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ABSTRACT: Among various mRNA carrier systems, lipid nanoparticles (LNPs)
stand out as the most clinically advanced. While current clinical trials of mRNA/LNP
therapeutics mainly address liver diseases, the potential of mRNA therapy extends far
beyond�yet to be unraveled. To fully unlock the promises of mRNA therapy, there
is an urgent need to develop safe and effective LNP systems that can target
extrahepatic organs. Here, we report on the development of sulfonium lipid
nanoparticles (sLNPs) for systemic mRNA delivery to the lungs. sLNP effectively and
specifically delivered mRNA to the lungs following intravenous administration in
mice. No evidence of lung and systemic inflammation or toxicity in major organs was
induced by sLNP. Our findings demonstrated that the newly developed lung-specific
sLNP platform is both safe and efficacious. It holds great promise for advancing the development of new mRNA-based therapies for
the treatment of lung-associated diseases and conditions.
KEYWORDS: Sulfonium lipid nanoparticle, mRNA delivery, lung targeting, pulmonary endothelium, genome engineering

mRNA therapeutics hold great promise in protein replacement
therapy, gene editing, oncology, etc.1,2 Lipid nanoparticles
(LNPs) are the most clinically advanced delivery system for
RNA drugs.3,4 In addition to vaccines, LNP-enabled mRNA
therapeutics are undergoing thorough investigation across
various fields.5−9 Despite the great efforts, the ongoing clinical
trials of mRNA/LNP therapeutics mainly focus on liver-
associated diseases. An efficacious LNP system that can target
extrahepatic organs is the key to broadening the potential of
mRNA therapeutics.8,10−12

Lung-targeted mRNA delivery is useful in treating various
lung-associated diseases, such as cystic fibrosis and lung
cancer.13−17 LNPs have been employed for both local (e.g.,
inhalation, and intratracheal) and systemic (e.g., intravenous)
delivery of mRNA to the lungs.18−23 Local administration is
straightforward and efficient, but when challenges arise (e.g.,
toxicity, irritative reactions, and patient inability), systemic
delivery can be preferred.24,25

For systemic mRNA delivery to the lung, several LNP
systems have been developed.26−29 Kaczmarek et al.
synthesized a library of polymer−lipid nanoparticles for the
delivery of mRNA and DNA.30 Their nanoparticles primarily
delivered mRNA to the lungs following intravenous injection
and a strong protein production was observed within 48 h
postinjection. Cheng and colleagues reported a systematic
approach for fabricating lung-targeting LNP systems.31 Their
versatile strategy incorporated a proper amount of cationic
excipient lipid (e.g., DOTAP) into the four-component
ionizable lipid-containing formulations, and results show

LNP redirection from the liver to the lungs after systemic
injection. Later, LoPresti et al. demonstrated that simply
replacing the helper phospholipid in the four-component LNP
formulation with permanently charged cationic lipids also
facilitates lung targeting.32 More recently, Qiu et al. reported
on a group of amide linker-containing LNPs for lung-selective
delivery of mRNA and showed therapeutic effects in a mouse
model of lymphangioleiomyomatosis.33

Continued efforts are essential for the development of novel,
safe, and effective (LNP) systems tailored for lung-specific
mRNA delivery. In this study, we report on the synthesis of a
novel class of LNPs, namely sulfonium LNPs (sLNPs),
constructed from sulfonium lipids, and investigate their
potential for delivering mRNA systemically to the lungs. In
contrast to conventional amine-based lipids, our newly
developed lipids feature positively charged sulfonium groups
for mRNA complexation and intracellular delivery. To the best
of our knowledge, this represents the first documentation of
sulfonium lipids and sLNP developed specifically for mRNA
delivery and organ targeting. Our findings demonstrate that
upon intravenous administration, the sLNPs efficiently and
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safely deliver various types of mRNA to the lungs, leading to
robust protein production (Figure 1A).
Sulfonium lipids, DHSEH and DOSEH were synthesized

according to the procedure described in the Materials and
Methods. Their chemical structures were characterized by 1H
NMR and MS (Figures S1 and S2).
The sLNPs containing sulfonium lipids (DHSEH or

