
Original Article
Efficient transfected liposomes co-loaded with
pNrf2 and pirfenidone improves safe delivery
for enhanced pulmonary fibrosis reversion
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Pulmonary fibrosis (PF) is an interstitial lung disease with com-
plex pathological mechanism, and there is currently a lack of
therapeutics that can heal it completely. Using gene therapy
with drugs provides promising therapeutic strategies for syner-
gistically reversing PF. However, improving the intracellular
accumulation and transfection efficiency of therapeutic nucleic
acids is still a critical issue that urgently needs to be addressed.
Herein, we developed lipid nanoparticles (PEDPs) with high
transfection efficiency coloaded with pDNA of nuclear factor
erythroid 2-related factor 2 (pNrf2) and pirfenidone (PFD) for
PF therapy. PEDPs can penetrate biological barriers, accumulate
at the target, and exert therapeutic effects, eventually alleviating
the oxidative stress imbalance in type II alveolar epithelial cells
(AECs II) and inhibiting myofibroblast overactivation through
the synergistic effects of Nrf2 combined with PFD, thus
reversing PF. In addition, we systematically engineered various
liposomes (LNPs), demonstrated that reducing the polyethylene
glycol (PEG) proportion could significantly improve the uptake
and transfection efficiency of the LNPs, and proposed a possible
mechanism for this influence. This study clearly reveals that con-
trolling the composition ratio of PEG in PEDPs can efficiently
deliver therapeutics into AECs II, improve pNrf2 transfection,
and synergize with PFD in a prospective strategy to reverse PF.

INTRODUCTION
Pulmonary fibrosis (PF) is a chronic, progressive interstitial lung dis-
ease with high morbidity and mortality that is characterized by the
abnormal repair of lung tissues and accumulation of extracellular ma-
trix (ECM), which results in complete loss of lung function and even
death.1,2 Recent epidemiological surveys have indicated that there are
more than 5 million patients with PF worldwide, and the number of
cases is increasing.3,4 The pathogenesis of PF is complex and poorly
understood, but current studies have suggested that it may be closely
related to an imbalance in oxidative stress caused by persistent dam-
age to type II alveolar epithelial cells (AECs II) due to decreased
nuclear factor erythroid 2-related factor 2 (Nrf2) expression. This
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leads to the overactivation and dysregulated repair of myofibroblasts
in lung tissues, resulting in excessive ECM deposition and eventually
the occurrence of PF.5,6 Pirfenidone (PFD) is a clinically approved
drug for the treatment of PF that only slows the progression of PF
but can hardly reverse it.7,8 PFD treatment fails because of its single
therapeutic target, as it can only inhibit the abnormal proliferation
of myofibroblasts by reducing the levels of overexpressed transform-
ing growth factor b (TGF-b), but cannot effectively repair the abnor-
mally injured AECs II that are the root cause of PF.9 Therefore, a
synergistic combination strategy that inhibits myofibroblast activa-
tion and repairs injured AECs II effectively might be a potential ther-
apeutic strategy for the treatment of PF.

Combination therapy with genes with drugs has been widely applied
as a promising treatment strategy for acquired and inherited diseases.
Compared with treatment with small molecules, gene therapy can
regulate the abnormal disordered pathways in cells at the molecular
level to compensate for the limitations of the single drug target. How-
ever, the therapeutic efficacy of naked nucleic acids (i.e., pDNA) is
limited by their poor stability and low delivery and intracellular trans-
fection efficiency.10 In combination therapy, there are several factors
that reduce synergistic therapeutic effects, such as poor penetration of
pDNA and drugs into cell membranes and their susceptibility to
degradation by circulating nucleases.11 Nonviral carriers such as
cationic liposomes (LNPs) provide a reliable and efficacious method
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Figure 1. Tracheal administration of PEDP co-loaded with pNrf2 and PFD for PF therapy

PFD and pNrf2 are released in lysosomes of AECs II by pH sensitivity, pNrf2 can enhance the effect of PFD inhibition overactivation of myofibroblasts by alleviating AECs II

oxidative stress, and which reverse PF through a gene synergistic drug strategy.
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for compound delivery that exhibits the advantages of superior
biocompatibility and high loading capacity of therapeutics (i.e.,
pDNA and drugs). To date, there are several clinical studies using
intranasally administered LNPs loaded with pDNA for disease ther-
apy, are where the LNPs/pDNA formulations are guided into cells
to regulate cellular homeostasis (ClinicalTrials.gov identifiers
NCT00004806 and NCT00004471). However, the intracellular accu-
mulation of LNPs after clinical administration is low, causing low
transfection efficiency, which is a major obstacle in the application
of LNPs for the treatment of diseases.12,13 Therefore, there is an ur-
gent need to develop LNPs with high transfection efficiency for
enhancing or even reversing PF.

Polyethylene glycol (PEG) is commonly added to LNPs to achieve a
long circulation time, reducing their recognition by the mononuclear
phagocyte system (MPS) by forming an external hydration layer on
the LNPs, which prevents particle aggregation and improves circula-
tion time, leading to enhanced pDNA transfection efficiency
in vivo.14–16 However, the PEG component on the surface could
expand the hydration volume of the LNPs, which might shield the
surface charge density of cationic LNPs and impede cellular internal-
ization of LNP complexes.17–19 Although LNPs are widely used for
gene transfection, it is currently difficult to predict whether the
designed LNPs will have satisfactory transfection efficiency and excel-
416 Molecular Therapy: Nucleic Acids Vol. 32 June 2023
lent biosafety, which are features that are closely related to the formu-
lation and electrical properties of the LNPs. Therefore, it is of great
significance to design and construct LNPs with high transfection ef-
ficiency according to the appropriate mechanisms for PF therapy.

