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Orthogonal Design of Experiments for Engineering of Lipid
Nanoparticles for mRNA Delivery to the Placenta
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During healthy pregnancy, the placenta develops to allow for exchange of
nutrients and oxygen between the mother and the fetus. However, placental
dysregulation can lead to several pregnancy disorders, such as preeclampsia
and fetal growth restriction. Recently, lipid nanoparticle (LNP)-mediated
delivery of messenger RNA (mRNA) has been explored as a promising
approach to treat these disorders. Here, iterative libraries of LNPs with varied
excipient molar ratios are screened in vitro for enhanced mRNA delivery to
placental cells with minimal cytotoxicity when compared to an LNP
formulation with a standard excipient molar ratio. LNP C5, the top
formulation identified by these screens, demonstrates a fourfold increase in
mRNA delivery in vitro compared to the standard formulation. Intravenous
administration of LNP C5 to pregnant mice achieves improved in vivo
placental mRNA delivery compared to the standard formulation and mediates
mRNA delivery to placental trophoblasts, endothelial cells, and immune cells.
These results identify LNP C5 as a promising optimized LNP formulation for
placental mRNA delivery and further validates the design of experiments
strategy for LNP excipient optimization to enhance mRNA delivery to cell
types and organs of interest.
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1. Introduction

Ionizable lipid nanoparticles (LNPs) have
recently emerged as the most clinically ad-
vanced non-viral platform for therapeutic
delivery of nucleic acids. The use of LNPs
to deliver messenger RNA (mRNA) holds
great therapeutic promise to enable tran-
sient protein expression without the risks
associated with genomic integration, min-
imizing off-target effects.[1–3] LNPs are ad-
vantageous delivery vehicles due to their
highly modular nature, strong biocompat-
ibility, and ability to enable potent intra-
cellular mRNA delivery.[1,2,4–10] Addition-
ally, LNPs can overcome many of the chal-
lenges otherwise associated with in vivo
mRNA delivery, including rapid degrada-
tion and poor cellular uptake due to its
negative charge and large size.[1,2] Given
these advantages, LNP-mediated mRNA de-
livery has been applied to a wide range of
therapeutic applications, including protein
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replacement therapy, cancer immunotherapy, gene editing
and, most notably, the recent success of the COVID-19
vaccines.[2–4,7–9,11–14]

Recently, LNPs have been explored for therapeutic applica-
tions during pregnancy, specifically for mRNA delivery to the
placenta.[15–17] The placenta is an organ that develops through-
out pregnancy to support fetal development. Its primary role is
to serve as a biological barrier between maternal and fetal cir-
culation, protecting the fetus from any harmful molecules and
providing a site for nutrient and oxygen exchange.[18–20] Placen-
tal disorders, such as preeclampsia and fetal growth restriction,
can arise during pregnancy as a result of dysfunctional placental
development and can lead to immediate and long-term compli-
cations for both mother and fetus.[21,22] It is estimated that 4 mil-
lion women are diagnosed with preeclampsia each year, and fetal
growth restriction is the greatest risk factor for still birth; both
disorders are leading causes of maternal and fetal morbidity and
mortality worldwide.[21–23]

Despite the global prevalence of preeclampsia and fetal growth
restriction, treatment options are severely lacking. Management
of these disorders usually relies on early delivery of the fetus and
placenta to prevent severe complications of each disease.[21,22,24,25]

Given the lack of available therapeutics, researchers have fo-
cused on replacing growth factors found to be deficient in these
conditions as a possible solution. Prior studies have investi-
gated the use of LNPs to deliver mRNA encoding either vascu-
lar endothelial growth factor (VEGF) or placental growth factor
(PlGF) to the placenta.[15,16] It is thought that through overex-
pression of these vital proteins, normal placental function can be
restored.

To effectively design LNPs that can deliver mRNA to the pla-
centa, it is important to understand the structures, cell types and
barriers present at the placental interface. Mouse models have
been essential to investigate new therapeutics for use during
pregnancy. Mice are commonly used as there are several integral
placental features that are shared between mouse placentas and
human placentas. Specifically, trophoblasts are the main cell type
present in the placentas of both species.[26,27]

The structure of the mouse placenta can be divided into
three separate regions: the decidua, the junctional zone and the
labyrinth (Figure 1A, left). The decidua is the region that lies clos-
est to the maternal side and functions as a mucosal layer that reg-
ulates trophoblast invasion to ensure proper embryo implanta-
tion and placental development. Additionally, it is home to many
of the immune cells that reside in the placental environment. The
region bordering the decidua is the junctional zone, which serves
as the main endocrine compartment of the placenta. The decidua
and junctional zone are separated by a layer of trophoblast giant
cells (TGCs), which are also involved in supporting embryo im-
plantation into the uterus. Lastly, the final region of the placenta
is the labyrinth, the primary site of nutrient and gas exchange be-
tween the mother and the fetus.[26,27] The exchange interface of
the placental labyrinth is composed of two syncytiotrophoblast
layers and a layer of fetal endothelial cells (Figure 1A, right).
TGCs are also present as this interface but do not form a contin-
uous barrier.[26] Endothelial cells, immune cells and trophoblast
cells, specifically the syncytiotrophoblast layer, secrete proteins
into the placental environment, and as such are target cells of
interest for LNP-mediated mRNA delivery in the placenta.[28–30]

To maximize mRNA delivery to an organ or cell type of in-
terest, such as the placenta, the excipient molar ratios of an
LNP formulation can be optimized.[4–6,9,16,31–32] LNPs are typi-
cally formulated as four component systems where the main
excipients used are an ionizable lipid, phospholipid, choles-
terol, and lipid-anchored poly(ethylene glycol) (PEG). Each ex-
cipient plays an important role in promoting LNP-mediated de-
livery of mRNA (Figure 1B).[2,3,11,34] Ionizable lipids are an im-
portant component of LNPs as they become positively charged
in acidic environments.[3,4,34] This shift in charge improves
cargo encapsulation efficiency by complexing with the nega-
tively charged mRNA during formulation. This charge shift ad-
ditionally aids in endosomal escape of LNPs through mem-
brane disruption.[3,4,15,34] Cholesterol plays an important struc-
tural role by modulating membrane rigidity to enhance LNP
stability.[2,4] The inclusion of the phospholipid 1,2-dioleoyl-sn-
glycero-3-phosphoethanolamine (DOPE) can also improve en-
dosomal escape through destabilization of endosomal mem-
branes as well as support LNP stability.[3,4,9,34,35] Lastly, the lipid-
anchored PEG reduces aggregation, protein absorption, and im-
mune cell recognition of LNPs while also enhancing circulation
time.[2–4,11,34] Modulation of these distinct LNP excipient compo-
nents and their molar ratios can lead to changes in the physico-
chemical properties of the LNPs, including their size, shape, sur-
face properties, morphology and stability, ultimately impacting
LNP efficacy and uptake into different cell types.[3–5,7,33,34,36] As
LNP delivery to the placenta is still in its infancy, optimization of
excipients is vital to improving LNP-mediated mRNA delivery to
the placenta.