DOSEH), cholesterol, DOPC, and DMG-PEG2k were
fabricated through self-assembly (Figure 1A).34−36 The
sulfonium lipids provide a matrix to incorporate other
ingredients, and they can bind with mRNA molecules primarily
through electrostatic interactions. Cholesterol is used to
stabilize the supramolecular structure, tune the rigidity and
fluidity of the lipid membrane, and promote cellular internal-
ization. The helper phospholipids participate in the formation
of the lipid bilayer and facilitate endosomal escape. PEG-lipid
is used to improve colloidal stability by providing steric
hindrance and nonfouling characteristics.
For the in vivo mRNA delivery study, fLuc mRNA was

loaded into sLNPs (denoted as mRNA/DHSEH and mRNA/
DOSEH). Balb/c mice received either PBS, free mRNA, or
mRNA/sLNP (0.1 mg mRNA/kg body weight). Both mRNA/
DHSEH and mRNA/DOSEH induced strong biolumines-
cence signals, suggesting successful mRNA delivery and
protein production (Figure 1B). The observed signals
primarily originate from the lungs. Previous studies have
shown that positively charged LNPs tend to accumulate in the
lungs following intravenous injection.37−40 Dilliard et al.
showed that a group of lung-specific LNPs shared similar
apparent pKa values of >9.25, suggesting that these LNPs
possess net positive charges at physiological pH.41 In another

study, Huang et al. showed that the quaternization of amine
lipids redirected LNP from the spleen to the lungs.37 No
signals were recorded for mice injected with PBS or free
mRNA (Figure 1B), indicating systemic administration of free
mRNA cannot induce efficacious protein expression. Con-
sistent with the in vivo imaging results, ex vivo bioluminescence
signals were predominantly observed in the lungs of mice
receiving mRNA/sLNPs (Figure 1C). The total biolumines-
cence emission flux from lungs was then quantified (Figure
1D). Lungs from mice receiving free mRNA (ca. 3.49 × 104 p/
s) showed a similar signal intensity compared to the PBS group
(ca. 4.51 × 104 p/s), further confirming the inefficiency of
systemically injected free mRNA. mRNA/DHSEH led to
∼200-fold intensity increase (ca. 7.25 × 106 p/s) compared to
the free mRNA group, and mRNA/DOSEH was more
efficient, showing a 2.79-fold higher flux intensity compared
with mRNA/DHSEH (ca. 2.02 × 107 p/s). Notably, the
mRNA/sLNP formulations exhibited stronger signals com-
pared to the benchmark lung-targeting MC3-DOTAP LNPs
(ca. 1.18 × 105 p/s; Figure 1D and S3).27,31,42,43 In terms of
organ specificity (Figure 1E), it was found that ca. 95.3% and
96.5% bioluminescence signals originated from the lungs of
mice administered with mRNA/DHSEH and mRNA/DOSEH
sLNP, respectively, outperforming the MC3-DOTAP formu-
lation (ca. 88.8%).
The physicochemical properties of mRNA/sLNP were then

characterized. mRNA/DHSEH and mRNA/DOSEH showed
average hydrodynamic diameters (<Dh>) of 243.6 and 188.3
nm, respectively (Figure S4A). Their sizes are in the optimal
range for systemic circulation, as previous studies indicated
that small nanoparticles (e.g., < 10 nm) could undergo renal

