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Messenger RNA (mRNA)-based therapeutics are transforming the landscapes of med-
icine, yet targeted delivery of mRNA to specific cell types while minimizing off-target
accumulation remains challenging for mRNA-mediated therapy. In this study, we report
an innovative design of a cationic lipid- and hyaluronic acid-based, dual-targeted mRNA
nanoformulation that can display the desirable stability and efficiently transfect the tar-
geted proteins into lung tissues. More importantly, the optimized dual-targeted mRNA
nanoparticles (NPs) can not only accumulate primarily in lung tumor cells and inflam-
matory macrophages after inhalation delivery but also efficiently express any desirable
proteins (e.g., p53 tumor suppressor for therapy, as well as luciferase and green fluores-
cence protein for imaging as examples in this study) and achieve efficacious lung tissue
transfection in vivo. Overall, our findings provide proof-of-principle evidence for the
design and use of dual-targeted mRNA NPs in homing to specific cell types to up-regulate
target proteins in lung tissues, which may hold great potential for the future development
of mRNA-based inhaled medicines or vaccines in treating various lung-related diseases.

inhalation delivery | dual-targeted mRNA nanoparticles | lung tissue transfection |
lung cancer | pneumonia

With the capability to produce any proteins of interest, messenger RNA (mRNA)-
based therapeutics are transforming the therapeutics and vaccination landscapes (1-4).
Considering the great success of mRNA nanoparticle (NP) vaccines against severe
acute respiratory syndrome coronavirus 2 (SARS-CoV 2) and their ongoing applica-
tions in eliciting cross-neutralizing antibodies for COVID-19 variants in the clinic
(5-7), future extensive use of NP-mediated mRNA medicine in treating many other
major human diseases besides infectious diseases can be well predicted (1, 2, 8, 9).
However, safe and efficacious delivery of mRNA to specific organs and cells remains
a great challenge in the development of mRNA-mediated therapies. Many studies
showed that the widely used mRNA delivery platform of lipid NPs presents an affinity
to the liver when they were systemically administered, which was thought to be trig-
gered by the natural physiological advantages of the liver such as a slow blood flow
(10, 11) and discontinuous vasculature feature in hepatic sinusoids (12). In addition,
there are many diseases in nonliver tissues, among which lung-related diseases have
attracted great attentions.

Different from other major organs, the lung has the physiological characteristics of
direct contact with the air in the external environment (13, 14). Therefore, the lung tissue
cells are susceptible to the invasion and infection of various pathogenic microorganisms
(15) or toxic substances (16) and gradually lead to the production, development, and
deterioration of lung-related diseases. The prevalence of respiratory diseases is due to the
deterioration of the environment and the emergence of multiple pathogens, which draws
aggressive attention to developing therapeutic drugs and introducing more treatment
methods, especially during the current pandemic.

Importantly, the delivery route will substantially affect the biodistribution (17-21) and ther-
apeutic efficacy of the mRNA nanotherapeutics. The inhalation of formulating drugs is regarded
asa highly potential way to lung because lung inhalation does not undergo first-pass metabolism
(22). Patients and physicians could prefer inhalation delivery of medications for its convenience,
and the inhaled mRNA NPs may also enable local transfection in specific lung cells that are not
easily targeted via systemic administration (organ- and cell-specific targeting). Moreover, the
rational chemical design of mRNA NPs such as those modified with targeting ligands can further
improve their accumulation in specific types of cells in lung. For example, targeting tumor cells
in lung for effective lung cancer treatment and homing to inflammatory macrophages for robust
pulmonary inflammation therapy. Despite the significant promise, such a therapeutic strategy
and mRNA nanoformulations that may provide high efficacy and specificity for treating lung
cancer and/or pulmonary inflammation remain largely unexplored.
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transfection in vivo represents
one of the most critical
challenges in the field of mMRNA
medicine. Herein, this study
reported the design of a new
generation of dual-targeted
mRNA nanoparticles (NPs), which
can be inhaled and home to lung
tumor cells and inflammatory
macrophages, for highly efficient
expression of any proteins of
interest in vivo. Considering the
vital roles of cancer cells and
macrophages in lung-related
diseases (e.g., tumors, infections,
and inflammations), this platform
technology may potentially pave
the way for the development of
new inhaled mRNA medicine for
treating lung cancers and
pneumonia, as well as inhaled
mRNA vaccines against infectious
diseases.
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Fig. 1.

Characterization and optimization of dual-targeted mRNA HDPM NPs from 40 nanoformulations. Schematic illustration of the (A) preparation and (B)

inhalation delivery of dual-targeted mRNA HDPM NPs. (C) TEM image and (D) time-dependent DLS size of mRNA NPs in PBS for a period of 5 d. (E) Screening of
the in vitro transfection efficacy of Luc-mRNA delivered by 40 different nanoformulations. Corresponding heat map results summarized in (F). NPs composed
of different ratios of HA, GO-C14, DSPE-PEG, and DSPE-PEG-Man. In detail, NP core materials include Conditions [A: 2.5 pL G0-C14 (0.5 mg/mL) without HA], [B:
2.5 L GO-C14 (0.5 mg/mL) with 0.63 pL HA (0.5 mg/mL), [C: 2.5 uL GO-C14 (0.5 mg/mL) with 0.83 pL HA (0.5 mg/mL)], [D: 2.5 uL GO-C14 (0.5 mg/mL) with 1.25 pL
HA (0.5 mg/mL)], or [E: 2.5 uL GO-C14 (0.5 mg/mL) with 2.5 uL HA (0.5 mg/mL)]; and NP surface modification materials include Conditions [1: No PEG], [2: 1.00
uL DSPE-PEG (5 mg/mL), [3: 0.75 L DSPE-PEG (5 mg/mL) and 0.25 L DSPE-PEG-Man (5 mg/mL)], [4: 0.67 uL DSPE-PEG (5 mg/mL) and 0.33 pL DSPE-PEG-Man
(5 mg/mL)], [5: 0.50 pL DSPE-PEG (5 mg/mL) and 0.50 pL DSPE-PEG-Man (5 mg/mL)], [6: 0.33 pL DSPE-PEG (5 mg/mL) and 0.67 uL DSPE-PEG-Man (5 mg/mL)],
[7: 0.25 puL DSPE-PEG (5 mg/mL) and 0.75 uL DSPE-PEG-Man (5 mg/mL)], or [8: 1 uL DSPE-PEG-Man (5 mg/mL)]. (G) In vitro bioluminescence images and (H) the
mean bioluminescence intensity of H1299 cells at 24 h post-treatment of the dual-targeted HDPM NPs at different concentrations of Luc-mRNA (expressing Luc).