Recent work published by our lab screened a library of LNPs
formulated with 15 novel ionizable lipids for mRNA delivery
to trophoblasts. Following systemic administration in pregnant
mice, LNPs formulated with our lead ionizable lipid C12-494
were able to more potently deliver mRNA to the placenta com-
pared to LNPs formulated with an industry standard ionizable
lipid, C12-200.[15] However, these LNPs were formulated using
a standard excipient molar ratio that was previously optimized
for mRNA delivery to the liver.[5] Here, we used the principles
of orthogonal design of experiments (DOE) to create sequential
libraries of C12-494 LNPs with varied excipient molar ratios to
identify lead formulations for enhanced in vivo mRNA delivery
to the placenta (Figure 1C). Utilizing four molar ratios each of
C12-494, DOPE, cholesterol and lipid-anchored PEG, we engi-
neered a design space of 256 possible LNP formulations which
we evaluated using a library of 16 representative LNP formu-
lations, termed library A. We screened library A in BeWo b30
cells, a human trophoblast cell line, to assess mRNA delivery
and cytotoxicity in comparison to the standard excipient formu-
lation, LNP S1. Trends in mRNA delivery based on excipient mo-
lar ratios were used to design two sequential libraries, B and C,
within a narrowed range of excipient molar ratios. Libraries B
and C were again screened in BeWo b30 cells to identify individ-
ual formulations with potent mRNA delivery and minimal cyto-
toxicity when compared to LNP S1. Finally, the top two formu-
lations across all libraries were screened for in vivo luciferase
mRNA delivery to murine placentas. LNP C5 was identified as
the lead formulation, demonstrating potent mRNA delivery to
the placenta as well as reduced mRNA delivery to the mater-
nal liver. Finally, LNP C5 demonstrated the ability to mediate

Small 2023, 2303568 © 2023 Wiley-VCH GmbH2303568 (2 of 13)

 16136829, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/sm

ll.202303568 by U
niversity O

f Pennsylvania, W
iley O

nline L
ibrary on [05/08/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



www.advancedsciencenews.com www.small-journal.com

Figure 1. A) Left: structure of the mature mouse placenta which consists of three regions: the decidua, the junctional zone and the labyrinth. Right:
zoomed in view of the labyrinth region and the cell types that separate maternal circulation from fetal circulation. Redrawn from ref. [15]. B) Schematic of
LNP synthesis where an ethanol phase, containing DOPE, the ionizable lipid C12-494, cholesterol and lipid-anchored PEG, was mixed with an aqueous
phase, containing mRNA, in a microfluidic device to formulate LNPs. C) Schematic of experimental design where LNP libraries were screened in vitro
to identify high-performing LNP formulations which were further evaluated in vivo for LNP-mediated mRNA delivery to the placenta in pregnant mice.

mCherry expression in trophoblasts, endothelial cells and im-
mune cells in the placenta. Taken together, these results confirm
the potential of LNP C5 to potently deliver mRNA to the placenta
and support the importance of optimizing LNP excipient mo-
lar ratios to improve mRNA delivery to an organ or cell type of
interest.

2. Results and Discussion

2.1. Formulation and Characterization of Library A LNPs

Previous work has reported optimized LNP excipient molar ratios
for mRNA delivery to the liver; trends indicated that decreased
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Figure 2. In vitro screening of library A for LNP-mediated luciferase mRNA delivery to BeWo b30 trophoblast cells. A) Schematic of the orthogo-
nal DOE process used to engineer library A with 16 representative LNP formulations. B) Levels of excipient molar ratios used to generate library A.
C) Luciferase expression and D) cell viability of BeWo b30 cells 24 h after treatment with library A LNPs or the standard formulation (S1) at a dose of
50 ng of luciferase mRNA per 50 000 cells. Relative luminescence was quantified by normalizing to cells treated with LNP S1 (dashed line in (C)) and cell
viability was measured by normalizing to untreated cells (dashed line in (D)). Results are reported as mean ± standard deviation from n = 3 biological
replicates. Nested one-way ANOVAs with post hoc Student’s t tests using the Holm–Šídák correction for multiple comparisons were used to compare
the luciferase expression or cell viability across treatment groups to LNP S1, ***p ≤ 0.001, ****p ≤ 0.0001. E) Average luminescence values of the 4
LNP formulations at each molar ratio of C12-494, DOPE, cholesterol and PEG. Error bars = standard error of the mean. F) Average luminescence values
of the 2 LNP formulations at a specific molar ratio of one excipient (C12-494 or cholesterol) and either the lower or higher molar ratios of the second
excipient (DOPE, cholesterol or C12-494). Error bars = standard error of the mean.

ionizable lipid content and increased phospholipid, cholesterol,
and PEG content led to improved mRNA delivery.[5] However,
these parameters have not yet been optimized for mRNA LNP
delivery to the placenta. Thus, an initial library of LNPs was engi-
neered using orthogonal DOE where each of the four excipients

was evaluated at four molar ratios using a library of 16 represen-
tative formulations (Figure 2A, Tables S1 and S2, Supporting In-
formation). The initial molar ratios were selected based on pre-
vious investigations into excipient optimization.[5,6,30,31] Specifi-
cally, C12-494 was varied between 15% and 45%, DOPE between
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10% and 40%, cholesterol between 5% and 50%, and PEG be-
tween 0.5% and 9.5% (Figure 2B). Throughout experimentation,
the optimized LNPs for placental mRNA delivery were compared
to the standard excipient mRNA formulation, LNP S1, which is
formulated at a molar composition of 35% ionizable lipid:16%
DOPE:46.5% cholesterol:2.5% PEG.[5]

