivery to Placental Cells.

Next, we sought to evaluate the in vitro mRNA transfection efficiency of our LNP library 

in placental cells. We chose JEG-3 cells—an immortalized human choriocarcinoma cell 

line—which are often used for in vitro models of placental trophoblasts.34 While there are 

many differences between the mouse and human placenta, trophoblasts are one of the major 

cell types in the placenta of both species. In the mouse placenta, there are three distinct 

cell regions from the maternal to fetal side (Figure 2A). The first region is the decidua, 

which is a thick mucosal membrane that houses placental immune cells and regulates 

trophoblast invasion into the uterus.20 The second region is the junctional zone, which is 

separated from the decidua by trophoblast giant cells (TGCs) and is responsible for the 

main endocrine functions of the placenta. Finally, the labyrinth is where the majority of 

nutrient and gas exchange occurs between maternal and fetal blood. Within the labyrinth, 

the maternal blood spaces are separated from fetal blood vessels by the syncytiotrophoblast 

layer and TGCs, as well as a layer of fetal endothelial cells. Both the syncytiotrophoblast 
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and endothelial cells secrete proteins, such as vascular endothelial growth factor (VEGF), 

that mediate vascularization in the placenta and impact the efficiency of oxygen transport 

to the fetus.35,36 Therefore, in vitro mRNA delivery was assessed in trophoblast cells for 

applications in mediating placental vasodilation.

LNPs or Lipofectamine MessengerMAX were used to treat JEG-3 cells with 50 ng of 

luciferase mRNA per 25,000 cells. Lipofectamine is often considered a gold standard 

transfection reagent for in vitro nucleic acid delivery.37,38 Luciferase expression as a 

measure of functional mRNA delivery was evaluated in JEG-3 cells 24 h following treatment 

with LNPs or Lipofectamine. Five LNPs from the 15 LNP library had significantly higher 

luciferase expression than Lipofectamine (Figure 2B). Of these top performers, two had 

the C12 epoxide tail, two had the C14 epoxide tail, and only one had the C16 epoxide 

tail. Additionally, only polyamine cores 2, 4, and 5 were represented among the top five 

performing LNPs. We also evaluated cell viability 24 h following treatment and none of the 

LNPs had a significant decrease in cell viability compared to Lipofectamine (Figure 2C).

We selected one optimal-performing LNP from each group by ionizable lipid epoxide 

length, and all three had a unique polyamine core: LNPs A4, B5, and C2. These LNPs, 

as well as the industry-standard C12–200 and MC3 LNPs, were used for in vitro dose-

dependent evaluation of luciferase expression and cell viability (Figure 2D,E). The trends 

observed in the library screen at 50 ng of mRNA per 25,000 cells were also observed at 

both lower and higher doses. LNP A4 was selected as our lead candidate; LNP B5 with its 

average performance and the poor-performing C12–200 LNP were also selected for further 

evaluation. LNP C2 was not selected for in vivo evaluation due to its relatively poor mRNA 

encapsulation efficiency of 74%.

2.3. LNPs Mediate Greater Extrahepatic mRNA Delivery Than C12–200 LNPs in 
Nonpregnant and Pregnant Mice.

LNPs A4, B5, and C12–200 were evaluated in vivo for luciferase expression in nonpregnant 

and pregnant mice. Previously, ionizable LNPs such as those utilizing the C12–200 

lipid have been shown to deliver mRNA predominantly to the liver upon intravenous 

administration due to the first-pass hepatic clearance effect and high blood flow in the 

liver.8,9 However, we hypothesized that LNPs capable of delivering mRNA to extrahepatic 

organs upon intravenous administration may mediate delivery to the placenta based on 

the increased blood flow to the placenta during pregnancy. Therefore, we first assessed 

luciferase mRNA delivery to the nonreproductive maternal organs—heart, lung, liver, 

kidneys, and spleen—in nonpregnant and pregnant mice.

Nonpregnant and gestational day E16 pregnant mice were treated with PBS or LNPs at a 

dose of 0.6 mg/kg of luciferase mRNA via tail vein injection. Six hours later, mice were 

injected with luciferin, euthanized, and their nonreproductive organs were removed. An in 
vivo imaging system (IVIS) was used to measure and quantify luciferase expression in each 

of the organs using regions of interest (ROIs). In both nonpregnant and pregnant mice, 

C12–200 LNPs mediated greater delivery to the liver than LNPs A4 and B5 (Figures 3A,B, 

S3, and S4). Instead, with LNP A4 there was significantly higher delivery to the spleen than 
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LNPs B5 and C12–200 in both nonpregnant and pregnant mice. These results suggest the 

ability of LNP A4 to deliver mRNA to extrahepatic organs such as the spleen.