Herein, we developed a new class of polymer-lipid hybrid mRNA
NPs (Fig. 1 Aand B), composed of I) FDA-approved polymer hya-
luronic acid (HA) to both i) load/protect the mRNA-cationic lipid
and to ii) target CD44 proteins (23, 24) overexpressed on the surface
of cancer cells and/or macrophages (25), II) 1, 2-distearoyl-sn-glycero-
3-phosphoethanolamine-poly(ethylene glycol) (DSPE-PEG) to sta-
bilize the NP system, and III) targeting moiety of mannose (Man)
conjugated to DSPE-PEG on mRNA NP surface to further
dual-target glucose transporters (26, 27) overexpressed on the surface
of cancer cells and/or macrophages (28). Three different types of
mRNA encoding different proteins including luciferase (Luc),
enhanced green fluorescence protein (EGFP), and wide-type p53
were used as model mRNAs in this study (i.e., Luc-mRNA,
EGFP-mRNA, and p53-mRNA, respectively) for efficient delivery
to the lung. Our results demonstrated that the optimized HDP-Man
(HDPM) NPs could not only selectively deliver different types of
mRNA to the target cells (e.g., H1299 lung cancer cells and proin-
flammation macrophages) with extremely high efficacy both in vitro
and in vivo but also effectively produce the target proteins of interest
for different applications. To the best of our knowledge, this is the
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first-of-its-kind dual-targeted NP delivery platform for mRNA deliv-
ery, which may address the critical challenges of mRNA delivery to
specific cell types in the lung tissues. Considering the significant role
of cancer cells and macrophages in many human diseases, this
proof-of-concept work could also benefit the future development of
inhaled mRNA-based medicines or vaccines for treating various
diseases (e.g., lung cancers, pneumonia relief, infectious diseases, and
other respiratory diseases).

Results

Synthesis and Characterization of Dual-Targeted mRNA NPs.
The inhaled, dual-targeted mRNA HDPM NPs were fabricated
via the self-assembly of GO-C14 cationic lipids (29) and negatively
charged mRNA followed by encapsulation in HA and DSPE-
PEG-Man (Fig. 1 A and B). To optimize the stable dual-targeted
NPs that can further encapsulate mRNA, we first used different
concentrations of G0-C14 and HA to synthesize the NPs. The
dynamic light scattering (DLS) results showed that the use of a low
concentration of G0-C14 and a high volume of HA was beneficial
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for synthesizing the NPs with a size of about 200 nm (S/ Appendix,
Fig. S1); we selected the concentration of 0.5 mg/mL for both
G0-C14 and HA for NP synthesis in the following experiments.
The transmission electron microscope (TEM) image (Fig. 1C)
and DLS results (Fig. 1D) further confirmed the average size of
dual-targeted NPs was approximately 200 nm with a uniform
sphere morphology. According to the standard line (S Appendix,
Fig. S2), the encapsulation eficiency of Cy5-labeled mRNA in
dual-targeted HDPM NPs was calculated to be 50%. Additionally,
the dual-targeted mRNA NPs had excellent stability in phosphate-
buffered solution (PBS) as their size did not change obviously
within 5 d (Fig. 1D).

We then compared the in vitro mRNA transfection efficiency
of the dual-targeted mRNA HDPM NPs with other control
mRNA NPs such as i) nontargeted PLGA-DSPE-PEG (PDP) NPs
synthesized in our previous study (8) and ii) single-targeted
HA-DSPE-PEG (HDP) NPs. We utilized the Luc-expressing
mRNA (Luc-mRNA) as the model mRNA loaded in these NPs
and monitored the bioluminescence expression in both H1299
cells (model human nonsmall cell lung carcinoma cell line with
the overexpression of CD44 proteins and glucose transporters)
and HelLa cells (another cancer cell line also with the overexpres-
sion of CD44 proteins and glucose transporters). SI Appendix,
Fig. S3A shows that the bioluminescence generated by the mRNA
NP-mediated Luc expression was higher in groups treated by the
Luc-mRNA HDP NPs than those treated by Luc-mRNA PDP
NPs at the same mRNA dosage (approximately 2 times higher in
H1299 cells and 2.5 times higher in HeLa cells). The results could
be ascribed to the CD44 binding ability of HA in the mRNA NPs
as we designed. Moreover, the modification of Man targeting lig-
ands on the mRNA NP surface further improved the Luc expres-
sion in both cell lines as the bioluminescence expression was 2
times higher in H1299 cells treated by Luc-mRNA HDPM NPs
than those treated by LZuc-mRNA HDP NPs at the same mRNA
dosage (u.s. 3 times higher in HeLa cells) (87 Appendix, Fig. S3B).
The result was credited to the additional glucose transporter
uptake of these HDPM NPs (besides the CD44-targeting ability
possessed by both HDPM NPs and HDP NPs).