In this work, we validated the hypothesis that PEG alters gene trans-
fection efficiency, providing a new approach for the design of predict-
able and efficient transfection by LNPs. PF reversal was achieved by
adding a certain mass ratio of 1,2-distearoyl-sn-glycero-3-phosphoe-
thanolamine-N-[methoxy(polyethylene glycol)1K] (DSPE-PEG1K) to
LNPs for the efficient delivery of therapeutics to treat PF (Figure 1).
In general, the oxidative stress injury in AECs II promotes TGF-b
release caused by decreased Nrf2 expression, resulting in the excessive
activation of myofibroblasts, abundant accumulation of ECM in lung
tissues and eventually, the progression of PF.20,21 In the clinic, PFD
can only treat PF by inhibiting the abnormal proliferation of myofi-
broblasts, but it cannot regulate injured AECs II.22 However, the
imbalance in intracellular oxidative stress in AECs II plays a crucial
role in accelerating myofibroblast activation and PF.23 Effectively
regulating the normalization of injured AECs II is a pivotal strategy
that could enhance the efficacy of PFD in the treatment of PF. To
verify the above hypothesis, in this study, we developed LNPs
(PEDPs) coloaded with PFD and pNrf2 to reverse PF through a syn-
ergistic molecular and genetic strategy to maximize the therapeutic
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effect. Indeed, pNrf2 rapidly entered AECs II with the help of LNPs,
alleviated the oxidative stress imbalance and repaired the abnormal
damage to AECs II by increasing the expression of the Nrf2 protein.
Moreover, PEDPs synergistically inhibited the excessive accumula-
tion of ECM by inhibiting the overactivation of myofibroblasts,
thereby blocking the progression of PF and finally reversing this dis-
ease. In addition, on the basis of traditional transfectionmaterials that
use amphiphilic phospholipids, cationic lipids, PEG, and cholesterol,
we built LNPs with various molecular compositions by adding PEG of
different molecular weights. We found that reducing both the molec-
ular weight of PEG and its proportion in the LNPs significantly
improved the pDNA transfection efficiency of the LNPs, which is a
significant finding in the development of LNPs with high transfection
efficiency.

RESULTS
Construction and antifibrotic efficacy of LNPG8(PEG1K)

complexes in vitro

LNPG8(PEG1K) loaded with PFD was first constructed by the emulsi-
fication-solvent evaporation method24 in which pNrf2 was packaged
through positive and negative charge binding forces to generate
LNPG8(PEG1K)/pNrf2@PFD (PEDPs) (Figure 2A). The vesicle size
of LNPG8(PEG1K) was 173.2 ± 6.85, the PDI was 0.219 ± 0.02, and
the morphology of PEDP was homogeneous and sphere-like as char-
acterized by transmission electron microscopy (TEM) (Figure 2B).
The zeta potential of PEDP was 6.31 ± 0.45 mV, which is profitable
for pDNA loading, delivery efficiency, and excellent gene transfection
(Figure 2C). To verify the ability of LNPG8(PEG1K) to load pNrf2, we
carried out gel electrophoresis assay to determine the optimal ratio of
pNrf2 to LNPG8(PEG1K). The results showed that the loading rate of
pNrf2 was 100% when pNrf2:LNPG8(PEG1K) = 1:20 (wt/wt) (Fig-
ure 2D). As shown in Figure 2E, PFD was successfully loaded within
LNPG8(PEG1K) with a loading efficiency of 1.2%. Given the capacity
of the LNPG8(PEG1K) with efficient pDNA transfection, we applied
our findings to evaluate the antifibrosis efficacy of LNPG8(PEG1K)/
pNrf2. We first assessed the cellular uptake of ethidium bromide
(EB)-stained LNPG8(PEG1K)/pNrf2 at different times (1 and 4 h)
and found that uptake occurred in a time-dependent manner (Fig-
ure 2F). To examine the intracellular fate of LNPG8(PEG1K)/pNrf2,
the colocalization of EB-stained LNPG8(PEG1K)/pNrf2 with lyso-
somes was evaluated by confocal laser scanning microscopy
(CLSM). As shown in Figure 2G, EB-stained LNPG8(PEG1K)/pNrf2
(red) were located on the cell membrane at 1 h, then entered the cells
and overlapped with the lysosomes (green) to appear yellow at 4 h.
Next, the red LNPs separated from the green lysosomes, indicating
Figure 2. Construction and antifibrotic efficacy of LNPG8(PEG1K) complexes in
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that EB-stained LNPG8(PEG1K)/pNrf2 had achieved lysosomal escape
at 6 h. PF is caused by oxidative stress in AECs II, and Nrf2 is the cen-
tral regulator of the maintenance of intracellular redox homeostasis.
Herein, we developed LNPs with high transfection efficiency to
deliver pNrf2 and PFD into AECs II and alleviate cytosolic oxidative
stress. The experimental groups consisted of the normal, reactive
oxygen species (ROS), pNrf2-loaded LNPG8(PEG1K) (PEP), PFD-
loaded LNPG8(PEG1K) (PED), and pNrf2 and PFD coloaded
LNPG8(PEG1K) (PEDP) groups. First, we evaluated the abilities of
the various treatments (PEP, PED, and PEDP) to regulate oxidative
stress in AECs II by detecting the intracellular ROS content. The re-
sults showed that there was the lowest ROS content in the PEDP
group, which indicated that PEDP had a better capacity to protect
AECs II than the other treatments because of the synergistic effect
of pNrf2 with PFD (Figure 2H). In addition, we examined the mito-
chondrial membrane potential (MMP) to evaluate mitochondrial
function in AECs II after treatment. The results showed that the
MMP in the PEDP group was similar to that in the normal group,
indicating that PEDP had the best therapeutic efficacy to repair oxida-
tive stress in AECs II among the other treatment groups (Figure 2I).
To confirm the transfection efficiency by the LNPs and the antioxida-
tive efficacy of various treatments, we assessed Nrf2 expression by
immunofluorescence staining. Nrf2 expression was highest in the
PEDP group and similar to that in the normal group, which is useful
for alleviating oxidative stress (Figure 2J). Then, we evaluated the abil-
ities of various treatments to modulate cellular oxidative stress via
Transwell migration and wound healing assays. Excessive cellular
oxidative stress could lead to epithelial mesenchymal transition
(EMT), which would enhance the migration ability of AECs II and
promote PF progression. The results showed that the PEDP treatment
effectively inhibited EMT by repairing injured AECs II to appear
normal compared with the other treatments, which is the first step
for PF reversion (Figure 2K). In addition, we also examined the abil-
ities of the different treatments to inhibit EMT by immunofluores-
cence staining. The loss of epithelial cadherin (E-cadherin) expression
is a hallmark of EMT in AECs II. As shown in Figure 2L, the expres-
sion of E-cadherin was significantly decreased in the PEDP group
compared with the PED and PEP groups, indicating that efficient
expression of the Nrf2 protein could synergistically with PFD inhibit
oxidative stress and EMT in AECs II for PF therapy.