One possible explanation for these extrahepatic delivery results is the design of the ionizable 

lipid structures. Unlike the C12–200 ionizable lipid, the A4 lipid structure includes oxygen 

atoms in the form of ester linkages that contribute to the overall electronegativity of the 

molecule. Other works have observed that either oxygen-containing or negatively charged 

lipids have also mediated extrahepatic delivery to the spleen.11,39 Future work might 

involve pooled high-throughput screening methodologies to enable a more robust analysis of 

structure–function relationships and address the often weak correlation observed between in 
vitro and in vivo delivery.40

LNP size differences could also play a role, as discussed by Chen et al., who suggest that 

larger LNPs might be unable to penetrate the 100–140 nm fenestrations in liver vasculature, 

therefore limiting LNP biodistribution in the liver.41 However, LNP A4 (93.44 ± 1.18 nm) 

and the C12–200 LNP (82.11 ± 3.28 nm) are very similar in size and are both below the size 

cutoff of mouse liver fenestrations, yet the C12–200 LNP mediates more substantial liver 

delivery in both pregnant and nonpregnant mice.

There were no significant differences in the normalized luciferase expression values between 

nonpregnant and pregnant mice for the nonreproductive organs across all treatment groups 

(Figure S6A–E). However, we sought to further evaluate the differences in extrahepatic 

delivery between nonpregnant and pregnant mice. To do so, we divided the bioluminescent 

flux measurements from the spleen by the liver measurements to calculate a spleen-to-liver 

ratio for all of the LNP treatment conditions. In nonpregnant mice, LNPs A4 and B5 had 

significantly higher spleen/liver ratios than C12–200, demonstrating that these formulations 

enabled greater spleen than liver delivery (Figure 3C). Interestingly, the spleen/liver ratios 

for LNPs A4 and B5 were significantly higher in nonpregnant mice than pregnant mice, 

suggesting less relative spleen delivery during pregnancy when compared to liver delivery 

(Figures 3D and S6G).

It is possible that these differences in the spleen/liver ratio between nonpregnant and 

pregnant mice could be explained by the first-pass hepatic clearance effect, where LNPs that 

are able to escape delivery to the liver can deliver to extrahepatic organs such as the spleen. 

Pregnancy essentially introduces a new extrahepatic organ—the placenta—with high blood 

flow demands. Therefore, the lower spleen/liver ratio in pregnant mice could potentially 

be explained by the partitioning of extrahepatic mRNA delivery between the spleen and 

placenta.

We next evaluated mRNA LNP-mediated luciferase expression to the uterus and ovaries 

in both nonpregnant and pregnant mice. Upon imaging, there appeared to be luciferase 

expression in both the uterus and ovaries of LNP-treated nonpregnant mice; however, the 

quantified bioluminescent flux values were very low compared to the other organs of 

interest, and delivery for the LNP treatment groups was not significant compared to PBS 

(Figures 4A, S3, and S4). In the case of pregnant mice, the uterus was dissected from the 

mouse and imaged intact, with the fetuses and placentas still inside. We observed significant 
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luciferase expression in the uterus of the LNP A4-treated group compared to PBS (Figure 

4B). For LNP A4, the normalized luciferase expression in the uterus was significantly 

higher in pregnant mice than nonpregnant mice (Figure S6F). These results suggest that the 

increased blood flow to the uterus during pregnancy to supply oxygen and nutrients to the 

fetus and placenta could play a role in impacting the biodistribution of LNP A4.

2.4. Potent LNP-Mediated mRNA Delivery to the Placenta in Pregnant Mice.

Then, we proceeded to dissect the uterus from pregnant mice to remove and image the 

placentas and fetuses. For the LNP A4 treatment group, there was significant bioluminescent 

flux in the placentas compared to the PBS-treated placentas (Figures 4C and S5). In 

agreement with our in vitro results, where LNP A4 was our lead candidate, this LNP 

mediated significantly higher in vivo luciferase mRNA delivery to the placenta compared 

to LNPs B5 and C12–200. There was no luciferase expression in the fetuses for any of the 

LNP treatment groups, suggesting the safety of this LNP platform for mRNA delivery to the 

placenta (Figures 4D and S5).

While this is, to the best of our knowledge, one of the first studies to evaluate mRNA 

LNP delivery in pregnant mice, there are numerous studies that evaluate the in vivo 
biodistribution of other nanoparticle platforms to the placentas and fetuses.42–46 Some of 

these works explore the effect of nanoparticle size on placental transport, including a study 

that observed localization in the fetus for 1.4 and 18 nm gold nanoparticles, but not for 

80 nm gold nanoparticles.42 This is consistent with our results using 80–120 nm LNPs, 

where we observed no placental transport and luciferase expression in the fetus. Besides 

the various tight junctions regulating placental transport, it has been hypothesized that this 

size-dependent effect is due to the presence of transtrophoblastic channels, which are ~20 

nm in diameter and separate maternal and fetal circulation.42,47,48 Based on this hypothesis, 

many nanoparticle platforms, such as those employed here, would be unable to utilize these 

channels to enter fetal circulation due to their size.