Optimization and In Vitro Transfection of Dual-Targeted mRNA
NPs. To deeply investigate the essential roles of Man- and HA-
mediated dual targeting effects, we synthesized a NP library
including different ratios of DSPE-PEG/DSPE-PEG-Man and
G0-C14/HA, and compared their bioluminescence in H1299
cells. As shown in Fig. 1 Eand F, the introduction of both DSPE-
PEG-Man and HA enhanced the in vitro Luc-mRNA transfection
ability in our system, through which we optimized the ratio of
these components; we used the largest amounts of DSPE-PEG-
Man and HA (8E NPs) to obtain the dual-targeted mRNA NPs
for the subsequent studies. Next, we used an imaging system that
can detect bioluminescence to study the mRNA expression efficacy
using HDPM NPDs at different concentrations of Luc-mRNA
(0.25, 0.5, and 1 pg/mL). As observed from Fig. 1 G and H, the
HDPM NPs presented a good bioluminescence expression with
a concentration-dependent tendency.

We then moved forward to initially evaluating the targeting
ability of our NPs by the cell uptake experiment at different time
points after the incubation with H1299 cells. To access the cell
uptake ability, we replaced the Luc-mRNA with red fluorescent
Cy 5-labeled mRNA in our synthetic NPs. Compared with our
previous nontargeted PDP nanoformulation and single-targeted
HDP nanoformulation groups, the dual-targeted HDPM NPs
were easily engulfed into the H1299 cells (57 Appendix, Fig. S4).
Remarkably, obvious red fluorescence of dual-targeted HDPM
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NPs was observed in the cytoplasm at 0.5 h postincubation with
H1299 cells, whereas no naked-eye-detectable fluorescence was
present in the cells from the PDP NPs group and single-targeted
HDP NPs group (at the tested conditions). Moreover, while the
uptake of NDPs increased in all groups with the increasing incu-
bation time, the dual-targeted HDPM NPs group showed the
highest signals of mRNA in the cytoplasm of H1299 cells among
all the groups. In addition, we also tested the targeting ability of
our HDPM NPs in lipopolysaccharide (LPS)-induced proinflam-
matory macrophages. When compared with nontargeted PDP
NPs and single-targeted HDP NPs, the dual-targeted HDPM
NPs showed the best uptake in LPS-induced proinflammatory
macrophages which at different tested time points (S7 Appendix,
Figs. S5 and S6). These results were also attributed to the HA and
mannose targeting capability of the NPs to recognize the proin-
flammation macrophages. Taken all together, these results pre-
liminarily supported the potential targeting ability of HDPM
NPs, highlighting the potential superiority of the dual-targeted
design of HDPM NPs for mRNA delivery selectively in the tar-
geted cells compared with the use of nontargeted NPs and
single-targeted NDs.

After verifying the active dual-targeting ability of our designed
NPs, we then tested the transfection efficiency of the Luc-mRNA
HDPM NPs after incubation with H1299 cancer cells for different
periods of time. Specifically, H1299 cells were seeded in 24-well
plates with the amount of about 5,000 cells per well. After overnight
incubation, the various concentrations (0.25 pg/mL, 0.5 pg/mL
and 1 pg/mlL) of the synthesized NPs were placed into the cells for
further coincubation. Subsequently, we studied the transfection
process by recording the bioluminescence of cells in corresponding
groups after coincubation for different periods of time (3, 6, 12,
24, and 48 h). At the tested timepoints, the bioluminescence inten-
sity gradually increased and reached the maximum at 24 h after
coincubation, allowing us to select 24 h as the incubation time for
evaluating Luc expression after the Luc-mRNA NP transfection
(81 Appendix, Fig. S7). Meanwhile, we also tested the in vitro bio-
compatibility of these mRNA HDPM NPs in different cells includ-
ing both the cancer cells and the normal cells (myoblast cell line
C2C12 and fibroblast cell line NIH/3T3 were used as model nor-
mal cell lines). As revealed in S/ Appendix, Fig. S8, no obvious
cytotoxicity was observed at the tested concentrations of Zue-mRNA
HDPM NPDs in all these tested cell lines, indicating that our mRNA
NPs presented good biocompatibility.

Versatile HDPM NP Platform in Delivering Different Types of
Functional mRNA In Vitro. After confirming the effective and
safe transfection of the Luc-mRNA by our dual-targeted NPs, we
further tested whether this unique HDPM NP platform could also
serve as a versatile platform to protect other types of mRNA at the
cellular level. Functional mRNA such as EGFP-mRNA (encoding
fluorescent proteins EGFP) and p53-mRNA (encoding tumor
suppressor proteins p53) were utilized in the following studies. As
shown in the confocal images and flow cytometry results (Fig. 2
A and B), the EGFP-mRNA encapsulated HDPM NPs could
successfully induce the EGFP expression with a high efficiency in
H1299 cells, while control group and empty NPs group did not
show any expression of EGFP.