Biodistribution of the LNPG8(PEG1K) complexes in vivo

To verify the therapeutic efficacy of LNPG8(PEG1K)/pNrf2 to reverse
PF,wefirst evaluated the biodistributionof 1,10-dioctadecyl-3,3,3,30-tet-
ramethylindocarbocyanine iodide (DiI)-labeled LNPG8(PEG1K)/pNrf2
vitro

phology of LNPG8(PEG1K) were detected using the Zetasizer Nano ZS and TEM,
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using IVIS imaging to evaluate lung-targeted delivery. As shown in
Figure 3A, DiI-labeled LNPG8(PEG1K)/pNrf2 displayed abundant
accumulation in fibrotic lungs compared with free DiI at all time points
examined,which is valuable for PF treatment. The accumulation ofDiI-
labeled LNPG8(PEG1K)/pNrf2 in lung tissues was the highest at 8 h. In
addition, we examined the ability of DiI-labeled LNPG8(PEG1K)/pNrf2
to target AECs II by immunofluorescence staining. At 1 h and 8 h, the
green fluorescence from surfactant protein C (SPC)-labeled AECs II
overlapped with the red fluorescence from the LNPs, which demon-
strated that DiI-labeled LNPG8(PEG1K)/pNrf2 had a certain affinity
for AECs II. The red fluorescence then separated from the green
fluorescence at 24h, indicating that the LNPswere successfully internal-
ized by AECs II and for proper functioning (Figure 3B). In addition, we
examined the transfection ability of LNPG8(PEG1K)/pNrf2-GFP in
fibrotic lung tissues in vivo, which is a key factor in evaluating therapeu-
tic efficacy. LNPG8(PEG1K)/pNrf2-GFP displayed distinct green
fluorescence, demonstrating that LNPG8(PEG1K) had an efficient trans-
fection ability in the PF mouse model, which could promote the high
expression of pNrf2 in pulmonary fibrotic tissues, thus improving the
antifibrosis efficacyby alleviatingoxidative stress inAECs II (Figure3C).
In addition, we detected the expression level of LNPG8(PEG1K)/pNrf2-
GFP by immunofluorescence staining to evaluate the transfection
efficiency, and the data were consistent with the results of IVIS
imaging (Figure 3D).

Antifibrotic effect of LNPG8(PEG1K)/pNrf2 in vivo

Given the transfection efficiency and anti-PF potential of
LNPG8(PEG1K)/pNrf2 in vitro, we assessed its antifibrosis efficacy
in PF mice (Figure 4A). First, we evaluated inflammatory cell prolif-
eration and collagen accumulation in the lung tissues from mice in
different treatment groups using H&E staining and Masson
trichrome staining, respectively. The results of H&E staining
showed that the morphology of the lung tissues from the PEDP
group was similar to the normal morphology, but the lung tissues
from the bleomycin sulfate (BLM) group and PED and PEP groups
were all destroyed to varying degrees. Among them, the BLM group
displayed the most inflammatory cell proliferation and the lung
structure was the most seriously damaged, followed by the PED
and PEP groups (Figure 4B). Masson trichrome staining showed
that the tissue from the PEDP group had the least collagen accumu-
lation and the best anti-PF treatment effect, followed by the tissue
from other treatments, and PED treatment was the worst among
all treatment groups, which indicated that inhibiting myofibroblast
activation alone did not block PF progression (Figure 4C). In addi-
tion, we examined the proliferation of inflammatory cells in the
blood of the mice, including white blood cells, lymphocytes, mono-
cytes, and neutrophils. The results demonstrated that PEDP in-
hibited the inflammatory response at the beginning of PF compared
with other treatment groups, showing that this therapy is conducive
to the achieving effective PF treatment (Figure 4D). Studies have
confirmed that oxidative stress imbalances in lung tissues play a
crucial role in the early stages of PF progression. Therefore, we de-
tected the biochemical indicators associated with oxidative stress,
including superoxide dismutase (SOD), glutathione (GSH), and ma-
londialdehyde (MDA). The results indicated that PEDP effectively
alleviated abnormal oxidative stress in PF and was more effective
than the other treatments (Figures 4E–4G). Furthermore, Nrf2 is
the transcription factor that regulates antioxidant stress and
plays an important role in inducing the antioxidant response during
early PF progression. To explore the antifibrotic mechanism of
LNPG8(PEG1K)/pNrf2, we assessed the expression of the Nrf2 pro-
tein using immunofluorescence staining and ELISA. The expression
level of the Nrf2 protein was the highest in the PEDP group, which is
beneficial for PF therapy (Figures 4H and 4I). These results demon-
strated that PEDP could effectively regulate the balance of oxidative
stress in fibrotic lung tissues. We then assessed the expression of
E-cadherin, an important signaling molecule that regulates the
adhesion between AECs II and maintains cell structure and integ-
rity. E-cadherin expression in the PEDP group was similar to that
in the normal group and significantly upregulated compared with
that in the other treatment groups (PED and PEP) (Figure 4J), which
indicated that PEDP could effectively repair the damage to AECs II
and promote normalization, which are good for PF therapy. More-
over, to further validate the synergistic antifibrotic effect of gene/
drug combination therapy, we detected the expression of a-smooth
muscle actin (a-SMA) and the accumulation of collagen I. As shown
in Figures 4K and 4L, the immunofluorescence staining and ELISA
results showed that PEDP effectively downregulated a-SMA expres-
sion by inhibiting myofibroblast activation and proliferation, thus
reducing collagen I accumulation in lung tissues. In addition,
collagen I accumulation was also detected using immunofluores-
cence staining. The results showed that PEDP administration re-
sulted in minimal collagen I accumulation compared with collagen
I accumulation in the other treatment groups, demonstrating that
PEDP had the best therapeutic effect among all treatment groups
(Figure 4M).