We also sought to evaluate the organ specificity of each mRNA LNP treatment in both 

nonpregnant and pregnant mice. To do this, we totaled luminescent flux measurements from 

the nonreproductive maternal organs, placentas, and fetuses (if applicable) and calculated the 

percent of total luminescent flux for each organ (Figure 4E). Interestingly, the percent liver 

delivery remained about the same between nonpregnant and pregnant mice for all three LNP 

formulations. For LNPs A4 and B5, less than 4% and 5%, respectively, of total luminescent 

flux were from the liver, indicating the extrahepatic specificity of these LNPs. Instead, with 

the C12–200 formulation, between 44% and 51% of the total luminescent flux was from the 

liver. When we compared nonpregnant and pregnant mice, the only extrahepatic delivery for 

nonpregnant mice was observed in the spleen, which then becomes partitioned between the 

spleen and placenta in pregnant mice. For LNP A4, about 81% of the total luminescent flux 

was from placental delivery in comparison to 79% for LNP B5 and 23% for C12–200. With 

both the highest magnitude of delivery and the highest specificity to the placenta, LNP A4 

was shown to be the lead candidate for placental mRNA delivery.

While it has been shown that benchmark LNPs—such as those containing the C12–200 or 

DLin-MC3-DMA ionizable lipids—deliver mRNA primarily to the liver, there are several 
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cardiovascular changes that occur during pregnancy that we sought to exploit for selective 

mRNA delivery to the placenta. By 24 weeks of gestation in human pregnancy, there is a 

45% increase in total cardiac output compared to nonpregnant individuals.49 20–25% of this 

cardiac output represents blood flow to the uterus and placenta, while blood flow to the 

liver as a function of cardiac output is lower during pregnancy compared to nonpregnant 

individuals.50 Due to these effects, we hypothesized that LNPs capable of delivering mRNA 

to extrahepatic organs in nonpregnant mice might be able to deliver mRNA to the placenta 

in pregnant mice. Interestingly, we saw that LNP A4 was capable of extrahepatic luciferase 

mRNA delivery to the spleen in nonpregnant mice which was then partitioned between the 

spleen and placenta in pregnant mice. With 81% of the total luminescent flux originating 

from the placenta, LNP A4 demonstrated not only placental specificity but also the highest 

magnitude of luciferase expression of the three LNP formulations evaluated.

2.5. Characterizing In Vivo LNP mRNA Delivery to Placental Cells.

We proceeded to further evaluate LNP A4 as our lead candidate for placental delivery 

and the C12–200 LNP as an industry-standard control. In addition to demonstrating 

luciferase mRNA delivery to the placenta, we used these LNPs to encapsulate mCherry 

mRNA for in vivo cellular level characterization of mRNA delivery to the mouse placenta. 

Twelve hours after PBS or LNP administration in pregnant mice, cells were isolated from 

dissected placentas and stained for trophoblasts using the intracellular pan-trophoblast 

marker cytokeratin-7 (CK7+CD31−CD45−), endothelial cells (CD31+CD45−), and immune 

cells (CD45+)51,52 (Figure S7). LNP A4 mediated significant in vivo mCherry mRNA 

delivery to trophoblasts, endothelial cells, and immune cells in the placenta compared to the 

PBS-treated group (Figure 5A–C). 4.58% of trophoblasts were mCherry+ in the LNP A4-

treated group compared to 3.02% and 1.57% in the C12–200 and PBS groups, respectively 

(Figure 5A). In endothelial cells, the mCherry positivity rates were 1.45%, 3.34%, and 

2.44% for the PBS, LNP A4, and C12–200 LNP treatment groups, respectively (Figure 5B). 

Finally, 4.11% of immune cells from the LNP A4 group were mCherry+ compared to 2.99% 

and 1.68% in the C12–200 LNP and PBS groups (Figure 5C). Overall, these results with 

mCherry mRNA follow the same general trend we observed with luciferase mRNA, where 

LNP A4 demonstrated higher mRNA delivery to the placenta. These results suggest the 

ability of our LNPs to deliver to the two major cell types of the placenta, trophoblasts and 

endothelial cells, which are also the target cells for treating placental insufficiency disorders. 