To further confirm whether our dual-targeted HDPM NPs
could also effectively deliver p53-mRNA for therapeutic functions,
we moved on to carry out more studies in H1299 cells with
253-mRNA HDPM NP-treatments. The RT-qPCR experiments
revealed the successful delivery of p53-mRNA by HDPM NPs to
the cytoplasm of H1299 cells, and the p53-mRNA expression
increased along with increasing concentration and incubation time
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Fig. 2. Versatile HDPM NP platform in delivering different types of functional mRNA in vitro, and its ability in selectively delivering mRNA to target cells.
(A) Confocal laser scanning microscope (CLSM) images of H1299 cells after 24 h-treatment of empty HDPM NPs, or EGFP-mRNA HDPM NPs at the mRNA
concentrations of 0.25 and 1.0 pg/mL (X40 magnification; Green, EGFP expression; Blue, Hoechst). (B) Flow cytometry analysis of H1299 cells after 24 h-treatment
of empty HDPM NPs, or EGFP-mRNA HDPM NPs at the mRNA concentrations of 0.2 and 1.0 pg/mL. (C) Quantitative analysis of p53-mRNA expression in H1299
cells was determined by RT-gPCR after 24 h- or 48 h-treatment of empty HDPM NPs, free p53-mRNA, EGFP-mRNA HDPM NPs, or p53-mRNA HDPM NPs at the
MRNA concentrations of 0.13, 0.25, 0.5 and 1.0 pg/mL. (D) Viability of H1299 cells after 24 h- or 48 h-treatment of empty HDPM NPs, free p53-mRNA, EGFP-mRNA
HDPM NPs, or p53-mRNA HDPM NPs at the mRNA concentrations of 0.13, 0.25, 0.5, and 1.0 pg/mL. () Heat-map summary on the viability of H1299 cells after
different treatments in figure (D). (F) CLSM images of control-siRNA or CD44-siRNA pretransfected H1299 cells after the treatments of empty HDPM NPs or p53-
mRNA HDPM NPs at the mRNA concentrations of 1.0 pg/mL (60x magnification; Red, CD44 protein; Green, thymidine analog BrdU). (G) Viability of control-siRNA
or CD44-siRNA pretransfected H1299 cells after the treatment of empty HDPM NPs or p53-mRNA HDPM NPs. Statistical significance was calculated using two-
tailed student’s t test (**P < 0.01; n = 6, Mean + SEM). (H) CLSM images of the cocultured, GFP-labeled H1299 and nonlabeled HEK293 cells at an initial ratio of
1:1. The mixed cells were treated with p53-mRNA HDPM NPs for 24 h or 48 h (Green dots, H1299-GFP cells; Gray dots, HEK293 cells). (/) Flow cytometry analysis
of the cell population in figure (H) via the green fluorescence signals (green fluorescence positive-group, H1299-GFP cells; green fluorescence negative-group,
HEK293 cells). (/) Analysis of the ratio changes between H1299-GFP and HEK293 cells. Data are presented as mean + SEM (n = 3).
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(Fig. 2C). As shown in Fig. 2D, the viability of H1299 cells
decreased to about 50% and 30% after coincubation with p53-mRNA
HDPM NPs (at the mRNA dosage of 1.0 pg/mL) for 24 h and 48
h, respectively, as well as displayed a concentration-dependent ten-
dency. The therapeutic efficacy of p53-mRNA HDPM NPs on
H1299 cells were also summarized with a heat-map form (Fig. 2E).
These results primarily supported that our HDPM NPs could be
used as a versatile platform to protect/deliver p53-mRNA and
generate therapeutic effects specifically on cancer cells.

Enhanced and Selective Delivery of p53-mRNA via HDPM NPs to
Lung Cancer Cells. As cell proliferation results could be monitored
by the thymidine analog BrdU (5-bromo-2'-deoxyuridine) (30)
after its integration into newly generated DNA followed by the
detection using the corresponding anti-BrdU antibody, we then
used this assay to further verify cell proliferation inhibition ability
of p53-mRNA and the CD44 targeting ability of the HDPM NPs.
In the control groups (H1299 cells pretransfected control siRNA
without any functions), incubation with p53-mRNA HDPM NPs
could effectively decrease the signals of thymidine analog BrdU
(green) compared with those without NP treatment and those
with empty NP treatment (Fig. 2 F, Lef?), indicating the treatment
of p53-mRNA HDPM NPs effectively inhibited the proliferation
of cancer cells. However, in the groups pretreated with siCD44
(H1299 cells pretransfected functional siRNA to knockdown
CD44; reflected by the significantly reduced red signals), p53-
mRNA HDPM NPs’ effect on reducing the signals of thymidine
analog BrdU (green) was somehow impaired (Fig. 2 F, Right)
compared with the same treatment in the siControl pretransfected
cells, indicating CD44-targeting design of mRNA HDPM NPs
could promote the delivery of loaded mRNA to target cells with
CD44 overexpression and improve the transfection efficacy.
Moreover, the therapeutic effects of p53-mRNA HDPM NPs were
also reduced in the siCD44 pretransfected H1299 cells compared
with the same treatment in siControl pre-transfected H1299 cells
(Fig. 2G), further indicating the CD44-targeting design of mRNA
HDPM NPs could enhance the delivery of therapeutic mRNA
to target cells with CD44 overexpression and potentially generate
enhanced therapeutic efficacy.
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Subsequently, we also conducted a competitive cell growth assay
to further confirm the p53-mRNA HDPM NPs could selectively
deliver therapeutic mRNA to glucose transporter/CD44 overex-
pressed H1299 cells for effective killing of cancer cells, while being
safe and biocompatible for normal cells. HEK293 cells (normal
human cells as example) and GFP-labeled H1299 cells were used
in this part of studies and assessed through confocal and flow cytom-
etry. In brief, the same number of HEK293 cells and GFP-labeled
H1299 cells were coincubated with p53-mRNA-encapsulated NPs
for 24 h and 48 h. As can be observed in our results (Fig. 2H), with
the treatment of p53-mRNA HDPM NP, the ratios of GFP-labeled
H1299 cells (green) significantly decreased with the increase of incu-
bation time. At 48 h, HEK293 cells (gray) almost dominated the
total number of the cell population. The quantitative analysis of flow
cytometry results also revealed that, compared with the control
group of 53% GFP-labeled H1299 cells detected, the ratios of
GFP-labeled H1299 cells decreased to 39.6% and 27.6% after 24
h- and 48 h-incubation with p53-mRNA HDPM NP, respectively
(Fig. 2/). Quantitative ratio changes in HEK293 and H1299 cells
were also presented in Fig. 2/, showing the significantly increased
number of HEK293 normal cells and decreased number of H1299
cancer cells. These data indicated our dual-targeted HDPM NPs
could selectively deliver mRNA to glucose transporter/CD44 over-
expressed cancer cells for therapeutic applications, but not normal
cells without the over-expression of glucose transporter/CD44.