Evaluation of the biosafety of the LNP preparations

To evaluate the biosafety of the LNP preparations, we examined a va-
riety of biochemical indicators to explore their toxicity to other or-
gans. As shown in Figures 5A–5C, the alanine aminotransferase
(ALT), aspartate aminotransferase (AST), and blood urea nitrogen
(BUN) levels were the lowest compared with other treatments, and
the levels in all treatment groups were in the normal ranges. In addi-
tion, we assessed damage to different organs by H&E staining. The
results showed that the morphology of the liver, heart, spleen, and
kidneys did not change significantly after administration of PED,
PEP, and PEDP compared with the normal group (Figure 5D). In
addition, the weights of the mice were monitored daily after admin-
istrating the various treatments (Figure S1). All of these results indi-
cated that PED, PEP, and PEDP had good biosafety and were suitable
for antifibrosis therapy.

Discovery, performance, and development of the LNP

preparations

LNPs used to deliver pDNA, small interfering RNA (siRNA), and
mRNA typically contain four components, including amphiphilic
phospholipids, cholesterol, cationic phospholipids, and lipid PEG,
Molecular Therapy: Nucleic Acids Vol. 32 June 2023 419
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Figure 3. Biodistribution of the LNPG8(PEG1K)/pDNA in vivo

(A) The biodistribution of free DiI and DiI-labeled LNPG8(PEG1K)/pNrf2 was evaluated using the IVIS imaging system at 1, 8, and 24 h. (B) The accumulation of DiI-labeled

LNPG8(PEG1K)/pNrf2 in AECs II by immunofluorescence staining at different times. (C) The expression of LNPG8(PEG1K)/pNrf2-GFP was assessed using IVIS Spectrum.

(D) The LNPG8(PEG1K)/pNrf2-GFP expression was detected using immunofluorescence staining.
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Figure 5. Evaluation of the biosafety of the LNP preparations

(A–C) The content of ALT, AST, and BUN was detected after treating with PED, PEP, and PEDP. (D) The morphologies of liver, heart, spleen, and kidneys in BLM, normal,

PED, PEP, and PEDP groups. *p < 0.05, **p < 0.01, and ***p < 0.001.
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and differences in their composition or proportions directly affect
gene transfection efficiency. To validate the hypothesis that the
intrinsic hydration layer formed on the LNPs by PEG would shield
their charge and affect gene transfection, we prepared LNPs
with different ratios of PEG to find LNPs with remarkable
transfection efficiency in AECs II. First, we prepared various LNPs
(LNP[G1–G9]), which consisted of four parts: part I was lecithin;
part II was cholesterol (part I/part II = 2:1, wt/wt); part III
was 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-[methoxy
(polyethylene glycol)] (DSPE-PEG2K) in LNP preparations, the
Figure 4. Antifibrotic effect of LNPG8(PEG1K)/pNrf2 in vivo

(A) Schematic of animal experiment modeling and drug administration. (B) The pathologi

detected usingMasson trichrome staining. (D) The proliferation of inflammatory cells (whi

groups. (E–G) The content of SOD, GSH, and MDA was detected using ELISA. (H) The e

expression was detected by ELISA. (J) E-cadherin expression was demonstrated using

expression was evaluated using immunofluorescence staining and ELISA. (M) The exp

**p < 0.01, and ***p < 0.001.
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ratios of part I to part III were 1:1 in LNP(G1, G4, and G7), 2:1 in
LNP(G2, G5, and G8), 1:2 in LNP(G3, G6, and G9), (wt/wt), part IV
was 2,3-dioleoyl-propyl-trimethylammonium chloride (DOTAP),
DOTAP/part (I + II + III) = 1:2 in LNPs(G1, G2, and G3), 1:1 in
LNPs(G4, G5, and G6), 2:1 in LNPs(G7, G8, and G9) (wt/wt) (Figure 6A).
The vesicle sizes and zeta potentials were measured with a Zetasizer
Nano ZS (Malvern, UK) (Figure 6B). The results showed that
increasing the DSPE-PEG2K content resulted in LNPs with small
vesicle sizes, and the zeta potentials were similar between the different
preparations. We then used LNP(G1–G9) to load pDNA in different
cal feature was evaluated using H&E staining. (C) The accumulation of collagen I was

te blood cells, lymphocytes, monocytes, and neutrophils) after treatment with various

xpression of Nrf2 protein was evaluated using immunofluorescence staining. (I) Nrf2

immunofluorescence staining after treating with different groups. (K and L) a-SMA

ression of collagen I was evaluated using immunofluorescence staining. *p < 0.05,



Figure 6. Discovery, performance, and development of the LNP preparations

(A) The schematic of LNP preparations. (B) The vesicle sizes and zeta potential were measured using the Zetasizer Nano ZS. (C) The encapsulation capacity was assessed

using gel electrophoresis assay.
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proportions to investigate gene transfection efficiency (DOTAP/
pECFP = 5:1, 10:1, 20:1, or 50:1). Gel electrophoresis assay showed
that increasing the content of DOTAP was beneficial to improve
the pDNA condensation ability in LNP(G1–G9) (Figure 6C).

Transfection efficiency of the LNP preparations

Increasing cationic percentage could effectively promote intracellular
gene transfection, but an excess of DOTAP is cytotoxic. Herein, we
first examined the optimal concentration of DOTAP for transfection
with a 3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2-H-tetrazolium
bromide (MTT) assay (Figure 7A). The results showed that the
viability of the cells treated with the LNP/pECFP complexes
(DOTAP/pECFP = 50:1) was less than 50%. Therefore, we chose a
DOTAP/pECFP ratio of 20:1 for the following experiments. We
then evaluated the efficiency of DiI-labeled LNP/pECFP complex up-
take by AECs II by CLSM to explore the influencing factors of the
different preparations (Figure 7B). The results showed that the DiI-
labeled LNPG2/pECFP, LNPG5/pECFP, and LNPG8/pECFP com-
plexes had higher uptake efficiency. These three groups had the small-
est amounts of PEG among the selected groups, which indicated that
increasing the proportion of PEG would decrease the efficiency by
which the preparations are taken up by cells if the proportion of
DOTAP remained the same. In addition, the DiI-labeled LNPG2/
pECFP, LNPG5/pECFP, and LNPG8/pECFP complexes had better
lysosomal escape abilities than the other groups, which increased
the expression level of the target pDNA in AECs II (Figure 7C).
Molecular Therapy: Nucleic Acids Vol. 32 June 2023 423
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We then evaluated the transfection efficiency provided by LNP com-
plexes with various ratios (LNP[G1–G9]/pECFP complexes) incubated
with A549 cells at a dose of 2 mg/well pECFP. The results demon-
strated that the LNPG2/pECFP, LNPG5/pECFP, and LNPG8/pECFP
complexes had better transfection efficiency than the other prepara-
tions with the same percentages of PEG. In addition, among the three
groups with the same percentage of DOTAP but different percentages
of PEG (LNPG7/pECFP, LNPG8/pECFP, and LNPG9/pECFP), the re-
sults showed that LNPG8/pECFP had the best transfection efficiency,
indicating that PEG was the most important factor affecting transfec-
tion efficiency in addition to DOTAP (Figure 7D). Therefore, the ra-
tio of PEG components in LNP preparations may be a pivotal factor
affecting their cellular uptake efficiency and transfection ability.