Additionally, placental immune cells are believed to play a role in pregnancy disorders, such 

as FGR, and could be a novel target for treating these conditions.53

To our knowledge, this is one of the first such works to deliver mRNA therapeutics to 

various cell populations in the placenta during pregnancy. As a result, it is difficult to 

comment on the clinical significance of ~3% to 5% mCherry+ trophoblasts, endothelial 

cells, and immune cells in the placenta. However, we can make comparisons to other works 

that have delivered mRNA LNPs to extrahepatic organs, such as the spleen and lymph 

nodes, and characterized cellular level delivery.10,11,54 Kheirolomoom et al. developed a 

CD3-targeting LNP platform encapsulating mCherry mRNA and observed positivity rates 

in splenic immune cells ranging from ~1.5% to 4%.54 Fenton et al. utilized fluorescently 

labeled mRNA and demonstrated splenic immune cell association positivity rates ranging 
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from ~2% to 6%.11 However, with Cy5-labeled mRNA, fluorescence detection is indicative 

of mRNA accumulation or association in a particular cell type, rather than the functional 

protein expression. Third, Oberli et al. commented on the challenges of characterizing 

in vivo delivery of mRNA encoding fluorescent proteins and instead used genetically 

engineered Ai14D reporter mice for the delivery of Cre recombinase-encoding mRNA.10 

Using this model, the group demonstrated delivery to about 1–5% of immune cells in the 

lymph nodes. It is accepted in the field that positivity rates are substantially higher for Cre 

mRNA-mediated recombination than when delivering fluorescent protein encoding mRNA. 

A single copy of Cre-recombinase can mediate excision of a stop cassette and result in 

detectable signal, whereas multiple copies of mCherry or GFP protein are typically required 

to detect signal. Together, we believe that our positivity rates of 3–5% in trophoblasts, 

endothelial cells, and immune cells in the placenta signify successful mRNA delivery.

2.6. mRNA LNPs Mediate VEGF Expression with Minimal Toxicity In Vivo.

We next sought to evaluate the functional delivery of a clinically relevant mRNA for 

placental disorders using LNP A4 and the industry-standard C12–200 LNP. Specifically, 

we chose vascular endothelial growth factor (mouse isoform VEGF164-A) mRNA, as both 

recombinant VEGF protein and adenovirus-mediated gene therapies have been explored for 

placental disorders, such as pre-eclampsia and fetal growth restriction.21–24,55 Additionally, 

a VEGF-A mRNA therapeutic (AZD8601) is currently being evaluated in clinical trials by 

Moderna Inc. and AstraZeneca for patients with heart failure undergoing coronary artery 

bypass grafting.56,57 Physiologically, VEGF-A binds and activates both VEGF receptor 1 

(VEGFR1) and VEGF receptor 2 (VEGFR2), which are present on both trophoblasts and 

endothelial cells in the placenta, to regulate angiogenesis and vasodilation.21,58,59

To this end, healthy, gestational age E16 pregnant mice were treated with either PBS or 

VEGF mRNA LNPs. 6 and 48 h following LNP administration, VEGF expression was 

evaluated in serum, livers, and placentas. 6 h following LNP treatment, serum levels of 

VEGF for both LNP A4 and C12–200 were significantly elevated compared to PBS, with 

significantly higher VEGF levels for the C12–200 LNP group than LNP A4 (Figure 6A). 

At 48 h, serum levels for both LNP treatment groups returned to baseline, demonstrating 

the transient nature of VEGF mRNA therapy. These results in the serum are encouraging, 

particularly for a systemically administered therapeutic. Swanson et al. have previously 

utilized an adenovirus vector encoding VEGF-A for local administration to the uterine 

arteries in a guinea pig model of FGR.23 With this platform, they observed VEGF 

concentration in maternal serum to be ~100 pg/mL to 200 pg/mL, which is up to 10-fold 

lower than our results with VEGF-A mRNA LNPs.

At 6 h, only the C12–200 LNP mediated significant VEGF expression in the liver (Figure 

6B). At 48 h, VEGF expression in the liver also returned to baseline. In the placenta 6 h after 

LNP administration, there was significant VEGF expression for the C12–200 LNP-treated 

mice compared to the LNP A4 and PBS groups (Figure 6C). At 48 h, the VEGF levels in 

the placenta were at baseline for all groups. Negative control LNPs, encapsulating mCherry 

mRNA, were also used to evaluate the effect of A4 and C12–200 LNPs themselves on 

VEGF levels. Six hours following administration, there were no significant differences in 
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serum or liver VEGF levels for the LNP treatment groups compared to the PBS control, 

suggesting minimal effect of the LNP carrier on VEGF expression (Figure S8).