p53-mRNA HDPM NPs Effectively Expressed p53 Proteins and
Activated Apoptosis Pathways in Cancer Cells. After primarily
confirming the selective delivery of p53-mRNA via HDPM
NPs to lung cancer cells and their effective killing effects on
cancer cells, we then investigated the anticancer mechanism of
our p53-mRNA HDPM NPs at the cellular level. As shown in
the western blotting (WB) results (Fig. 34), the treatment of
p53-mRNA HDPM NPs effectively up-regulated the expression
of p53 proteins (one kind of important tumor suppressors),
followed by the remarkable upregulation of PUMA, BAX, and
cleaved-caspase 3 proteins which would result in the apoptosis
of H1299 cells. Such kind of p53-induced apoptosis was further
confirmed by the flow cytometry assay (Fig. 3 B and C), as the

Fig. 3. p53-mRNA HDPM NPs effectively ex-
pressed p53 proteins and activated apoptosis
pathways in cancer cells. (A) WB analysis of the
cell apoptosis-associated signaling pathway in
p53-unexpressed H1299 cells after the treatment
with empty HDPM NPs or p53-mRNA NPs. p53,
PUMA, BAX, and cleaved-caspase 3 proteins were
monitored, respectively. Actin served as the
loading control. (B) Flow cytometry analysis of
the apoptosis of H1299 cells after the treatment
with empty HDPM NPs or p53-mRNA NPs. (C)
Quantitative analysis of the cell apoptosis using
the Flowjo software. Data were presented as
mean + SEM (n = 3), and statistical significance was
calculated using two-tailed student's t test (**P <
0.01). (D) Volume view of CLSM images of H1299
cells after the treatment with empty HDPM NPs or
p53-mRNA NPs at the mRNA concentrations of 0.5
and 1.0 pg/mL [p53, red staining; Cleaved-caspase
3, green staining; (Scale bar, 20 pm)].

*% p53-mRNA NPs
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treatment of p53-mRNA HDPM NPs significantly increased
the ratios of apoptotic cells in H1299 compared with the
control group and the empty NPs group. The cleaved-caspase
3-related pathways were also confirmed by immunofluorescence
(IF) staining images shown in Fig. 4D. After the treatment
of p53-mRNA HDPM NPs, the expression of p53 proteins
along with cleaved-caspase 3 proteins could be prominently
up-regulated in H1299 compared with the control group and
the empty NPs group.

of our mRNA HDPM NPs, we next tested whether these NPs
could effectively transfect the lung tissues in vivo. The mice
were anesthetized and then administrated mRNA HDPM NPs
through the spray. We first used the Cy 5-labeled Luc-mRNA
as a model mRNA to investigate the biodistribution of mRNA-
loaded NPs through the comparation between inhalation (2.4.)
administration and intravenous (i.z.) injection. As shown in
SI Appendix, Fig. S9, all the fluorescent signals from the Cy
5-labeled Luc-mRNA HDPM NPs were located in the lung of the

i.h. administration group, while in the 7.2 injection group, the
fluorescent signals were majorly located in the liver and kidneys
(not much in the lung). Moreover, the total fluorescent signals
from the Cy 5-labeled Luc-mRNA HDPM NPs seemed to be

2.0
1.5
%108
1.0
0.5

p/secicm?/sr

Biocompatible HDPM NPs Effectively Delivered Different Types
of mRNA In Vivo and Expressed Different Proteins of Interest
in the Lung. After confirming the excellent in vitro performance

>

i.h. for real-time
imaging over 48 h
Total Flux [p/s]

ol

6h 24h 48h

C D ™o
- 3 , ; 6.0 ) T
o< 30 ra I§|d‘ney » Ht.‘ Kidney ™, #  Kidney N\ - S, 1x106
S < 25 ¢ Ei eart = Heaft " - - N
S A 20 Heart o ey « & 7 Spleen RS NI
%= 15 *10° Spleen - Spleen { 3.0 L 1x108
[ o : »~ £ i ’ e 20 ]
= o 1.0 & e N o °
S £ e : f: . 1.0 2
Hl= ' S I 1%104
= 1= plsec/cm?/sr Liver Lufgr Reciuit
N
%@
E DAPI G DAPI p53
s °
c <
o) S
O O
20 20
£% £S
Ll = Ll 2
- 2
Qz X o
Lo cQ
O Z o Z
w oy 3
= Q

F Liver Spleen Kidney
—~ 407 ok _ 80~ -
3 1 S
8 4. Sl —2—
2 >
D = Empty
8 27 §41 . NPs
£ £
< 104 i
s g% EGFP-
= ] - = mRNA NPs
© L S &°&° :
< ’dé ?ﬁ & \\\% ?F\ p53-mRNA
N O S NPs |
© oS @%,bxo S g
& 9