Mechanisms affecting transfection efficiency

Inspired by these findings, we hypothesized that the presence or
absence of PEG in LNPs would have a significant effect on gene trans-
fection efficiency. On this basis, we examined the influence of the
hydration layer of the LNPs on the transfection efficiency by modi-
fying the PEG percentage in the LNPG8 formulation, including
LNPG8(PEG20%), LNPG8(PEG10%), and LNPG8(PEG0%). The vesicle
sizes of these three formulations were 123.4 ± 2.08 (PDI: 0.346 ±

0.001), 119.7 ± 2.04 (0.226 ± 0.007), and 164.2 ± 4.03 (0.362 ±

0.036), respectively (Figure 8A). To prove the importance of
the PEG percentage in the LNP preparation on gene transfection
ability, we examined the uptake efficiency and transfection
ability of LNPG8(PEG20%)/pNrf2-GFP, LNPG8(PEG10%)/pNrf2-
GFP, and LNPG8(PEG0%)/pNrf2-GFP. The results showed that
LNPG8(PEG0%) and LNPG8(PEG10%) had better uptake efficiency
and transfection ability in A549 cells (Figure 8B). Then, we also
explored the transfection efficiency of LNPG8(PEG0%)/pNrf2-GFP
in SMC 7721 cells (Figure S2), and the results were similar to
those in A549 cells. In addition, LNPG8(PEG0%)/pNrf2-GFP and
LNPG8(PEG10%)/pNrf2-GFP showed better transfection efficiency
than Lipofectamine 3000 (lipo 3000) (Figure S3). We next detected
the vesicle sizes of homogeneous and nonhomogeneous LNPs and
verified the effect of this parameter on gene transfection efficiency.
The results demonstrated that vesicle size had little influence on
pNrf2-GFP transfection efficiency (Table S1; Figure S4). The cellular
uptake efficiency of LNPs was also a significant factor affecting pNrf2-
GFP transfection. Hence, we explored the uptake mechanism of
LNPG8(PEG20%), LNPG8(PEG10%), and LNPG8(PEG0%) to investigate
whether LNP uptake affected gene transfection. Additionally, the in-
hibition of uptake was quantified. The results showed that the fluores-
cence intensity in the LNPG8(PEG0%)/pNrf2-GFP group was higher,
which indicated that this material would have more opportunities
to be taken up by cells (Figure 8C). Uptake mechanism studies re-
vealed that the LNPs entered cells mainly by clathrin-mediated endo-
cytosis as determined by using chlorpromazine, a clathrin-mediated
Figure 7. Transfection efficiency of the LNP preparations

(A) Cell viabilities of various LNPs/pDNA preparations (pDNA/LNPs = 1:5, 1:10, 1:20, a

LNP(G1–G9)/pECFPwas investigated using CLSM. (C) The lysosome escape ability of DiI-l

of LNP(G1–G9)/pECFP was evaluated using inverted fluorescence microscopy.
endocytosis inhibitor, which is consistent with existing reports that
positively charged particles enter cells mainly through this mecha-
nism.25 Other inhibitors, including chloroquine (a lipid raft-mediated
endocytosis inhibitor), 5-(N-ethyl-N-isopropyl) amiloride (EIPA)
(a macropinocytosis inhibitor), and b-cyclodextrin (a caveolae-medi-
ated endocytosis inhibitor), had no significant effect on the uptake of
LNPs. Therefore, we reasonably speculated on the basis of the avail-
able evidence that the positive charge of the LNPs was the main factor
affecting their uptake by cells. Adjusting the percentage of PEG would
change the size of the hydration layer of the LNPs, causing part of the
positive charge to be shielded and affecting the uptake efficiency of
LNPs (Figure 8D). According to the literature, increasing the PEG
percentage could promote LNP binding more molecules of water
and expand their hydration layer,26 which could change the probabil-
ity of the LNPs contacting the cell membrane. Next, we evaluated the
uptake efficiency and transfection ability of LNPG8/pNrf2-GFP with
different molecular weights of PEGs(1K, 2K, and 5K). We first deter-
mined the vesicle sizes of LNPG8(PEG1K), LNPG8(PEG2K), and
LNPG8(PEG5K). The results showed that the vesicle sizes decreased
with increasing PEG molecular weight (Figure 8E). As shown in Fig-
ure 8F, increasing the molecular weight of PEG increased the size of
the hydration layer of the LNP preparations, making it significantly
less positively charged, which was unfavorable for pDNA uptake by
cells for transfection and expression. Meanwhile, the results showed
that LNPG8(PEG1K) could enter cells rapidly and display GFP fluores-
cence in the cytoplasm compared with LNPG8(PEG2K) and
LNPG8(PEG5K). These findings demonstrated that the molecular
weight and percentage of PEG in the LNPs were extremely important
for efficient gene transfection. Furthermore, we evaluated the uptake
mechanism of LNPG8(PEG1K), LNPG8(PEG2K), and LNPG8(PEG5K),
and the results indicated that they entered cells mainly by clathrin-
mediated endocytosis in a time-dependent manner (Figure 8G).
The transfection abilities of LNPG8(PEG1K), LNPG8(PEG2K), and
LNPG8(PEG5K) were closely related to the uptake mechanism (Fig-
ure 8H). In summary, the PEG percentage changes the size of the
LNP hydration layer, causing part of the positive charge to be shielded
and affecting the LNP uptake efficiency. In addition, if PEG binds to
too many water molecules, the chance of LNPs binding to lipid-solu-
ble cell membranes would be reduced. Therefore, an appropriate
amount of PEG in the LNPs is crucial to improve the pDNA transfec-
tion efficiency.