As expected, the C12–200 LNP mediated higher serum levels of VEGF than the A4 LNP, 

consistent with the high luciferase mRNA expression in the liver with C12–200 LNPs and 

the efficacy of protein production by hepatocytes. In addition to measuring the serum levels 

of VEGF, a metric commonly used by the field to indicate functional mRNA delivery, 

we sought to further explore liver and placental levels of VEGF.9,60,61 Liver VEGF levels 

followed similar trends as those observed in the serum. However, in the placenta, there was 

no measured difference in VEGF levels between the LNP A4 and PBS groups at 6 h. We 

think that these results are due to the rapid secretion of VEGF by placental cells into the 

surrounding tissue and serum and also the protein’s relatively short half-life (about 15–30 

min).62,63

Next, we assessed LNP-mediated liver toxicity by measuring serum levels of the secreted 

liver enzymes alanine aminotransferase (ALT) and aspartate aminotransferase (AST). These 

enzymes are often used to assess nanoparticle-mediated toxicity, as elevated levels of either 

enzyme can indicate hepatic injury due to high nanoparticle accumulation in the liver.60,64 

Forty-eight hours after LNP administration, there were no significant changes in ALT levels 

compared to PBS for either of the LNP treatment groups (Figure 6D). However, C12–200 

LNPs resulted in significantly higher AST levels compared to PBS (3.5-fold) and LNP 

A4 (8.7-fold), perhaps suggesting some liver toxicity of the C12–200 LNPs. These results 

correlate with the high luciferase and VEGF expression in the liver for mice treated with 

C12–200 LNPs and demonstrate the benefit of delivery platforms, such as LNP A4, which 

have increased specificity to the placenta.

We also assessed LNP-mediated inflammation in the placenta at both 6 h and 48 h following 

LNP administration. Ensuring that our LNP platform induces minimal inflammation and 

immune system activation in the placenta is critical for translating the therapy to treat 

disorders such as pre-eclampsia, as pre-existing inflammation in the placenta is a key marker 

of the disorder.65 To this end, we selected seven cytokines that have been shown to mediate 

inflammation in the placenta and assessed the relative concentration of each cytokine in 

LNP-treated mice compared to PBS-treated mice.65,66 As is typically observed at acute 

timepoints following LNP administration, at 6 h, the relative cytokine concentrations were 

elevated for the LNP treatment groups compared to the PBS control (Figure 6E). By 48 h 

following administration, the elevated cytokine levels resolved and there were no significant 

increases in the relative concentrations of any of the seven cytokines between the LNP and 

PBS-treated groups. These results highlight the safety of LNPs for mRNA delivery to the 

placenta with minimal long-term effects on placental inflammation.

2.7. VEGF mRNA LNPs Mediate Vasodilation in the Placenta.

To supplement the ELISA–based detection of VEGF expression, we utilized 

immunohistochemical (IHC) staining for VEGFR1 and VEGFR2 in the placenta, a 

technique utilized by other groups following intrauterine artery administration of adenovirus 

vectors encoding VEGF-A for placental vasodilation.22,23 In these studies, positive 
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VEGFR1 and VEGFR2 staining was used to indicate receptor upregulation in response 

to a local increase in VEGF-A expression.

Placentas were collected from pregnant mice 48 h following treatment with PBS, LNP A4, 

or C12–200 LNP and stained for VEGFR1 using chromogenic detection with horseradish 

peroxidase so that positively stained regions appear brown. Using a 4× objective to capture 

an image of the entire placental section, there is an obvious increase in VEGFR1 expression 

for the LNP A4-treated group (Figure 7A). Next, a 40× objective was used to capture images 

in the labyrinth region, where white regions depict blood vessel spaces (both maternal and 

fetal). For the LNP A4 treatment group, increased VEGFR1 expression is evident in the dark 

brown regions surrounding the white blood vessel areas in the 40× images. ImageJ was used 

to quantify the percent VEGFR1 positive area for each image taken within the labyrinth 

region. The percent VEGFR1 positive area significantly increased for the LNP A4 and 

C12–200 treatment group compared to the PBS control (Figure 7C). While the difference 

in percent VEGFR1 positive area between the LNP A4 and C12–200 treatment groups was 

not significant (p = 0.10), these results are encouraging, especially given the superior safety 

profile of LNP A4. C12–200 LNPs increased the serum levels of the secreted AST liver 

enzyme by about 3.5-fold compared to PBS, suggesting some nanoparticle-mediated toxicity 

due to high accumulation in the liver. These results would likely limit the clinical translation 

of C12–200 LNPs for placental insufficiency disorders, as repeat dosing would be essential 

for LNP-mediated protein replacement therapy in this application.

We also performed IHC for VEGFR2 expression and observed a slight increase in positive 

staining for the LNP A4 treatment group compared to PBS-treated mice (Figure S9). 

However, staining for VEGFR2 was substantially weaker than for VEGFR1; therefore, 

ImageJ quantification was not performed.