Figure 1. Sulfonium lipid nanoparticle (sLNP)-enabled systemic delivery of mRNA to the lungs. (A) Schematic illustration of the chemical
structures of sulfonium lipids (DHSEH and DOSEH), the self-assembly process of mRNA-loaded sLNP (mRNA/sLNP), and the targeted delivry
of mRNA to the lungs in mice. (B) Representative in vivo whole-body bioluminescence images of mice treated with PBS, free fLuc mRNA, and
mRNA/sLNPs. (C) Representative ex vivo bioluminescence images of mouse organs. (D) Quantification of total bioluminescence flux from the
lungs of mice treated with PBS, free mRNA, and mRNA-loaded LNPs. Data are presented as mean ± s.e.m., n = 3. (E) Percentage of background-
subtracted bioluminescence signal originating from each organ in mice treated with mRNA-loaded LNPs.
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clearance, and big LNPs (e.g., > 400 nm) are prone to hepatic
clearance.44,45 It should be noted that, apart from the size,
other physicochemical traits (e.g., surface charge and
chemistry) all affect LNPs’ behaviors.46,47 Both mRNA/
DHSEH (0.184) and mRNA/DOSEH (0.229) had a PDI
lower than 0.3, implying their uniformity (Figure S4B). Both
mRNA/DHSEH (42.52 mV) and mRNA/DOSEH (46.38
mV) were positively charged, attributing to the cationic
sulfonium moieties (Figure S4C). The mRNA encapsulation
efficacy was determined to be >99% for both DHSEH and
DOSEH sLNPs (Figure S4D). We speculated that the cationic
nature of sulfonium lipids and high positive charge density
contributed to efficient mRNA binding. Finally, the morphol-
ogy of sLNPs was examined using cryoEM. Both formulations
showed a similar spherical liposomal structure, in which both
unilamellar and multilamellar vesicles were observed (Figure
S4E). Vesicles are one of the most common self-assembly
structures of natural and synthetic lipids, and they have been
extensively studied for the delivery of small molecule drugs,
proteins, and nucleic acids.48 Consistent with the well-studied
siRNA/LNP systems, it was envisioned that the negatively
charged mRNA molecules can bind to the inner and exterior
lipid bilayer surfaces mainly through electrostatic interactions,
and they can also be sandwiched between two layers in the
multilamellar vesicles.49 The physical complexation improves

the stability of mRNA molecules during systemic circulation
and facilitates extravasation and cell internalization.
A common issue associated with the local drug admin-

istration to lungs is the suboptimal distribution of drugs.50,51 In
one study, locally administered viral vector-induced protein
expression was primarily found in the nasal cavity, trachea, and
proximal aspects of the lower respiratory tract.52 Little to no
protein production was found at the mid to distal aspects of
lung lobes. Systemic delivery can potentially overcome this
limitation as drugs are carried and distributed by systemic
blood circulation. We dissected the lung lobes of Balb/c mice
receiving fLuc mRNA/DOSEH (Figure 2A). All five lobes (i.e.,
right cranial (RCr), right middle (RMd), accessory (RAc),
right caudal (RCd), and left) showed strong bioluminescence
emission, and both the proximal and distal sites of primary
bronchi had similar emission intensity (Figure 2B). Fur-
thermore, bioluminescence radiance (p/s/cm2/sec) was
quantified, and there was no significant difference between
five lobes (Figure 2C). For kinetics study, fLuc mRNA/
DOSEH was injected into Balb/c mice, and in vivo whole-body
bioluminescence images were obtained at certain time intervals
within 72 h (Figure 2D). At a dose of 0.1 mg mRNA/kg body
weight, the signal gradually increased from 3 to 6 h (Figure
2E). and followed by a graduate decrease. No signals above the
background were recorded at 72 h, indicating the exhaustion of
delivered mRNA. This is comparable with the mRNA delivery