DISCUSSION
Gene therapy has received extensive attention recently as an effective
and universal therapy for PF, but its application is severely limited by
intracellular delivery efficiency. Both viral and nonviral vectors can be
used to mediate gene transfection in target cells. However, the appli-
cation of viral vectors carries the risks of causing host immune and
inflammatory responses and carcinogenesis. Compared with viral
nd 1:50) were detected using MTT assay. (B) The uptake evaluation of DiI-labeled

abeled LNP(G1–G9)/pECFPwas assessed using CLSM. (D) The transfection efficiency
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vectors, nonviral vectors are widely used in gene therapy to treat dis-
eases because of their low immunogenicity and better genetic stabil-
ity.27 Among all nonviral vectors, the LNP platform is the best known
and most widely applied,28–30 and it is frequently used to load and
deliver genes into cells. In addition to cationic lipids, which are essen-
tial excipients, cationic LNPs also include amphiphilic phospholipids,
cholesterol, DSPE-PEG, and other helper phospholipids. The differ-
ences in the composition of the LNP helper phospholipids could
affect the morphology, microstructure, zeta potential, and other phys-
ical and chemical properties of LNP complexes,31–33 which may
become the key factors affecting the clinical application of LNP-medi-
ated gene transfection efficiency.

PEG has been approved by the FDA as a safe excipient, is widely used
in drug delivery and has been described as an “invisible” LNP,34 since
when it is grafted on LNPs, the probability of LNPs being cleared by
the MPS is reduced and the circulation time of LNPs in the blood can
be improved by producing a hydration layer with a large volume. In
addition, PEGylated LNPs have excellent advantages in terms of their
slow aggregation in blood serum and storage stability.35 At present,
genetic drugs based on LNPs containing PEG have been developed
and marketed, such as Macugen36 and Rexin-G.37

Herein, we used electrostatic forces between positive and negative
charges to load pDNA into LNPs for PF treatment. We systematically
engineered multiple LNPs to explore the influence of different com-
ponents on transfection efficiency and selected the best preparation
with respect to LNP uptake behavior, lysosomal escape, and internal-
ization capacity for antifibrosis therapy in vitro and in vivo. This study
indicated that PEG could improve the accumulation of pDNA at the
target sites by forming a hydration layer, which could shield the pos-
itive charge of the LNPs and prevent them from being cleared by the
MPS.38 In addition, DOTAP is a pH-sensitive cationic phospholipid
that plays an important role in the cellular internalization, endosomal
escape, and gene transfection efficiency of LNPs by conversion be-
tween lamellar and hexagonal conformations in aqueous solu-
tion.39–42 However, LNPs grafted with dense PEG would bind too
many water molecules and cause steric hindrance between the posi-
tive charge of DOTAP and the cell membrane, inhibiting intracellular
uptake, endocytosis, and the subsequent transfection of therapeutic
genes.43,44 Therefore, to develop LNPs with high transfection effi-
ciency in vitro and in vivo, it is necessary to not only consider the ef-
fect of the PEG molecular weight and chain length but also balance
the ratio of PEG to the other carrier materials. The LNP composition
Figure 8. Mechanisms affecting transfection efficiency in vitro

(A) The vesicle sizes of LNPG8(PEG20%), LNPG8(PEG10%), and LNPG8(PEG0%) were d

transfection efficiency of LNP preparations were investigated using inverted fluorescence

inverted fluorescence microscopy and fluorescence microplate reader. (D) The schema

LNPG8(PEG1K), LNPG8(PEG2K), and LNPG8(PEG5K) were detected using the Zetasizer N

GFP, LNPG8(PEG2K)/pNrf2-GFP, and LNPG8(PEG5K)/pNrf2-GFP were investigated usin

stained LNPG8(PEG1K)/pDNA, LNPG8(PEG2K)/pDNA, and LNPG8(PEG5K)/pDNA at 1 a

(H) The transfection efficiency of LNPG8(PEG1K)/pNrf2-GFP, LNPG8(PEG2K)/pNrf2-G

microscopy and fluorescence microplate reader. *p < 0.05, **p < 0.01, and ***p < 0.00
is crucial parameter to allow pDNA to interact with the cell mem-
brane and achieve endosomal escape and cytoplasmic release.45 Our
results showed that the LNP hydration layer affects gene transfection
efficiency by controlling the surface charge of PEDP and influencing
LNP uptake and transfection efficiency. We believe that the hydration
layer that forms on highly PEGylated LNPs is the main reason why
the uptake of LNPs/pDNA by cells is difficult and results in low trans-
fection efficiency.

In this study, we first developed nine different LNPs to evaluate their
in vitro transfection efficiency. The results demonstrated that LNPG8/
pECFP had the best transfection efficiency and was the most prom-
ising preparation, as it could rapidly penetrate the cell membrane bar-
rier and significantly increase the accumulation of pECFP, showing
stronger CFP fluorescence intensity than other engineered prepara-
tions (Figure 7D). Herein, we found the best transfection efficiency
with the LNPG8 preparation, which was closely related to its compo-
sition, with the minimal PEG content being the decisive factor. This
study confirmed that the percentage of PEG in LNPs could change the
size of the LNP hydration layer while also shielding the positive
charges, thereby reducing the delivery and transfection efficiency of
the LNPs. In addition, if the molecular weight or proportion of
PEG in LNPs was larger, more water molecules can bind to the
LNPs, which would reduce the chance of LNP binding to the lipid-
soluble cell membrane.26,46 Therefore, it is crucial that an appropriate
amount of PEG be present in the LNPs to enhance uptake and gene
transfection efficiency. The behavior evaluation showed that
LNPG8, with the lowest PEG ratio, had the best uptake and lysosomal
escape ability (Figures 7B and 7C).