To formulate the LNPs evaluated in this study, the ionizable
lipid C12-494 was synthesized (Figure S1, Supporting Informa-
tion) and combined with DOPE, cholesterol and lipid-anchored
PEG in ethanol. This ethanol phase was then chaotically mixed
with an aqueous phase containing mRNA in a microfluidic de-
vice to formulate each LNP (Figure 1B). After formulation, library
A was characterized for size, zeta potential, mRNA concentra-
tion, and mRNA encapsulation efficiencies (Table S3, Supporting
Information). The z-average size of the LNPs in library A ranged
from 63.7 to 133.2 nm where 15 of the 16 LNP formulations had a
polydispersity index (PDI) under 0.3, indicating uniform LNP for-
mulation. The surface charge of the LNPs in library A remained
neutral, between −5 and 5 mV, with the exception of LNP A14
which had a zeta potential of −18.1 mV. mRNA concentrations
ranged from 23.5 to 45.7 ng μL−1 while mRNA encapsulation ef-
ficiencies varied from 0% to 85%. For many of the LNPs in library
A, the size, PDI, surface charge, mRNA concentration and encap-
sulation efficiencies were comparable to that of the standard LNP
formulation, S1.

2.2. Evaluation of Library A for In Vitro mRNA LNP Delivery to
Trophoblasts

For in vitro screening, luciferase mRNA was encapsulated into
LNPs as a reporter mRNA cargo, where luminescence signal
from LNP-treated wells correlates to functional mRNA delivery.
In vitro library screening was performed in BeWo b30 trophoblast
cells, a human choriocarcinoma cells line. BeWo b30 cells were
selected for library screening as they have been previously used to
model the placental barrier and express several key placental dif-
ferentiation markers, such as human chorionic gonadotrophin
(hCG).[37–40] Additionally, several studies have used BeWo b30
cells to evaluate nanoparticle uptake in the placenta.[16,17,38]

To assess mRNA delivery to trophoblasts, BeWo b30 cells were
treated with LNPs from library A and LNP S1 at a dose of 50 ng
of luciferase mRNA per 50 000 cells. However, since LNP A6 ex-
hibited 0% encapsulation efficiency, it was removed from the li-
brary screen. The 0% encapsulation efficiency exhibited by LNP
A6 is likely due its molar composition, as it has considerably less
cholesterol content and higher PEG content than the standard
LNP formulation (Table S2, Supporting Information). 24 h af-
ter treatment, luciferase expression and cell viability were mea-
sured for all treatment groups and compared to the S1 formu-
lation. All of the LNP formulations in library A, except for LNP
A1, displayed significantly reduced mRNA delivery compared to
LNP S1. LNP A1 was the only LNP formulation that achieved
comparable mRNA delivery to trophoblasts compared to LNP S1
(Figure 2C). The reduced mRNA delivery observed for the LNP
formulations in library A compared to LNP S1 is likely due to
the wide range of excipient molar ratios evaluated in this initial
library, where the molar compositions of the LNP formulations
were too varied to demonstrate any significant improvement in

mRNA delivery over the standard formulation. Additionally, none
of the LNPs in library A nor LNP S1 caused cytotoxicity in the
BeWo b30 cells 24 h after LNP treatment (Figure 2D).

While none of the formulations in library A enhanced mRNA
delivery over the S1 formulation, the relationship between the
different excipient molar ratios and mRNA delivery were investi-
gated to identify trends that lead to improved mRNA delivery. To
study these relationships, the average luminescence signal for all
LNPs with the same molar ratio of a specific excipient were plot-
ted (Figure 2E). This revealed that LNPs at both the lowest and
highest ratios of C12-494 and LNPs at the lowest ratio of choles-
terol led to the highest luminescence signal. Additionally, LNPs
with decreased ratios of DOPE and PEG led to improved mRNA
delivery to BeWo b30 cells. While the inclusion of DOPE into
LNP formulations has been shown to improve mRNA delivery
compared to other phospholipids, DOPE is also known to have
an affinity toward liver cells, which perhaps elucidates why re-
duced DOPE content leads to improved mRNA delivery to BeWo
b30 cells.[5,41,42] Furthermore, enhanced placental mRNA deliv-
ery with decreasing molar ratios of PEG may be explained by
the need to balance the amount of PEG in LNP formulations
to promote LNP stability without hindering cellular uptake of
LNPs.[43–45]

Given these trends, we were interested in designing two sub-
sequent libraries, one with low molar ratios of C12-494 and one
with high molar ratios. To further inform our library design,
we investigated the impact of excipient interactions on trends in
mRNA delivery. To this end, we plotted the average luminescence
signal from LNPs with the same molar ratio of one excipient with
either the two lower or higher molar ratios of a second excipi-
ent (Figure 2F and Figure S2, Supporting Information). These
relationships revealed that at both low and high ratios of C12-
494, mRNA delivery was improved with lower amounts of DOPE
and PEG. However, at low ratios of C12-494, mRNA delivery was
improved with lower ratios of cholesterol while high ratios of
C12-494 had improved delivery with higher ratios of cholesterol.
Similarly, low ratios of cholesterol benefitted from lower ratios
of C12-494 while high ratios of cholesterol had improved deliv-
ery with high ratios of C12-494. Additionally, mRNA delivery was
improved with lower amounts of DOPE across all ratios of choles-
terol. Interestingly, higher ratios of cholesterol saw improved de-
livery with higher amounts of PEG (Figure S2, Supporting Infor-
mation).