Figure 2. Distribution of protein expression and kinetics study of mRNA/sLNP. (A) Schematic illustration of mouse lung lobes. (B) Representative
ex vivo bioluminescence images of dissected lung lobes. (C) Quantification of average radiance for all five lung lobes. Data are presented as mean ±
s.d., n = 3, one-way ANOVA analysis. (D) Whole-body bioluminescence images and (E) quantification of total flux at different time points for high
(0.4 mg/kg) and low doses (0.1 mg/kg). Data are presented as mean ± s.d., n = 3. (F) The area under the curve (AUC) analysis shows cumulative
bioluminescence.
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kinetics observed for polymer−lipid nanoparticle D90-C12−
103 reported in previous study.30 We then speculated that a
higher dose would induce longer and greater protein
expression. At a dose of 0.4 mg mRNA/kg body weight, the
signal peaked at 6 h, and then gradually decreased. At the end
point of this experiment, 72 h, the emission signal was still
above the background level. Mice were then sacrificed, and ex
vivo organ imaging further confirmed bioluminescence
emission from the lungs, and no signals were recorded for
other organs (i.e., heart, liver, spleen, kidney; Figure S5). A
consistent protein expression pattern further demonstrated the
lung selectivity of our mRNA/sLNP system, as no obvious
redistribution of delivered mRNA or encoded protein was
found. The total protein production was calculated as the
accumulated luminescence, and the 0.4 mg/kg group showed a
ca. 90.4-fold higher protein production compared to the 0.1
mg/kg dose group (Figure 2F).
Next, we examined the possibility of using sLNP for the

delivery of Cre recombinase mRNA for genome engineering in
the lungs. Ai14 mice were used, which contain a loxP-floxed
STOP codon upstream of the tdTomato reporter gene in its
genome (Figure 3A).53 Cre mRNA/DOSEH was administered
to Ai14 mice (0.42 mg/kg), and lungs were harvested 5 days
postinjection. Compared to the PBS-treated group, red
fluorescence signals were observed in the lungs treated with
Cre mRNA/sLNP (Figure 3B). Strong red fluorescence signals
were recorded for both Cre mRNA/sLNP and the lung-tropic
mRNA/MC3-DOTAP-injected mouse lung tissue slices (ca.
10 μm), and tdTomato-positive cells were found to be present
evenly in the lungs (Figure 3C). Further analysis revealed that
sLNP induced approximately 2.69 times more tdTomato-
positive cells/FOV, highlighting its high efficacy (Figure 3D).
To further illustrate the identity of mRNA-transfected and
tdTomato-positive cells in the lungs, single-cell suspensions
were then prepared and stained with antibodies (i.e., anti-

CD31, anti-CD326, and anti-CD45) for flow cytometry
analysis. It was revealed that ca. 67.0% endothelial cells,
11.3% epithelial cells, and 3.5% immune cells were successfully
transfected (Figure 3E). Typical gating strategies for flow
cytometry analysis are summarized (Figures S6 and S7). The
lung-tropic MC3-DOTAP induced approximately 41.0%,
17.3%, and 1.7% tdTomato-positive endothelial, epithelial,
and immune cells, respectively. While sLNPs and MC3-
DOTAP showed similar efficiency in transfecting epithelial
cells, sLNPs were significantly more effective in transfecting
endothelial and immune cells in the lungs (Figure 3E). In the
work by Qiu et al., 306-N16B transfected ca. 33.6% endothelial
cells, 1.5% epithelial cells, and 1.9% immune cells.33 Another
formulation with 113-N16B transfected 69.6% endothelial
cells, 7.3% epithelial cells, and 18.9% immune cells (0.75 mg
mRNA/kg; day 7). Cheng et al. reported the efficiency of ca.
66% endothelial cells, 39% epithelial cells, and 21% immune
cells in their SORT LNP study (0.3 mg/kg; day 2).31

Furthermore, an estimated 22% endothelial cells, 4% epithelial
cells, and 7% immune cells (0.6 mg/kg; day 2) were observed
in a polymer-assisted five-element nanoparticle system
developed by Cao et al.54 Taken together, our findings
indicated that the sLNP demonstrated a transfection efficacy in
lung endothelial cells comparable to that of the benchmark
lung-targeting LNPs. Furthermore, our results suggested that
the sLNP displayed a higher specificity for endothelial cells,
which could be advantageous in scenarios where the lung
endothelium is the primary target for mRNA therapeutics
delivery.55