Fig. 4. Biocompatible HDPM NPs effectively delivered different types of mRNA in vivo and expressed different proteins of interest in the lung. (4) In vivo
bioluminescence images of BALB/c mice at different time points after receiving Luc-mRNA NPs via inhalation delivery. (B) Quantitative analysis of total luminescence
flux of lung at different time points of Fig. 4A. Data were presented as mean + SEM (n = 6) (C) Ex vivo bioluminescence images of different main organs at 24 h
after inhalation from another group of 3 mice. (D) Quantitative analysis of luminescence flux from different organs in Fig. 4C. Data were presented as mean +
SEM (n = 3) (E) Fluorescence images of lung tissue section from mice after the treatment of empty HDPM NPs or EGFP-mRNA HDPM NPs (Nucleus, blue; EGFP,
green). (F) Quantitative analysis of EGFP signals from the images in Fig. 4E. Statistical significance was calculated using two-tailed student’s t test (**P < 0.01).
(G) Fluorescence images of lung tissue section from mice after the treatment of empty HDPM NPs or p53-mRNA HDPM NPs (Nucleus, blue; p53 protein, orange).
(H) Quantitative analysis of p53 signals from the images in Fig. 4G. Statistical significance was calculated using two-tailed student's t test (**P < 0.01). (/) H&E
staining images of the sections from main organs, collected from the mice receiving different treatment.
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reduced (cleared) quite a lot after passing the blood circulation
to different organs. These results indicated that, different from
i.v. injection method, inhalation delivery could increase the
local concentrations of mRNA in lung, which could reduce the
dosage of mRNA NPs used for treatment and avoid the potential
systemic toxicity caused by 7.2 injected high-dosage of mRNA
NPs (in order to achieve the same amount of mRNA NPs in
lung as .h. administration), thereby highlighting the importance
of inhalation delivery manner for the highly efficient delivery
to lung tissues.

In the subsequent studies, we went on to check the Luc expres-
sion over the time after 7.4. administration of our Luc-mRNA
HDPM NPs in mice (Fig. 4 A and B). As shown in the in vivo
bioluminescence images, after 6 h postinhalation, nearly all the
bioluminescence was observed in lung as anticipated, confirming
the superior mRNA transfection-induced protein expression of
our HDPM NPs in lung via i.4. delivery. At 24 h postinhalation,
the bioluminescence became stronger in the lung, indicating the
sustained expression of target proteins by our NP delivery plat-
form. Moreover, obvious bioluminescence could still be observed
in lung 48 h after i.h., suggesting that our HDPM NPs could
maintain the level of desired protein expression at least over 48 h
in vivo. Additionally, in another group of studies, we sacrificed
the mice at 24 h after i./. of the mRNA NPs and harvested main
organs to evaluate the Luc expression by bioluminescence imaging.
As shown in Fig. 4 Cand D, significantly strong bioluminescence
signals were observed in lung, whereas negligible signals in spleen,
kidney, heart, and liver were monitored.

Next, we used EGFP-mRNA- and p53-mRNA-loaded NPs
to further confirm that our HDPM NPs could effectively deliver
different types of mRNA in vivo and expressed different proteins
of interest in the lung. At 24 h post-inhalation of PBS, empty
HDPM NPs or mRNA-loaded HDPM NPs, the mice were sac-
rificed and lungs were collected for IF staining to detect the
expression of EGFP or p53 proteins. As depicted in Fig. 4 Eand
F, compared with control group and empty HDPM NPs group,
the EGFP protein level in the EGFP-mRNA HDPM NPs group
was significantly higher, which was credited to the efficient
EGFP-mRNA translation in lung tissues by our inhaled NPs.
Similarly, after inhalation of p53-mRNA HDPM NPs, signifi-
cant p53 protein expression was also observed at 24 h postinha-
lation (Fig. 4 G and H).

Moreover, the main organs were collected and stained with
Hematoxylin and Eosin (H&E) for in vivo biocompatibility eval-
uation. As shown in Fig. 47, no obvious signs of organ injury were
observed in the main organs including heart, liver, spleen, lung,
and kidney, indicating the potential good biocompatibility of the
mRNA HDPM NPs. Specifically, as the nRNA HDPM NPs also
showed signals in the spleen (although negligible) in Fig. 4C, we
photographed the spleen organ isolated from Balb/c mice after
inhalation of PBS or p53-mRNA HDPM NPs for 7 d. As also
shown in SI Appendix, Fig. S10, there was no significant size or
other difference between the two groups, indicating that our
mRNA HDPM NPs did not cause any significant pathological
alterations in the spleen. Meanwhile, based on the H&E staining
images from Fig. 4/, we observed no histopathological abnormal-
ities in the spleen sections of the mRNA HDPM NP-treated
group compared to the control group. The H&E staining revealed
a normal and nontoxic tissue architecture in the spleen, with dis-
tinct white pulp and red pulp regions, intact lymphoid follicles,
and a well-preserved network of sinuses and splenic cords. These
results suggested that our mRNA HDPM NPs did not induce any
detectable signs of toxicity or pathological changes in the spleen.

PNAS 2023 Vol.120 No.44 e2304966120

Additionally, the blood of mice in different groups was also
analyzed to evaluate whether there were any inflammation induced
by the NPs via detecting the representative proinflammatory
cytokines of IL-12, IL-6, TNF-a, and IFN-y. According to the
blood results in S/ Appendix, Fig. S11, no obvious differences were
been monitored between control group and different NP groups
(empty HDPM NPs, EGFP-mRNA HDPM NPs, or p53-mRNA
HDPM NPs group), further indicating the good biocompatibility
and application potential of our NPs. We also investigated the
blood biocompatibility by conducting hemolysis quantification
of RBC (red blood cells) incubated with p53-mRNA HDPM NPs
and empty HDPM NPs at different mRNA concentrations for
0.5 h. 81 Appendix, Fig. S12 showed that no significant hemolysis
was found in the presence of mRNA HDPM NPs or empty
HDPM NPs, and all the hemolysis rates are less than 2%, which
indicated excellent blood biocompatibility of our mRNA NDPs.
Meanwhile, we evaluated the blood biochemical parameters and
blood hematology after inhalation of the HDPM NPs for 7 d to
further confirm the biocompatibility of the HDPM NPs. As shown
in ST Appendix, Fig. S13 A-D, there was no significant difference
between the control group and the p53-mRNA HDPM NPs group
in the blood parameters of alanine aminotransferase, blood urea
nitrogen, aspartate aminotransferase and lactate dehydrogenase. As
for blood hematology analysis, macrophages, white blood cells,
RBC, hemoglobin, hematocrit, mean corpuscular volume, mean
corpuscular hemoglobin, and platelet counts were measured.
Compared with the control group, no statistically significant dif-
ference was shown in the mRNA HDPM NPs group in all the
parameters (S Appendix, Fig. S13 E-L).