These observed trends differ from prior work optimizing
LNP formulations for a variety of different applications. Opti-
mized LNP formulations for mRNA delivery to the liver saw im-
provements with decreased molar ratios of ionizable lipid and
increased molar ratios of phospholipid, cholesterol and lipid-
anchored PEG.[5] For applications in mRNA delivery to T cells,
enhanced mRNA transfection was identified for LNP formula-
tions with increased molar ratios of ionizable lipid and phos-
pholipid and decreased molar ratios of cholesterol.[32] Lastly, op-
timization of the LNP formulation for new lipid-like materials
observed improved mRNA delivery with decreased molar ratios
of ionizable lipid, cholesterol, and lipid-anchored PEG and in-
creased molar ratios of phospholipid.[6] The variability in the out-
comes of LNP excipient optimization for different applications
further supports the need to optimize LNP formulations for ap-
plications in placental mRNA delivery.
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Figure 3. In vitro screening of libraries B and C for LNP-mediated luciferase mRNA delivery to trophoblast cells. A) Schematic of the orthogonal DOE
process used to generate libraries B and C each containing 8 LNP formulations. Levels of excipient molar ratios used to generate B) library B or C) library
C. D) Luciferase expression and E) cell viability of BeWo b30 cells 24 h after treatment with library B and C LNPs or LNP S1. Cells were treated with 50 ng
of luciferase mRNA per 50 000 cells. Relative luminescence was quantified by normalizing to cells treated with LNP S1 (dashed line in (D)) and cell
viability was measured by normalizing to untreated cells (dashed line in (E)). Results are reported as mean ± standard deviation from n = 3 biological
replicates. Nested one-way ANOVAs with post hoc Student’s t tests using the Holm–Šídák correction for multiple comparisons were used to compare
the luciferase expression or cell viability across treatment groups to LNP S1, *p ≤ 0.05, **p ≤ 0.01, ****p ≤ 0.0001.

2.3. Further Optimization of LNP Excipients Enhances In Vitro
mRNA LNP Delivery to Trophoblasts

Given the observed trends between excipient molar ratios and
mRNA delivery, two sequential 8-LNP libraries were designed
using DOE within a narrowed range of excipient molar ratios
(Figure 3A). Library B was designed with lower molar ratios of
C12-494, DOPE, cholesterol and a constant molar ratio of PEG
while library C was designed with higher molar ratios of C12-494
and cholesterol, lower molar ratios of DOPE and again the PEG
molar ratio was held constant (Figure 3B,C, Table S1 and S2, Sup-
porting Information).

Both library B and C were characterized for size, zeta poten-
tial, mRNA concentration, and mRNA encapsulation efficiencies
following formulation (Tables S4 and S5, Supporting Informa-
tion). The LNPs in library B had a z-average size between 65.3 and
145.7 nm with PDIs less than 0.33. The zeta potential across the
library varied from −5.89 to 3.03 mV. mRNA concentrations for
LNPs in library B were measured between 11.6 and 39.2 ng μL−1

and encapsulation efficiencies were generally higher across li-
brary B compared to library A with 6 out of the 8 LNPs having en-
capsulation efficiencies greater than 80%. The LNPs in library C
were larger in size than both library A and B, with z-average sizes
ranging from 117.3 to 157.1 nm. PDIs across the library were less
than 0.33 and the zeta potential for all LNP formulations was pos-
itive, varying from 1.28 to 6.88 mV. mRNA concentrations were
measured between 28.67 and 34.67 ng μL−1 and average encapsu-
lation efficiencies were higher than both library A and B, with all
formulations having encapsulation efficiencies greater than 85%.

Both library B and C were screened in BeWo b30 cells to
evaluate mRNA delivery and cytotoxicity in trophoblasts. Com-
pared to LNP S1, library B contained one particle with signifi-

cantly improved mRNA delivery, LNP B5, while all LNPs in li-
brary C had increased luciferase expression compared to LNP
S1, with 4 LNPs demonstrating significantly higher mRNA de-
livery than the S1 formulation (Figure 3D). The top performing
LNP in library C, LNP C5, exhibited a 4× increase in mRNA
delivery compared to LNP S1 while the top performing LNPs
in libraries B and A, LNP B5 and LNP A1, only exhibited a
3× improvement in or comparable mRNA delivery compared
to LNP S1, respectively. Additionally, none of the LNPs in li-
brary B or C demonstrated any cytotoxicity in BeWo b30 cells
(Figure 3E).

To confirm the results of the initial library screens, the top per-
forming LNPs from each library, LNPs A1, B5, and C5, along
with LNP S1 were further evaluated in a dose-dependent man-
ner for in vitro luciferase expression and cell viability in BeWo
b30 cells. Across all doses tested, LNP C5 demonstrated improved
luciferase expression compared to LNP S1 (Figure 4A). At lower
doses, LNPs A1 and B5 showed similar or slightly improved lu-
ciferase expression compared to LNP S1 while at the highest dose
evaluated, both LNPs had significantly higher luciferase expres-
sion compared to LNP S1. Interestingly, while LNP A1 had com-
parable luciferase expression to LNP S1 across the lower doses,
it exhibited the greatest improvement in luciferase expression at
the highest dose. Additionally, none of the LNPs exhibited any cy-
totoxicity at the different doses that were tested (Figure 4B). Since
LNP C5 exhibited the most consistent improvement in mRNA
delivery across all doses, it was identified as the lead candidate
for an optimized LNP formulation for trophoblast delivery and
was selected for further evaluation in vivo. Additionally, given the
strong improvement in mRNA delivery for LNP A1 at the highest
dose, it was also selected for further evaluation in vivo for mRNA
delivery to the placenta.
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Figure 4. In vitro dose-response of top performing LNPs from libraries A, B, and C. A) Luciferase expression and B) cell viability of BeWo b30 cells 24 h
after treatment with S1, A1, B5, or C5 LNPs. Cells were treated in a dose dependent manner at 10, 25, 50, 100, or 250 ng of luciferase mRNA per 50 000
cells. Luminescence and cell viability were quantified by normalizing to untreated cells (dashed line). Results are reported as mean ± standard deviation
from n = 3 biological replicates. A two-way ANOVA with post hoc Student’s t tests using the Holm–Šídák correction for multiple comparisons was used
to compare the luciferase expression or cell viability across treatment groups and dosing amounts to LNP S1, *p ≤ 0.05, **p ≤ 0.01, ****p ≤ 0.0001.