It was expected that a protein corona would form on the
surface of LNPs immediately after administration in the
bloodstream.56 Previous studies suggested a close relationship
between the property of protein corona and LNPs’
biodistribution profile. To identify the protein corona on
sLNP, we incubated DOSEH sLNP with adult C57BL/6

Figure 3. sLNP-mediated mRNA delivery for genome engineering in the mouse lungs. (A) Schematic illustration of Cre-Lox recombination and
tdTomato activation in Ai14 mouse following successful Cre mRNA delivery. (B) Representative ex vivo fluorescence images of lungs. (C)
Representative confocal images and (D) quantification of tdTomato-positive cells per field of view (FOV) of lung slices obtained from mice that
received either PBS, Cre mRNA/sLNP, or Cre mRNA/MC3-DOTAP. Scale bar = 100 μm. (E) Flow cytometry quantification of tdTomato-
positive cells within lung endothelial, epithelial, and immune cell populations. Data are presented as mean ± s.d., n = 3, two-tailed unpaired t test.

Nano Letters pubs.acs.org/NanoLett Letter

https://doi.org/10.1021/acs.nanolett.4c01854
Nano Lett. XXXX, XXX, XXX−XXX

D



mouse plasma and performed mass spectrometry proteomics
analysis. A total of 245 different types of protein species were
found adsorbed to DOSEH sLNP. The top ten most abundant
proteins constitute ∼52.3% of total proteins on the corona
(Figure 4A). Among these adsorbed serum proteins, fibrinogen

alpha chain (FIBA), serine protease inhibitor A3K (SPA3K),
and apolipoprotein A-1 (APOA1) are the top three. Since the
sLNPs are positively charged, we envisioned plasma proteins
with net negative charges under physiological pH could be
more easily adsorbed onto sLNPs. It was found that ∼72.2% of
proteins possess a isoelectric point (PI) lower than 7.4,
indicating the negatively charged proteins are preferred for
sLNP binding (Figure 4B). Around 27.8% proteins have a PI >
7.4, suggesting that apart from the electrostatic interactions,
some other types of supramolecular interactions are involved
for nonspecific protein binding, such as hydrogen-bonding and
hydrophobic interactions. Next, the molecular weights of
corona proteins were analyzed (Figure 4C). It was found that
proteins with a molecular weight less than 100 kDa constitute
ca. 80.8% of the corona, and most of the enriched proteins
(abundance of ∼25.7%) are in the range of 40−60 kDa.
Finally, the corona proteins were further categorized according
to their biological functions (Figure 4D). Complement
proteins (ca. 30.9%) and coagulation proteins (ca. 29.1%)
are the two most abundant in the corona, followed by
lipoproteins (ca. 13.4%) and immunoglobulins (ca. 2.9%).
Furthermore, the top 20 most abundant corona proteins−
which constitute around 72.2% of the corona - were
summarized, along with their molecular weight, PI, and
average abundance (Table S1). A comparison between sLNP
protein corona with previously reported LNPs’ corona revealed
that certain protein species (e.g., fibrinogens, apolipoproteins,
fibronectin, vitronectin, and complement proteins) were
commonly shared between these lung-targeting LNPs.33,41,54

Previous studies suggested that vitronectin might play
important roles in the internalization of LNPs by lung cells.

Particularly, the in vitro vitronectin-coating augmented cell
transfection in αvβ3 integrin-expressing cell lines.41,54,57 It is
noteworthy that alpha-1-antitrypsin (AAT) is one of the top
protein species enriched in the sLNP corona (Table S1).
Considering the protective function of AAT in the lungs and
the fact that AAT can be internalized by lung endothelial cells
via endocytosis, the role of AAT in mediating sLNP lung
targeting merits further investigation.58