To evaluate the therapeutic efficacy of PEDP, we used a disease model
of PF with a complex pathological mechanism: interstitial lung dis-
ease mainly caused by abnormal accumulation of ECM in the lungs,
resulting in damage to the lung structure and even death.47 After
screening the LNP preparations, we demonstrated that LNPG8 deliv-
ering pNrf2 and PFD (PEDP) contributed to blocking further pro-
gression of PF in model mice by alleviating oxidative stress in
AECs II and inhibiting excessive collagen I accumulation. Compared
with the PED (PFD-loaded) and PEP (pNrf2-loaded) groups, which
could treat only injured AECs II or myofibroblasts, respectively,
PEDP reversed PF through the synergistic therapeutic strategy of co-
delivering genes and molecules to regulate the normalization of
oxidative stress in injured AECs II and inhibit the overactivation of
myofibroblasts. Importantly, adding pNrf2 to PED to generate
etected using the Zetasizer Nano ZS. (B) The evaluation of uptake behavior and

microscopy. (C) The uptakemechanism of LNP preparations was investigated using

tic of the effect of different PEGs on transfection mechanism. (E) The vesicle sizes of

ano ZS. (F) The uptake behavior and transfection efficiency of LNPG8(PEG1K)/pNrf2-

g inverted fluorescence microscopy. (G) Assessing the uptake mechanism of EB-

nd 4 h by inverted fluorescence microscopy and fluorescence microplate reader.

FP, and LNPG8(PEG5K)/pNrf2-GFP was assessed using inverted fluorescence

1).
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PEDP enhanced the therapeutic effect of PFD by reducing TGF-b
expression via alleviation of AECs II oxidative stress and inhibiting
the abnormal activation of intracellular inflammatory pathways.
Our data showed that PEDP treatment led to high expression of
pNrf2, which could effectively relieve oxidative stress in AECs II
and keep cells active. This resulted in the upregulated expression of
oxidative stress-related indicators, including SOD and GSH, and
the downregulation of MDA expression. In addition, pNrf2 and
PFD synergistically blocked PF progression by inhibiting the overpro-
liferation of inflammatory cells and myofibroblasts in lung tissues,
decreasing the accumulation of collagen I and reversing PF, which
demonstrated that pNrf2 could significantly enhance the therapeutic
effect of PFD. In summary, compared with the other LNPs used for
transfection, PEDP showed the uniform vesicle size distribution, ideal
surface charge, and well-defined nanosphere structure because of the
controlled excipients composition, which could improve the accumu-
lation of genes andmolecules in fibrotic lung tissues. DOTAP is a pH-
sensitive phospholipid that was inserted into PEDP that promoted the
effective release of therapeutics after their rapid entry into cells and
the synergistic effects of pNrf2 combined with PFD by improving
gene transfection efficiency. Because of these characteristics, this sys-
tem showed good biocompatibility and few side effects after tracheal
administration and could protect the therapeutics from being cleared,
finally leading to the reversal of PF. Additionally, using precisely
controlled uncomplexed phospholipid compositions and excipients
that are rarely toxic are crucial for advancing the clinical development
of gene therapy for PF treatment. Herein, we propose an innovative
therapeutic strategy of synergistic gene and drug delivery to regulate
injured AECs II and myofibroblasts, thereby reversing PF. Therefore,
this research provides a theoretical basis and practical experience for
the clinical design of LNPs with efficient transfection functions.

MATERIALS AND METHODS
Materials

Lipo 3000 was purchased from Thermo Fisher Scientific.
Cholesterol, lecithin, PFD, dimethyl sulfoxide (DMSO), chlor-
promazine, chloroquine, b cyclodextrin, EIPA, BLM, and
20,70-dichlorodihydrofluorescein diacetate (DCFH-DA) were pur-
chased from Aladdin Bio-Chem Technology (Shanghai, China).
Fetal bovine serum (FBS) and RPMI 1640 were purchased from
Gibco. DOTAP was purchased from A.V.T. Pharmaceutical
Technology (Shanghai, China). SOD, GSH, and MDA kits were
purchased from Nanjing Jiancheng Biological (Nanjing, China).
a-SMA and Nrf2 kits were purchased from Shanghai Enzyme-
Linked Biotechnology (Shanghai, China). DSPE-PEG1,000, DSPE-
PEG2,000, and DSPE-PEG5,000 were purchased from Ponsure
Biotechnology (Shanghai, China). Enhance cyan fluorescent pro-
tein plasmid (pECFP-N1), pLenti-CMV-mNfe2I2-GFP-Puro
(pNrf2-GFP), and pLVX-Puro-mNfe2I2 (pNrf2) were obtained
from Public Protein/Plasmid Library. 4DAPI was purchased
from Jiangsu KeyGEN BioTECH (Nanjing, China). Lyso-Tracker
green DND 26 was purchased from Yeasen Biotechnology
(Shanghai, China). EB staining solution was purchased from
TIANGEN Biotech (Beijing, China). MTT was purchased from
428 Molecular Therapy: Nucleic Acids Vol. 32 June 2023
Biosharp Biotechnology (Hefei, China). Crystal violet was pur-
chased from DAMAO Chemical Reagent Factory (Tianjin, China).
E-cadherin, Nrf2 antibody, a-SMA, and b actin antibody were
purchased from Servicebio (Wuhan, China). DiI was purchased
from Biolite Biotechnology (Xi’an, China).
Cell lines and animals

Human lung adenocarcinoma cells (A549) and human hepatocellular
carcinoma cells (SMMC 7721) were cultured in RPMI 1640 medium
with 10% FBS (v/v). All the cells were incubated in a condition of 5%
CO2 at 37�C.