2.4. Optimized LNP C5 Achieves Greater In Vivo Placental mRNA
LNP Delivery Compared to LNP S1 in Pregnant Mice

On gestational day E16, pregnant mice were treated with PBS
or LNPs S1, A1, and C5 at a dose of 0.6 mg kg−1 of luciferase
mRNA via a tail vein injection. Mice were injected on gestational
day E16 as this corresponds to the end of the second trimester
in human pregnancy which is when many placental disorders
are diagnosed.[21,46–48] 6 h after treatment, mice were injected
with luciferin via an intraperitoneal injection, euthanized and
the maternal organs, placentas and fetuses were removed for bi-
oluminescence imaging with an in vivo imaging system (IVIS)
(Figure 5A,C,E). Bioluminescence signal in each organ was mea-
sured and quantified through regions of interest (ROIs). In the
maternal organs, bioluminescence signal was observed in the
liver and the spleen for all LNP-treated mice (Figure 5A,B and
Figure S3, Supporting Information). In the liver, LNP A1 exhib-
ited greater mRNA delivery compared to LNP S1 while LNP C5
demonstrated reduced mRNA delivery compared to both LNPs
A1 and S1. In the spleen, both LNPs A1 and C5 exhibited in-
creased mRNA delivery compared to LNP S1, demonstrating the
ability of these optimized LNPs to achieve improved extrahepatic
delivery compared to the standard formulation.

Differences in the observed mRNA delivery to the maternal or-
gans for each LNP formulation may be attributed to their excip-
ient compositions. As previously mentioned, LNP S1 is formu-
lated at a molar composition of 35% C12-494:16% DOPE:46.5%
cholesterol:2.5% PEG. On the other hand, LNP A1 has increased
amounts of C12-494 and DOPE and reduced levels of choles-
terol and PEG, and LNP C5 has increased amounts of C12-
494 and decreased amounts of cholesterol compared to LNP S1.
LNP A1 is formulated with a molar composition of 49.2% C12-
494:32.8% DOPE:16.4% cholesterol:1.6% PEG and LNP C5 has a

molar composition of 51.4% C12-494:14% DOPE:32.7% Choles-
terol:1.9% PEG.

Previously, DOPE has been shown to influence mRNA de-
livery to the liver compared to other phospholipids such as
DSPC.[5,7,41,42] Thus, the increased DOPE content in LNP A1 may
be driving increased mRNA delivery to the liver compared to the
other formulations. The increase in splenic mRNA delivery from
LNP S1 to A1 to C5, which also correlates with increasing mo-
lar amounts of C12-494, may be explained by the structure of the
C12-494 ionizable lipid. Previous work published by our lab us-
ing the C12-494 lipid to formulate LNPs demonstrated increased
mRNA delivery to the spleen than the liver in pregnant mice.[15]

There, the authors hypothesized that the extrahepatic splenic
mRNA delivery could be attributed to the lipid structure of C12-
494, where the ether linkages impact the overall electronegativ-
ity of the lipid and potentially contribute to the observed splenic
mRNA delivery.[15] Additionally, a prior study observed splenic
mRNA delivery following intravenous injection with an ionizable
lipid which also contained oxygen-containing linkages. The au-
thors attributed the observed splenic mRNA delivery to the po-
tential for these linkages to be degraded in the liver, but remain
intact in the splenic environment, which facilitated mRNA de-
livery to the spleen.[10] Given these two previous findings, it is
likely that the presence of ether linkages in our ionizable lipid is
facilitating mRNA delivery to the spleen, which can be enhanced
through increasing the molar content of the C12-494 ionizable
lipid in our LNP formulations. However, more work is needed to
elucidate the exact mechanisms behind shifts in biodistribution
due to changes in LNP excipient molar ratios.

We then imaged the placentas and fetuses and quantified bio-
luminescence signal in each treatment group. Only LNP C5 sig-
nificantly improved mRNA delivery to the placenta compared
to LNP S1, consistent with our in vitro results where LNP
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Figure 5. In vivo luciferase mRNA LNP delivery in pregnant mice to the maternal organs, placentas, and fetuses. A) IVIS images and B) quantification
of luciferase mRNA LNP delivery to the maternal heart, lung, liver, kidney, and spleen in pregnant mice. Representative IVIS images are shown from
the mouse with the normalized flux in the spleen closest to the mean. Normalized flux is reported as mean ± standard deviation from n = 3 biological
replicates. A two-way ANOVA with post hoc Student’s t tests using the Holm–Šídák correction for multiple comparisons was used to compare normalized
flux across treatment groups and organs to LNP S1. *p ≤ 0.05, ***p ≤ 0.001. C) IVIS images and D) quantification of luciferase mRNA LNP delivery to
the placentas of pregnant mice. E) IVIS images and F) quantification of luciferase mRNA LNP delivery to the fetuses of pregnant mice. Representative

Small 2023, 2303568 © 2023 Wiley-VCH GmbH2303568 (8 of 13)

 16136829, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/sm

ll.202303568 by U
niversity O

f Pennsylvania, W
iley O

nline L
ibrary on [05/08/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



www.advancedsciencenews.com www.small-journal.com

C5 was our lead candidate for mRNA delivery to trophoblasts
(Figure 5C,D and Figure S4, Supporting Information). Despite
having promising results in vitro, LNP A1 was unable to improve
mRNA delivery to the placenta in vivo. Additionally, there was no
bioluminescence signal in the fetuses for the LNP treated groups,
suggesting that the LNPs remain in the placenta and do not en-
ter fetal circulation, likely due to their >100 nm size which is
expected to prevent placental transport (Figure 5E,F and Figure
S4, Supporting Information).[15,17,18,48,49]

Organ specificity for each LNP formulation was also evaluated
by summing the normalized luminescent flux from the mater-
nal organs, placentas, and fetuses and calculating the percentage
of total flux in each organ (Figure S5, Supporting Information).
Across the treatment groups, LNP A1 had the greatest percent-
age of luminescent flux in the spleen and liver with only about
20% of the signal found in the placentas. LNP S1 also had strong
signal in the liver and spleen, but had greater specificity to the
placenta, with 38% of the total luminescent flux found in the pla-
centas. However, our top LNP, C5, had the greatest specificity to
the placenta with 65% of the total luminescent flux found in the
placentas, 34% in the spleen, and less than 1% in the liver. The
low specificity to the liver indicates the ability of LNP C5 to en-
hance extrahepatic delivery of mRNA, particularly to the placenta
in pregnant mice. This is perhaps driven by both the increased
molar content of the C12-494 ionizable lipid and the reduced mo-
lar content of DOPE compared to the S1 formulation. Overall,
these findings were consistent with our in vitro results, where
LNP C5 was identified as our lead candidate for mRNA delivery
to trophoblasts. In vivo, LNP C5 was able to achieve significantly
enhanced mRNA delivery to the placenta in comparison to both
LNPs A1 and S1. These results further confirm the importance of
optimizing the excipient molar ratios to enhance in vivo mRNA
delivery to the placenta.