These results, along with the VEGF levels in serum, indicate that both systemic and local 

VEGF mRNA delivery are likely to play a role in placental VEGF expression. For example, 

if systemic VEGF mRNA delivery was solely responsible for VEGFR1 expression in the 

placenta, we would expect to see a roughly 2-fold increase in VEGFR1 expression for the 

C12–200 LNP treatment group compared to LNP A4, correlating with the 2-fold higher 

serum VEGF levels for the C12–200 LNP. However, local VEGF mRNA delivery is also 

playing a role as VEGFR1 expression in the placenta is visibly stronger in the labyrinth 

for the LNP A4 treatment group (Figure 7A). Also, while the difference in VEGFR1 

quantification for the LNP A4 group was not significantly higher (p = 0.10) than the C12–

200 LNP, these results are encouraging, especially given the better safety profile of LNP A4 

(Figures 6D and 7C).

In addition to assessing local VEGF expression, we evaluated functional VEGF-mediated 

vasodilation in the placenta 48 h after LNP treatment. First, placentas were stained with 

hematoxylin and eosin (H&E) and imaged using 40× objectives. Images taken in the 

labyrinth region depict blood vessel spaces (both maternal and fetal) as white regions 

filled with red blood cells. Large purple-stained nuclei represent trophoblasts, while small 

purple-stained nuclei are fetal endothelial cells. Compared to PBS-treated mice, there is a 

visible increase in the blood vessel area for both LNP A4 and C12–200 treated placentas 
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(Figure S10). Interestingly, for the LNP A4 group, the increase in blood vessel area appears 

more homogeneous, while for mice treated with C12–200 LNPs, some blood vessels are 

excessively dilated, and others are unaffected. We hypothesized that these differences might 

be due to the local versus systemic expression of VEGF for the A4 and C12–200 LNPs, 

respectively.

Finally, we used IHC to stain placental sections for CD31. As an endothelial cell marker, 

CD31-stained regions denote fetal blood spaces in the labyrinth region of the placenta67,68 

(Figure 2A). Images taken with a 4× objective clearly show the divide between the 

junctional zone and the labyrinth (Figure 7B). The junctional zone has very few endothelial 

cells (primarily only those that line maternal vessels and arteries supplying blood to the 

placenta), while the villi in the labyrinth region are rich in fetal endothelial cells to mediate 

oxygen and nutrient transport between maternal and fetal circulation.

Images of CD31 stained placentas taken in the labyrinth region at 20× demonstrate an 

increased intensity of CD31 staining for the LNP A4 treatment group compared to PBS-

treated placentas (Figure 7B). We used the particle analysis tool in ImageJ to quantify fetal 

blood vessel area from CD31-stained placental sections. Mean fetal blood vessel area was 

significantly increased for the LNP A4 and C12–200 treatment groups compared to the 

PBS control (Figure 7D). These results suggest VEGF mRNA LNP-mediated functional 

vasodilation in the placenta as a promising therapeutic for placental disorders.

3. CONCLUSIONS

In summary, we developed an ionizable LNP platform for mRNA delivery to the placenta 

with applications in mediating placental vasodilation using VEGF mRNA. Our lead 

candidate LNP A4, identified for its potent in vitro mRNA delivery in placental cells, 

enabled high luciferase mRNA delivery to the placenta in pregnant mice. This LNP platform 

was also used to deliver mCherry mRNA to trophoblasts, endothelial cells, and immune cells 

in the placenta. When evaluating VEGF mRNA as a clinically relevant cargo for placental 

vasodilation, LNP A4 increased VEGFR1 expression and vasodilation of fetal blood vessels 

in the placenta with a better safety profile than benchmark C12–200 LNPs. Future directions 

to clinically translate this work will involve the evaluation of the LNP A4 mRNA delivery 

platform in a murine model of placental insufficiency. Clinical outcomes, such as maternal 

blood pressure, serum levels of sFlt-1, placental inflammation, placental and fetal weight, 

and fetal survival, can be quantified as measures of mitigating both the maternal symptoms 

of pre-eclampsia and the fetal symptoms of FGR. However, there is no clear consensus 

in the literature on comprehensive models of pre-eclampsia and FGR that capitulate the 

complex and multisystem effects of these disorders.69–71 For example, different models have 

been utilized to mimic particular hallmarks of the disorder, including placental ischemia, 

placental inflammation, and restricted fetal growth. Therefore, the necessity of multiple 

models of placental insufficiency to robustly characterize the therapeutic effect of LNP-

mediated VEGF mRNA delivery places this work outside the scope of the current study. 