Collectively, all these data provided solid evidence that our
HDPM NPs are safe/biocompatible and promising for effective
mRNA transfection and generating target proteins of interest in
lung tissues. It is also worth briefly mentioning that although this
NP platform was designed for inhaled delivery of mRNA, we also
tried the intramuscular injection of our mRNA HDPM NPs as it
is the most common vaccination way just like the currently
FDA-approved mRNA vaccines. As shown in ST Appendix, Fig. S14,
bright bioluminescence could be observed over at least 48 h after
the injection of Luc-mRNA HDPM NPs, confirming that our
HDPM NPs could also be potentially used in the application of
mRNA vaccines.

Inhaled Delivery of mRNA via Dual-Targeted HDPM NPs to
Cancer Cells or Proinflammation Macrophages in Lung Diseases
Models (Mice with Orthotopic Lung Cancer or LPS-Induced
Pneumonia). Based on the potent mRNA transfection ability in
healthy lung tissue, we further used the mice models of orthotopic
nonsmall cell lung cancer and LPS-induced pneumonia to evaluate
the targeted delivery of mRNA to cancer cells or proinflammation
macrophages in lung via our inhaled HDPM NPs in vivo. For the
orthotopic nonsmall cell lung cancer mice model, after receiving
different treatments (i./. administration of empty HDPM NPs
or Luc-mRNA HDPM NPs at 24 h and 48 h), the whole lung
tissues were carefully collected for further H&E staining (Fig. 54)
and IF staining (Fig. 5B). When comparing the H&E staining
results with the IF staining results, we could easily observe that the
expression of Luc proteins was almost detected in the lung tumor
area, while negligible signals in the healthy lung tissue area were
observed (Fig. 5C), supporting the lung tumor targeting ability of
our mRNA HDPM NPs. These results could be attributed to the
dual-targeting ability of the HDPM NPs at the same time, i.c.,
HA part of the NPs for CD44-targeting and Mannose part on the
surface or the NPs for glucose transporter targeting, respectively.

https://doi.org/10.1073/pnas.2304966120 7 of 10


http://www.pnas.org/lookup/doi/10.1073/pnas.2304966120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2304966120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2304966120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2304966120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2304966120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2304966120#supplementary-materials

A Empty NPs Luc-mRNA NPs 24 h Luc-mRNA NPs 48 h C _ Luc-mRNA NPs 24 h

. Healthy
1\ tissue

H&E

@

NPs 48 h

Empty NPs Luc-mRNA NPs 24 h Luc-mRNA NPs 48 h _Luc-mRNA

£

Enlarged image

IF staining of the
Luc expression

D DAPI Macrophages Cy5-mRNA Merge
<
<
N
<
pd
o
g
©
>
O
o
o
w
()
(@)
©
=
el
Q
>
o
[
w
E DAPI Macrophages Cy5-mRNA Merge

Cy5-mRNA NPs 24 h

Enlarged image

Fig. 5. Targeted delivery of mRNA via HDPM NPs to cancer cells or proinflammation macrophages in lung diseases models (mice with orthotopic lung cancer
or LPS-induced pneumonia) in vivo. (A) Histological examination (H&E staining) of lung tissues from mice with orthotopic nonsmall cell lung cancer after i.h.
administration of empty HDPM NPs or Luc-mRNA HDPM NPs at 24 h and 48 h. (Scale bars, 2.5 mm); Black arrows, orthotopic tumor positions. (B) IF staining of
lung tissues in Fig. 5A evaluating the location of target protein expression. Pink, Luc protein. (C) Enlarged images from Fig. 5B. (D) IF staining images and enlarged
views of lung tissue sections from mice with LPS-induced pneumonia after i.h. administration of naked Cy5-mRNA at 24 h. Blue, nucleus; red, Cy5-mRNA; green,
proinflammatory macrophages. (E) IF staining images and enlarged views of lung tissue sections from mice with LPS-induced pneumonia after i.h. administration
of Cy5-mRNA HDPM NPs at 24 h. Blue, nucleus; Red, Cy 5--mRNA; Green, proinflammatory macrophages.
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For the LPS-induced pneumonia mice model, after receiving
different treatments (i.4. administration of free Cy5-mRNA or
Cy5-mRNA HDPM NPs at 24 h), the whole lung tissues were
carefully collected for further IF staining (Fig. 5 D and E). Consistent
with the in vitro results, the in vivo studies also revealed the excellent
targeting ability of the HDPM NPs for mRNA delivery to proin-
flammatory macrophages, as reflected the excellent colocalization
between the macrophages (green) and Cy5-mRNA HDPM NPs
(red). At the same time, because naked mRNA cannot be taken up
by cells, most of the signals from Cy5-mRNA disappeared at
24 h-post treatment (at the tested conditions). These results strongly
supported the good targeting efficacy and effective delivery of
mRNA by our HDPM NP to the proinflammatory lung tissues of
pneumonia.

In summary, all the above results not only supported the biosafety
of our dual-targeted mRNA HDPM NPs via inhalation delivery
manner but also presented the satisfactory mRNA delivery in lung
tissues, especially in target disease cells including lung cancer cells
and proinflammatory macrophages, which highlight the promising
application of our HDPM in developing mRNA-based therapeutics
or vaccines for lung-related diseases.