2.5. Evaluating Cellular-Specific In Vivo mRNA LNP Delivery to
the Placenta Following Intravenous Administration of LNPs

To understand how differences in LNP excipient composition af-
fect cell-specific in vivo mRNA delivery to the placenta, LNPs
C5 and S1 were formulated with mCherry mRNA and admin-
istered intravenously in pregnant mice on gestational day E16 at
a dose of 1 mg kg−1. 12 h after treatment with LNPs or PBS, the
mice were euthanized and their placentas were dissected, pro-
cessed, and stained for immune cells (CD45+), endothelial cells
(CD31+, CD45−), and trophoblasts using cytokeratin-7 (CK7+,
CD31−, CD45−) (Figure S6, Supporting Information).[51–53]

Overall, both LNPs C5 and S1 were able to mediate in vivo
mCherry mRNA delivery to placental immune cells, endothe-
lial cells and trophoblasts compared to the PBS treated mice,
however only LNP C5 was able to achieve significantly higher
mCherry expression in endothelial cells and trophoblasts com-
pared to the PBS group. Additionally, across all cell types, mice
treated with LNP C5 had higher mean in vivo mCherry expres-

sion compared to mice treated with LNP S1. In immune cells,
the LNP C5-treated mice had an mCherry positivity rate of 4.75%
while the LNP S1-treated mice had an mCherry positivity rate of
3.85% and the PBS-treated mice exhibited 1.94% mCherry pos-
itivity (Figure 6A,B). Mice treated with LNPs C5 or S1 exhibited
4.78% or 3.85% of mCherry+ endothelial cells, respectively, com-
pared to the PBS treated mice which had 1.10% mCherry+ en-
dothelial cells (Figure 6C,D). Lastly, mice treated with LNP C5
had the highest percentage of mCherry+ trophoblasts cells at
5.49% compared 4.51% and 1.65% mCherry+ trophoblasts for
the S1 and PBS treated mice, respectively (Figure 6E,F).

Taken together, these results suggest the ability of our opti-
mized LNP C5 to improve in vivo mRNA delivery to three of
the main cell types in the placenta: immune cells, endothelial
cells, and trophoblasts. These three cell types are all target cells
of interest due to their respective roles in the pathophysiology
of several placental disorders and their ability to secrete proteins
into the placental environment.[21,28,29] Furthermore, these re-
sults are consistent with our biodistribution findings where LNP
C5 demonstrated improved mRNA delivery to the placenta com-
pared to LNP S1. Despite seeing a greater improvement in pla-
cental luciferase mRNA delivery for LNP C5 in the biodistribu-
tion studies, LNP C5 achieved higher mean mCherry expression
across immune cells, endothelial cells, and trophoblasts when
compared to LNP S1. The magnitude of the difference in mRNA
translation between the C5 and S1 treated mice in both experi-
ments may be attributed to the difference in sensitivity between
bioluminescence and fluorescence signals; bioluminescence sig-
nals are generally much more sensitive due to their high signal
to noise ratio. Despite these differences, our optimized C5 LNP
formulation demonstrated enhanced mRNA delivery to the en-
tire placenta as well as to three of the individual cell types within
the placental microenvironment.

3. Conclusion

In conclusion, we utilized orthogonal DOE to identify optimized
LNP formulations for mRNA delivery to the placenta. Iterative
LNP libraries with varied excipient molar ratios were screened
in vitro in BeWo b30 cells, placental trophoblasts, for mRNA de-
livery and cytotoxicity. After screening, LNPs A1 and C5 were
identified as lead candidates due to their ability to potently de-
liver mRNA in vitro with minimal cytotoxicity in comparison
to the standard formulation, LNP S1. LNPs A1 and C5 were
then validated in vivo for mRNA delivery to the placenta follow-
ing intravenous administration in pregnant mice. There, only
LNP C5 was able to achieve significantly higher mRNA deliv-
ery to the placenta compared to LNP S1, while also facilitating
extrahepatic mRNA delivery to the spleen. Cell-specific delivery
within the placental microenvironment was also used to evaluate
LNP C5, where it achieved higher mean mCherry mRNA expres-
sion in trophoblasts, endothelial cells, and immune cells com-
pared to LNP S1. Together, these results confirm that optimized

IVIS images of both the placentas and fetuses are shown from the mouse with the normalized flux in the placentas closest to the mean. Normalized
flux is reported as mean ± standard deviation from n = 3 biological replicates (with n = 6–9 placentas and fetuses). Nested one-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,
****p ≤ 0.0001.
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formulation of LNP C5 is a promising delivery platform for
mRNA delivery to the placenta. Though future work should in-
vestigate the use of LNP C5 to deliver a therapeutically relevant
mRNA cargo, such as VEGF of PlGF, in a murine model of
placental insufficiency, the optimized C5 LNP formulation has
demonstrated its ability to potently deliver mRNA to the placenta.
Additionally, deeper investigations into the mechanisms behind
enhanced mRNA delivery as a result of varied excipient com-
position will inform subsequent optimization of LNP formula-
tions for placental mRNA delivery. We believe these optimization
strategies can be applied to other LNP excipients and ionizable
lipid structures to enhance nucleic acid delivery to the placenta
and potentially beyond to other reproductive organs.