Safety and biocompatibility are critical parameters in
evaluating the translational potential of an mRNA delivery
system.59,60 A recent study revealed that the cationic LNP
formulation incorporated with DOTAP induced thrombosis in
the lung and other organs.61 We first examined the possible
local inflammation reaction in the lungs induced by mRNA/
sLNP. The bronchoalveolar lavage fluid (BALF) was collected
from Balb/c mice receiving mRNA/DOSEH. Similar numbers
of macrophages in BALF were found in the PBS- and mRNA/
sLNP-treated mice (Figure 5A and B), and no neutrophil was
observed. The mRNA/sLNP did not result in significant
variation in major cytokine expression (i.e., TNF-α, IL-1β and
IL-6; Figure 5C). Furthermore, no significant difference in
total protein concentration was observed (Figure 5D). These
results suggested that the mRNA/sLNP did not induce
obvious lung inflammation. Next, the potential hematological
toxicity was examined. The total counts of red blood cells
(RBCs; Figure 5E), white blood cells (WBCs; Figure 5F),
lymphocytes, monocytes, and neutrophils (Figure S8A) in
blood collected from mRNA/sLNP-treated mice showed no
significant difference compared to the PBS-treated control
group. Furthermore, both the mRNA/sLNP and PBS-treated
groups possessed similar WBC differentials (Figure S8B).
Next, the mouse body weight was monitored continuously for
5 days, and both mRNA/sLNP and PBS-treated mice showed
a negligible body weight variation in the time course of this
study (Figure S9A). No obvious clinical signs of toxicity were
recorded (e.g., impeded movement, aberrant behavior, etc.).
The potential hepatotoxicity and nephrotoxicity were
evaluated by measuring the blood concentrations of AST
(Figure 5G) and ALT (Figure S9B), urea (Figure 5H), and
creatinine (Figure S9C), and no severe toxicity to the liver or
kidney was observed. Finally, a histologic examination of major
organs was conducted via hematoxylin and eosin (H&E)
staining (Figure 5I). Comparable to the PBS group, there were
no apparent morphological alterations or tissue damage
observed in the mRNA/sLNP-treated group. These results
underscored the biocompatibility and safety of the sLNP
system.
In summary, we first synthesized sulfonium lipids (i.e.,

DHSEH and DOSEH), fabricated sLNPs through self-
assembly, and demonstrated their application in mediating
systemic delivery of mRNA to the lungs in adult mice. The
sLNP-enabled, systemic, lung-specific mRNA delivery led to a
uniform protein expression in all lung lobes, and it out-
performed lung-tropic MC3-DOTAP formulation in terms of
delivery efficacy and organ specificity. The kinetics study
revealed that a higher dose induced greater and prolonged
protein production. In the Ai14 mouse model, around 67.0%
endothelial cells, 11.3% epithelial cells, and 3.5% immune cells
in the lungs were transfected by mRNA/sLNP. Proteomic
analysis of the sLNP protein corona shed light on the
molecular mechanism of lung-targeting property, in which the
fibrinogen, vitronectin, and/or AAT-mediated cell recognition
and receptor-mediated internalization might be involved. The

Figure 4. Proteomics analysis of sLNP protein corona. (A) Top 10
most abundant proteins on corona. The enriched proteins on the
corona were categorized based on their (B) isoelectric point, (C)
molecular weight, and (D) biological function.
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newly developed sLNP did not induce inflammation in the
lung tissues, and no obvious toxicity to the lung, blood system,
liver, kidney, heart, and spleen was observed. Collectively,
these findings demonstrate that the sLNP can serve as a new
class of carrier system for systemic delivery of mRNA to the
lungs. We have demonstrated that nonconventional sulfonium
lipid-based nanoparticles can efficiently complex with mRNA
and facilitate in vivo delivery in an organ-specific manner. By
leveraging the novel structure of sulfonium moiety, we
successfully expanded the diversity of lipid chemistry available
for designing lung-specific LNPs. Our ongoing efforts are
focused on further optimizing and refining the sLNP
formulation, as well as incorporating functional mRNA for
therapeutic applications aimed at treating lung-associated
diseases. Furthermore, investigation of the nanobio inter-
actions will help deepen our understanding of the biological
effects of the sLNP formulations.
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