In conclusion, this work demonstrates the potential of an mRNA LNP platform for protein 

replacement therapies to treat placental insufficiency disorders.
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ABBREVIATIONS

ALT alanine transaminase

AST aspartate aminotransferase

CK7 cytokeratin-7

FGR fetal growth restriction

H&E hematoxylin and eosin

IVIS in vivo imaging system

LNP lipid nanoparticle

mRNA messenger RNA

PlGF placental growth factor

sFlt-1 soluble fms-like tyrosine kinase

TGCs trophoblast giant cells

VEGF vascular endothelial growth factor

VEGFR1 vascular endothelial growth factor receptor 1

VEGFR2 vascular endothelial growth factor receptor 2
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Figure 1. 
Overview of the ionizable lipid library and LNP formulation and characterization. (A) 

Structures of the three epoxide tails—C12 (A), C14 (B), and C16 (C)—as well as the 

five polyamine cores—1, 2, 3, 4, and 5—that make up the library of ionizable lipids 

screened in the LNP library. (B) Synthesis of ionizable lipid A4 via SN2 reaction. (C) 

Formulation of LNPs via microfluidic mixing of an ethanol phase containing ionizable 

lipid, phospholipid, cholesterol, and lipid-PEG and an aqueous phase containing mRNA. (D) 

Hydrodynamic diameter, polydispersity index (PDI), mRNA encapsulation efficiency, and 

pKa characterization of the LNP library. Data are reported as mean ± standard deviation (n = 

3 observations).

Swingle et al. Page 20

J Am Chem Soc. Author manuscript; available in PMC 2023 March 08.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 2. 
In vitro LNP-mediated luciferase mRNA delivery to placental cells. (A) Left: regions of the 

mouse placenta from the maternal to fetal side. Right: cell types separating the maternal 

and fetal blood spaces in the labyrinth region. (B, C) JEG-3 trophoblast cells were treated 

with LNPs or Lipofectamine MessengerMAX at a dose of 50 ng of luciferase mRNA 

per 25,000 cells for 24 h. Normalized luciferase expression was quantified by subtracting 

bioluminescence values from untreated cells and normalizing to the Lipofectamine group. 

Normalized luciferase expression is reported as mean ± SEM of n = 6 biological replicates 

(averaged from n = 5 technical replicates each). Percent cell viability for each treatment 

condition was normalized to untreated cells and is reported as mean ± SEM of n = 4 

biological replicates (averaged from n = 4 technical replicates each). Nested one-way 
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ANOVAs with post hoc Student’s t tests using the Holm–Šídák correction for multiple 

comparisons were used to compare the normalized luciferase expression or cell viability 

across treatment groups to Lipofectamine. (D, E) Luciferase expression and cell viability 

were evaluated in a dose-dependent manner at 25, 50, 75, 100, and 150 ng of luciferase 

mRNA per 25,000 cells. Normalized luciferase expression is reported as mean ± SEM of 

n = 6 biological replicates (averaged from n = 5 technical replicates each) and percent cell 

viability is reported as mean ± SEM of n = 4 biological replicates (averaged from n = 3 

technical replicates each). Nested 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 or cell viability across treatment groups to Lipofectamine at each dose. 

*p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001, ****p ≤ 0.0001.

Swingle et al. Page 22

J Am Chem Soc. Author manuscript; available in PMC 2023 March 08.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 3. 
In vivo LNP-mediated luciferase mRNA delivery to the nonreproductive maternal organs of 

nonpregnant and pregnant mice. (A, B) IVIS images and quantification of luciferase mRNA 

LNP delivery (0.6 mg/kg) to the heart, lung, liver, kidneys, and spleen in (A) nonpregnant 

and (B) pregnant mice. For each treatment group, representative IVIS images are shown 

from the mouse with the normalized luminescence flux value in the spleen closest to the 

mean. Two-way ANOVAs with post hoc Student’s t tests using the Holm–Šídák correction 

for multiple comparisons were used to compare normalized flux across treatment groups and 

organ. (C, D) Spleen-to-liver ratio for each LNP treatment group in (C) nonpregnant and 

(D) pregnant mice. One-way ANOVAs with post hoc Student’s t tests using the Holm–Šídák 

correction for multiple comparisons were used to compare relative flux across treatment 
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groups. All data are reported as mean ± SEM (n = 5 biological replicates). *p ≤ 0.05, **p ≤ 

0.01, ***p ≤0.001, ****p ≤ 0.0001.
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Figure 4. 
In vivo LNP-mediated luciferase mRNA delivery in nonpregnant and pregnant mice to the 

uterus, placentas, and fetuses. (A, B) IVIS images and quantification of luciferase mRNA 

LNP delivery (0.6 mg/kg) to the heart, lung, liver, kidneys, and spleen in (A) nonpregnant 

and (B) pregnant mice. Normalized flux in the uterus is reported as the mean ± SEM (n = 

5 biological replicates). One-way ANOVAs with post hoc Student’s t tests using the Holm–

Šídák correction for multiple comparisons were used to compare normalized luminescence 

flux across treatment groups. (C, D) IVIS images and quantification of luciferase mRNA 

LNP delivery (0.6 mg/kg) to the placentas (C) and fetuses (D) of pregnant mice. Normalized 

flux in the fetuses and placentas are reported as the mean ± SEM for each mouse (n = 5 

biological replicates each with n = 6–10 placentas and fetuses). Nested one-way ANOVAs 