4. Experimental Section
Ionizable Lipid Synthesis: The C12-494 ionizable lipid was synthe-

sized as previously described.[15] Briefly, the polyamine core 2-{2-
[4-(2-{[2-(2 aminoethoxy)ethyl]amino}ethyl)piperazin-1-yl]ethoxy}ethan-1-
amine (Enamine) was reacted with an excess of the epoxide tail 1,2-
epoxydodecane (MilliporeSigma) under gentle stirring for 48 h at 80 °C. A
Rotovapor R-300 rotary evaporator (Buchi) was used to dry the crude prod-
uct and the lipid was resuspended in ethanol for ionizable lipid nanopar-
ticle (LNP) formulation.

mRNA Synthesis: Luciferase mRNA with 5-methoxyuridine mod-
ifications for the in vitro assays and mCherry mRNA with N1-
methylpseudouridine modifications for the cell-specific flow cytometry ex-
periments were purchased from Trilink Biotechnologies. For in vivo exper-
iments, luciferase mRNA was synthesized with the pseudouridine modifi-
cation using in vitro transcription as previously described.[54]

Lipid Nanoparticle Formulation and Characterization: LNPs were for-
mulated at a weight ratio of 10:1 of ionizable lipid to mRNA.[5] For
all formulations, the ionizable lipid C12-494, 1,2-dioleoyl-sn-glycero-3-
phosphoethanolamine (DOPE, Avanti Polar Lipids), cholesterol (Mil-
liporeSigma), and 1,2-dimyristoyl-sn-glycero-3-phosphoethanolamine-N-
[methoxy(polyethylene glycol)-2000] (ammonium salt) (Lipid-PEG, Avanti
Polar Lipids) were combined in an ethanol phase at various molar ratios
specified in Table S1 (Supporting Information). 25 μg of mRNA was dis-
solved in 10 mm citric acid buffer (pH 3) to produce the aqueous phase.
Syringe pumps were used to combine the ethanol and aqueous phases via
chaotic mixing in a microfluidic device at a 1:3 volumetric ratio. Chaotic
mixing was induced through herringbone features on the microfluidic
device as previously described.[55] After synthesis, LNPs were dialyzed
against 1X PBS for 2 h in cassettes with a 20 kDa molecular weight cut
off and sterilized with 0.22 μm filters. LNPs were stored at 4 °C until use.

The mRNA concentration of each LNP formulation was measured via
A260 absorbance on an Infinite 200 Pro plate reader (Tecan). Encapsula-
tion efficiencies of each LNP formulation was measured using a Quant-
iT-RiboGreen RNA assay (ThermoFisher Scientific). Briefly, each LNP for-
mulation was diluted to ≈0.5 ng μL−1 in either 1X tris-EDTA (TE) buffer
or TE buffer with 0.1% Triton X-100 (Millipore Sigma) and incubated for
20 min at room temperature to ensure particle lysis. LNPs in TE or Tri-
ton X-100 and mRNA standards were plated in triplicate in black 96-well
plates and the RiboGreen reagent was added to each well. After 5 min
of incubation at room temperature, the fluorescence intensity was read

on a plate reader at an excitation wavelength of 480 nm and an emission
wavelength of 520 nm. Encapsulation efficiencies were calculated as [(RNA
content in TE buffer-RNA content in Triton X-100)/RNA content in Triton
X-100]*100. mRNA concentration and encapsulation efficiencies are re-
ported as mean ± standard deviation of n = 3 replicates.

Particle size as determined by dynamic light scattering (DLS) and zeta
potential measurements were conducted using a Zetasizer Nano (Malvern
Instruments). LNPs were diluted in either 1X PBS or water at pH 7 for
either DLS measurements or zeta potential measurements, respectively.
For each sample, three measurements with at least 10 runs were recorded.
Z-average size, polydispersity index (PDI) and zeta potential are reported
as mean ± standard deviation of n = 3 replicates.

The pKa values of each LNP formulation were determined from a 6-(p-
toluidinyl) naphthalene-2-sulfonic acid (TNS) assay. Briefly, buffered so-
lutions of 150 mm sodium chloride, 20 mm sodium phosphate, 25 mm
ammonium citrate, and 20 mm ammonium acetate were adjusted to a
pH between 2 and 12 at 0.5 increments. LNPs were added to each pH
adjusted solution and plated in triplicate in a black 96-well plate. TNS
was added to each well for a final TNS concentration of 6 μm. The fluo-
rescence intensity was measured on a plate reader at an excitation wave-
length of 322 nm and an emission wavelength of 431 nm. The pKa value
of each LNP formulation was calculated as the pH at which the fluores-
cence intensity reached 50% of its maximum value, which represents 50%
protonation.

In Vitro LNP-Mediated Luciferase mRNA Delivery to Trophoblast Cells:
BeWo b30 cells were kindly provided by Dr. Dongeun Huh (University
of Pennsylvania) with permission from Dr. Alan Schwartz (Washington
University in St. Louis) and were cultured in Dulbecco’s Modified Eagle
Medium (Gibco) supplemented with 10% FBS (Gibco) and 1% penicillin-
streptomycin (Gibco) and maintained at 37 °C and 5% CO2. For all ex-
periments, cells were plated at 50000 cells per well in 100 uL of media in
96-well plates and left to adhere overnight. To evaluate luciferase mRNA
delivery by libraries A, B and C, the BeWo b30 cells were treated with LNPs
at a dose of 50 ng of mRNA. 24 h after treatment with LNPs, media was
removed from each well and the cells were resuspended in 50 μL of 1X ly-
sis buffer (Promega) and 100 μL of luciferase assay substrate (Promega).
After 10 min of incubation at room temperature, the luminescence signal
was measured using a plate reader (Tecan). The luminescence signal for
each treatment group was normalized to untreated wells and then divided
by the average luminescence signal from the standard formulation (S1)
treated wells. Relative luciferase expression is reported as mean ± stan-
dard deviation of n = 3 biological replicates (averaged from n = 3 technical
replicates).

To quantify cytotoxicity of the cells following 24 h of treatment with
LNPs, 100 μL of CellTiter-Glo (Promega) was added to each well. After
10 min of incubation at room temperature, the luminescence signal was
measured using a plate reader and the luminescence signal for each treat-
ment group was normalized to untreated wells. Percent cell viability is re-
ported as mean ± standard deviation of n = 3 biological replicates (aver-
aged from n = 3 technical replicates).

For the dose response experiment, BeWo b30 cells were seeded as
described and dosed with either 10, 25, 50, 100, or 250 ng of mRNA.
Both luciferase signal and cytotoxicity were measured as previously de-
scribed and luminescence signal for each treatment group was normal-
ized to untreated wells. Normalized luciferase expression is reported
as mean ± standard deviation of n = 3 biological replicates (averaged
from n = 3 technical replicates) and percent cell viability is reported as
mean ± standard deviation of n = 3 biological replicates (averaged from
n = 3 technical replicates).