Discussion

Inspired by the previous accomplishment especially in combating
SARS-CoV-2, mRNA delivery has drawn much attention, and
plenty of nanoplatforms and strategies were developed for tackling
different diseases (1—4). The safe and efficacious delivery of mRNA
to specific organs and cells remains a great challenge but extremely
promising in the development of mRNA-mediated therapies,
which needs new targeting strategies. Organ-specific targeting
strategy could enable the mRNA therapeutics to arrive at the
targeted organ tissues, but it is still not enough as it is hard for
these mRNA therapeutics only take actions in the disease or target
cells. Toxicity issues or unwanted protein expressions may still
happen in the healthy tissues of the targeted organ. Therefore, the
cell targeting of mRNA therapeutics, which directly contributes
to precision medicine with more accurate therapies at the cellular
level, is especially attractive and meaningful. However, realizing
such kinds of specific cell-targeting is very difficult. Current com-
mon problems include i) lacking effective and specific targeting
ligands for different cell types, ii) complexity of the chemical mod-
ification, iii) blocking of the targeting modification by the forma-
tion of protein corona (if systemic delivery via blood circulation
is used as the administration route), and iv) difficulties in high-
throughput production of targeted NPs with controlled quality
from lab-scale synthesis to the clinical scale production (31-36).
Targeted NP delivery platforms that can simultaneously address
the difficulties in both organ-specific targeting and cell-specific
targeting are thus urgently needed.

Among the main organs, the lung tissues are more susceptible
to the external pathogenic microorganisms or toxic substances and
lastly developed into lung-related diseases, so targeting the diseased
lung tissues and specific cells could be valuable but challenging.
In our work, we have demonstrated the perfect match between
our dual-targeted NPs and inhalation way for efficient mRNA
delivery to lung tumor cells and inflammatory macrophages. In
particular, the NPs consisted of HA and DSPE-PEG-Mannose
for CD44 proteins and glucose transporters targeting respectively,
which lastly guaranteed the dual-targeting effects of lung tumor
cells and inflammatory macrophages. Three types of mRNA
including Luc-mRNA, EGFP-mRNA, and p53-mRNA were
introduced to evaluate in vitro and in vivo lung tumor cells and
inflammartory macrophages targeting, and all presented excellent

PNAS 2023 Vol.120 No.44 e2304966120

performance, showing the promising potential of our dual-targeted
mRNA NP strategy. In the representative lung tumor model and
LPS-induced pneumonia model, our dual-targeted NPs showed
excellent targeting ability and then endowed effective transfection,
indicating that our NPs could be a powerful platform to deliver
various therapeutic mRNAs to diseased lung cells for correspond-
ing treatments in future applications. Besides the potential in lung
cancer and lung inflammation treatment, our dual-targeted
mRNA NPs may also be utilized to treat pulmonary cancer metas-
tasis. Because the lung is a common metastatic site for many can-
cers and such cancer metastasis is among the major reasons for
treatment failure in various cancers, the developed dual-targeted
mRNA NPs might also be useful in tackling these tough lung
metastasis problems.

In summary, this dual-targeting strategy in our study can also
inspire the future design of a panel of dual-targeted mRNA NPs used
for various disease conditions and different disease cells, which can
address the current critical challenges in low cell-specificity of mRNA
transfection. Moreover, our results not only highlighted the promise
of the inhaled mRNA therapeutics to treat pulmonary diseases (such
as cancers and viral infection) but also revealed the broad applications
of the inhaled mRNA NPs for other lung disease management and
vaccine development. For example, in treating lung inflammation
and infections which are both common diseases at present, our strat-
egy might be further optimized to i) deliver specific mRNAs for
long-term expression of target proteins to relieve pneumonia, ii)
deliver mRNA vaccine via inhalation to prevent viral infection, or ii)
target immune cells to efficiently trigger the immune responses to
combat lung inflammation and infections.

As our work is still in the infancy stage, there are still some aspects
that need to be further investigated before future translation. For
example, we only utilized one molecular weight of the DSPE-PEG-
Mannose for glucose transporter targeting, and more representative
DSPE-PEG-Mannose with different molecular weights can be intro-
duced for optimized cell targeting ability. In addition, the ratios
between mRNA and total other components could be further mod-
ified, which might affect the in vitro and in vivo mRNA delivery/
targeting performance. Another potential problem is that the size of
our NPs was about 200 nm which may not be advantageous for
in vivo targeting, so the size should be optimized and commercial
microfluidic technology (37, 38) could be introduced. Based on our
promising in vitro results, other diseased lung cells could also be used
for NPs targeting evaluation in the future studies, which could expand
the potential of our dual-targeted NPs. More detailed biocompatibility
evaluation in large animals could also be conducted for our NPs which
is highly important for the future applications. Encouraged by the
current market of mRNA medicine, ongoing clinical trials, and the
irreplaceable role of the delivery platforms, we firmly believe that our
dual-targeting NP strategy holds tremendous potential in delivering
various mRNAs to wanted sites for corresponding disease treatment
with high translational potential.

Materials and Methods

Detailed materials and methods are provided in S/ Appendix, Materials and
Methods, including all materials; synthesis of mRNA NPs; characterization of
the targeted mRNA NPs; cell lines; in vitro transfection efficiency of targeted
Luc-mRNA NPs; in vitro transfection efficacy of targeted EGFP-mRNA NPs; anti-
cancer efficacy of targeted p53-mRNA NPs; in vitro and in vivo targeting efficacy
of HA-Man-PEG NPs to inflammatory macrophages; animals; in vivo transfection
of targeted Luc-mRNA NPs; in vivo transfection efficacy of targeted £GFP-mRNA
or p53-mRNANPs; in vivo mRNA targeted delivery to the orthotopic lung tumor
site; and in vivo biocompatibility evaluation. Animal protocol was approved by
the Institutional Animal Care and Use Committee at Harvard Medical School/
Brigham and Women's Hospital and Zhejiang University.
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Data, Materials, and Software Availability. All study data are available within
this manuscript and the associated S/ Appendix.
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