Swingle et al. Page 25

J Am Chem Soc. Author manuscript; available in PMC 2023 March 08.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



with post hoc Student’s t tests using the Holm–Šídák correction for multiple comparisons 

were used to compare normalized flux across treatment groups. For each treatment group, 

representative IVIS images are shown from the mouse with the normalized flux value in the 

uterus, placentas, or fetuses closest to the mean. (E) Organ specificity of each LNP treatment 

group calculated as a percent of total luminescent flux from the nonreproductive maternal 

organs, placentas, and fetuses. M: mouse, NP: nonpregnant, P: pregnant, **p ≤ 0.01.
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Figure 5. 
Characterizing in vivo LNP-mediated mCherry mRNA delivery to the placentas in pregnant 

mice. (A–C) Pregnant mice were treated with mCherry mRNA LNPs at a dose of 1 

mg/kg and placentas were collected 12 h later for flow cytometry analysis. Histograms 

and quantification of percent mCherry+ cells in (A) cytokeratin-7+ (CK7) CD31−CD45− 

trophoblasts, (B) CD31+CD45− endothelial cells, and (C) CD45+ immune cells in the 

placenta. Percent mCherry+ cells are reported as the mean ± SEM for each mouse (n = 

5 biological replicates each with n = 4–8 placentas). Nested one-way ANOVAs with post 
hoc Student’s t tests using the Holm–Šídák correction for multiple comparisons were used 

to compare percent mCherry+ cells across treatment groups. For each treatment group, 
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representative histograms with their respective cell counts are shown from the mouse with 

the value for percent mCherry+ cells closest to the mean. M: mouse, *p ≤ 0.05.
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Figure 6. 
Evaluation of VEGF expression and toxicity in pregnant mice treated with VEGF mRNA 

LNPs. (A–C) VEGF expression in (A) serum, (B) livers, and (C) placentas from pregnant 

mice both 6 h and 48 h following treatment with PBS or VEGF mRNA LNPs at a dose of 

1 mg/kg. VEGF concentration in livers and placentas was normalized to the mass of total 

protein in the tissue homogenate. For serum and livers, VEGF concentration is reported as 

mean ± SD (n = 3 biological replicates) and for placentas, VEGF concentration is reported 

as the mean ± SD for each mouse (n = 3 biological replicates each with n = 4–8 placentas). 

For serum and livers, one-way ANOVAs with post hoc Student’s t tests using the Holm–

Šídák correction for multiple comparisons were used to compare the VEGF concentration 

across treatment groups. For placentas, nested one-way ANOVAs with post hoc Student’s t 
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tests using the Holm–Šídák correction for multiple comparisons were used to compare the 

VEGF concentration across treatment groups. (D) ALT and AST enzyme levels in serum 

48 h after treatment with PBS or VEGF mRNA LNPs. A two-way ANOVA was performed 

on serum enzyme levels with post hoc Student’s t tests using the Holm–Šídák correction 

for multiple comparisons. Data are reported as mean ± SD (n = 3 biological replicates). (E) 

Cytokine levels in placental tissue homogenates both 6 and 48 h following treatment with 

PBS or VEGF mRNA LNPs. For each cytokine, data are normalized to the average of the 

optical density measurements for the PBS-treated mice. Data are reported as mean ± SD (n = 

3 biological replicates). M: mouse, *p ≤ 0.05, ***p ≤ 0.001, ****p ≤ 0.0001.
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Figure 7. 
Assessing local VEGF expression and vasodilation in the placenta after treating pregnant 

mice with VEGF mRNA LNPs. (A) 4× and 40× images from VEGFR1 stained placentas. 

In the 4× images, the junctional zone and labyrinth are divided by a dashed black line. In 

the 40× images, the brown VEGFR1 staining is darker in the LNP A4 group, particularly in 

the regions surrounding the white blood spaces. (B) 4× and 20× images from CD31 stained 

placentas. Regions positive for CD31 are stained brown and denote fetal blood spaces. For 

VEGFR1 and CD31 staining, representative images are shown for each treatment group that 

had percent positive VEGFR1 positive area or mean fetal blood vessel area measurements 

closest to the mean. (C) Quantification of percent VEGFR1 positive area from VEGFR1 
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stained placentas using ImageJ. (D) Quantification of fetal blood vessel area from CD31 

stained placentas using ImageJ. Nested one-way ANOVAs with post hoc Student’s t tests 

using the Holm–Šídák correction for multiple comparisons were used to compare percent 

VEGFR1 positive area or mean fetal blood vessel area across treatment groups. Data are 

reported as median with first and third quartiles (n = 3 biological replicates with n = 3 

placentas per mouse, n = 2 sections per placenta, and n = 3 distinct images per section for a 

total of n = 54 images per treatment group). M: mouse, *p ≤ 0.05, **p ≤ 0.01.
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