Figure 6. Cell-specific in vivo mCherry mRNA LNP delivery to the placentas in pregnant mice. A) Representative histograms and B) quantification of
percent mCherry+ immune cells (CD45+) in the placenta. C) Representative histograms and D) quantification of percent mCherry+ endothelial cells
(CD31+ CD45−) in the placenta. E) Representative histograms and F) quantification of percent mCherry+ trophoblasts (CK7+ CD31− CD45−) in the
placenta. Representative histograms with their respective cell counts are shown from the mouse with the value for percent mCherry+ cells closest to
the mean. Percent mCherry+ cells are reported as mean ± SEM for n = 5 biological replicates (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, *p ≤ 0.05.
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LNP-Mediated Luciferase mRNA Delivery in Pregnant Mice: All animal
experiments were conducted in accordance with the guidelines and ap-
proval from the University of Pennsylvania’s Institutional Animal Care
and Use Committee (IACUC, protocol #806540). Time-dated pregnant
C57BL/6 female mice (Jackson Laboratory) at gestational day E16 were
tail-vein injected with LNPs containing luciferase mRNA or PBS at a dose
of 0.6 mg mRNA kg−1 body mass. 6 h after injection, mice were injected
via an intraperitoneal injection with D-luciferin potassium salt (Regis Tech-
nologies) at a dose of 150 mg of D-luciferin kg−1 of body mass. 10 min
after D-luciferin administration, mice were euthanized with CO2 and the
heart, lung, liver, kidneys, spleen, and uterus were removed. The uterus
was then dissected to remove the placentas and fetuses and all organs
were imaged for luciferase signal with an in vivo imaging system (IVIS,
PerkinElmer). Total luminescence flux was quantified using the Living Im-
age software (PerkinElmer) where a rectangular region of interest (ROI)
was placed around the organ, placenta or fetus of interest, and an equal
sized ROI was placed in an area without any luminescent signal on the
same image. Normalized flux was calculated by dividing the total flux from
the organ, placenta or fetus ROI by the total flux of the corresponding
background ROI. Normalized flux for the maternal organs is reported as
mean ± standard deviation of n = 3 biological replicates. Normalized flux
for the placentas and fetuses is reported as mean ± standard deviation of
n = 3 biological replicates (with n = 6–9 placentas and fetuses).

Cell-Specific LNP-Mediated mCherry mRNA Delivery in the Placenta:
Isolation of placental cells and subsequent flow cytometry was performed
as previously described.[15] Briefly, time-dated pregnant C57BL/6 female
mice at gestational day E16 were tail-vein injected with LNPs containing
mCherry mRNA or PBS at a dose of 1 mg mRNA kg−1 body mass. 12 h
after injection, the mice were euthanized with CO2 and the uterus was re-
moved and dissected to remove the placentas which were placed in 2 mL
of deionized water on ice. The placentas and water were digested through
100 μm cell strainers (Thermo Fisher Scientific) to form cell suspensions.
Each sample was then reacted with 200 μL of 10X DNase I buffer (New
England BioLabs) and 20 μL of 2000 U mL−1 DNase I (New England Bio-
Labs) for 30 min at room temperature. 2 mL of ACK lysis buffer (Thermo
Fisher Scientific) was then added to each sample and centrifuged for 5 min
at 300 g. After centrifugation, the supernatant was removed and the cells
were resuspended in 0.5 mL of 1X PBS with 2 mm of EDTA and prepared
for immunofluorescent staining.

First, 0.5 μL of TruStain FcX PLUS (anti-mouse CD16/32) (Biolegend)
was added to the cells for 10 min on ice. Samples were then stained with
1.5 μL of FITC anti-mouse CD31 (Biolegend) and 3 μL of Brilliant Violet
421 anti-mouse CD45 antibody (Biolegend) for 30 min at 4 °C in the dark.
Following incubation, each sample was rinsed once and resuspended in
100 μL of 1X PBS with 2 mm EDTA before fixation and permeabilization for
intracellular staining using the Cyto-Fast Fix/Perm Buffer set (Biolegend).
Samples were then stained intracellularly with 1 μL of Alexa Fluor 700 anti-
mouse cytokeratin 7 (Novus Biologicals).

Data were acquired using a BD LSR II flow cytometer equipped with vi-
olet, blue, green and red lasers. For each sample, at least 50 000 events
within the singlet gate were collected. mCherry positivity was determined
using fluorescence minus one controls and gating was performed as seen
in the representative gating schematic (Figure S6, Supporting Informa-
tion). mCherry positivity for the placental immune cells, endothelial cells
or trophoblasts are reported as mean ± SEM for n = 5 biological replicates
(with n = 4–8 placentas).

Statistical Analysis: All statistical analyses were performed using
GraphPad Prism. For the experiments screening libraries A, B, and C for in
vitro luciferase expression and cell viability, nested one-way ANOVA with
post hoc Student’s t tests using the Holm–Šídák correction for multiple
comparisons were used to compare the results across treatment groups
to LNP S1. For the experiments screening the top performing LNPs in a
dose-response for in vitro luciferase expression and cell viability, a two-
way ANOVA with post hoc Student’s t tests using the Holm–Šídák cor-
rection for multiple comparisons was used to compare the results across
treatment groups and dosing amounts to LNP S1. For in vivo luciferase
expression in maternal organs following LNP delivery to pregnant mice, a
two-way ANOVA with post hoc Student’s t tests using the Holm–Šídák cor-

rection for multiple comparisons was used to compare the results across
treatment groups and organs. For in vivo luciferase expression in placen-
tas and fetuses following LNP delivery to pregnant mice, nested one-way
ANOVA with post hoc Student’s t tests using the Holm–Šídák correction
for multiple comparisons were used to compare the results across treat-
ment groups. For in vivo mCherry mRNA delivery to immune cells, en-
dothelial cells and trophoblasts in the placenta, nested one-way ANOVA
with post hoc Student’s t tests using the Holm–Šídák correction for mul-
tiple comparisons were used to compare mCherry positivity across treat-
ment groups. For all figures, statistical significance is denoted by *p ≤ 0.05,
**p ≤ 0.01, ***p ≤ 0.001, and ****p ≤ 0.0001.

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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