Male C57BL/6 mice (6–8 weeks, 20 ± 2 g) were obtained from Liaon-
ing Changsheng Biotechnology (Benxi, China) and were carefully
housed on a 12 h light and 12 h dark cycle. All of the animal exper-
iments were performed according to the Animal Experimentation
Ethics Committee of Jinzhou Medical University.
Preparation and characterization of LNP(G1–G9)

The pDNA-loaded LNPs were prepared by emulsification-solvent
evaporation followed by positive negative charge binding force
method, which were composed of lecithin, cholesterol, DSPE-PEG
(1,000, 2,000, or 5,000), DOTAP, and pDNA. Briefly, lecithin, choles-
terol, DSPE-PEG (1,000, 2,000, or 5,000), DOTAP, and/or PFD were
dissolved in anhydrous ethanol and stand at room temperature over-
night to remove organic solvents. After that, nanoparticles were
homogenized using ultrasonic cell disruption device for 5 min (Sonics
VCX130) to obtain 9 groups of LNP(G1–G9). The hydrodynamic diam-
eter, polydispersity, and zeta potential of the LNP(G1–G9) were
measured using the Zetasizer Nano ZS. To observe the morphologies,
the LNPs (20 mL) were added into a copper grid and the excess solu-
tions were dried. The morphology changes of LNPs were photo-
graphed by transmission electron microscopy.
Preparation and of characterization LNP(G1–G9)/pDNA

complexes

Then, pDNA was added dropwise into LNP(G1–G9) solution to obtain
pDNA-loaded LNPs through different mass ratios (1:5, 1:10, 1:20, and
1:50) of pDNA and DOTAP in the LNP(G1–G9). The gel electropho-
resis assay was used to verify the binding rate of pDNA and LNPs.
A certain amount of loading buffer was added to the prepared
LNPs/pDNA complexes so that the final volume of the preparations
was 20 mL. The samples were loaded on 1% agarose gel (containing
0.5 mg/mL EB solution) for 80 V, 45 min by gel electrophoresis assay.
After then, the gels were imaged by the gel image system (Tanon
1600) to determine the condensation of pDNA and various LNPs.
Cytotoxicity assay in vitro

The A549 cells were cultured in 96-well plates with 1 � 104 cells/well
overnight. The various LNPs/pDNA complexes were added into 96
wells and incubated with cells in FBS-free medium for 48 h. After
that, 20 mL MTT solution (5 mg/mL) was added into medium for
4 h and the medium was aspirated, 200 mL DMSO solution was added
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into the plates, and the absorbance was measured using a microplate
reader. The cell viability was calculated using Equation 1:

Cell viability ð%Þ =
Atest � Ablank

Acontrol � Ablank
: (Equation 1)

Prescription selection for optimal transfection efficiency

The various radios of LNPG8 and pECFP complexes were prepared to
select optimal transfection efficiency. The A549 cells were cultured at
5 � 104 in 24-well plates overnight. The cells were treated with
various LNPG8/pECFP complexes for 4 h, and which was then re-
placed with a medium containing 10% FBS to incubate for 48 h. After
that, the cells were observed using inverted fluorescence microscopy
to evaluate the optimal transfection efficiency of various LNPG8/
pECFP complexes.

Uptake mechanism of DiI-labeled LNPs/pNrf2-GFP complexes

A549 cells were seeded at 1 � 104 cells/well and 5 � 104 cells/well in
96-well plates and 24-well plates overnight, respectively. First, the
cells were treated with chlorpromazine (30 mM), chloroquine
(30 mM), b cyclodextrin (30 mM), and EIPA (30 mM) for 1 h. The
various LNPG8/pNrf2-GFP complexes into 96-well plates for 4 h
and then replaced with medium contain 10% FBS for 48 h. The in-
verted fluorescence microscopy and a microplate reader were used
to observe the images and fluorescence absorbance, respectively.

Uptake rate of DiI-labeled LNPs/pDNA complexes in vitro

To observe the uptake rate of LNPs, A549 cells were seeded in 24-well
plates at 5 � 104 cells/well overnight. The various LNPG8/pDNA
complexes were stained using EB solution for 30 min, and the EB-
stained LNPG8/pDNA was added into the plates and incubated with
cells in FBS-free medium for 1 and 4 h. After that, the incubated cells
were examined using CLSM and inverted fluorescence microscopy.

Lysosome escape assay

The release of genes from lysosomes to the cytoplasm is a prerequisite
for promoting gene transfection and expression. A549 cells were
seeded in glass bottom dishes at 5� 104 cells/dish overnight. The pre-
pared LNPG8/pDNA complexes were stained via EB solution for
30 min, and then the stained complexes were added into the dishes
and incubated with cells in FBS-free medium for 1 h, 4 h and 6 h. After
that, the cells were fixed with 4% paraformaldehyde for 10 min and
the lysosome of cells was stained by Lyso-Tracker green DND 26
for 1 h at 37�C. Finally, the cells were observed using CLSM.

Wounding healing assay

The A549 cells were cultured at 1 � 105 cells/well in 12-well plates
overnight. After the cell density reached 80%, the scars of the same
width were scraped from the cell layer with a tip of 10 mL, and washed
with PBS to remove the adherent cells. First, the cells were treated
with H2O2 (500 mM) for 12 h, then PED, PEP, and PEDP (pNrf2 =
10 mg/well) were added into various plates and incubated with cells
for 48 h. The therapeutic efficacy was detected via inverted fluores-
cence microscopy.
Transwell migration assay

The Transwell migration assay was carried out to evaluate the migra-
tion ability of oxidative stress cells. A549 cells were seeded in the up-
per chamber of 8 mm pore size and cultured with 600 mL of RPMI
1640 medium containing 10% FBS, and lower chamber was 800 mL
of RPMI 1640 medium with free FBS. Initially, the cells were treated
with H2O2 (500 mM) for 12 h and incubated with PED, PEP, and
PEDP (pNrf2 = 10 mg/well) for 48 h. And next, the cells were stained
with 0.1% crystal violet for 30 min and gently wipe off the cells in the
upper chamber layer. Finally, outer cells of the upper chamber were
observed via inverted fluorescence microscopy.

Immunofluorescence staining in vitro

The A549 cells were seeded in 6-well plates containing sterile round
coverslip at 2 � 105 cells/well overnight. Before treating, the cells
were incubated with H2O2 (500 mM) for 12 h, then PED, PEP, and
PEDP (pNrf2 = 10 mg/well) were added into different wells and
treated with cells for 48 h. After that, the cells were fixed 4% parafor-
maldehyde for 10 min, immunofluorescence staining was then used
to evaluate protein expression of Nrf2 and E-cadherin.

Determination of intracellular ROS content in vitro

Excessive oxidative stress is an important factor in the transformation
of alveolar epithelial cells into mesenchymal stem cells (EMT).
DCFH-DA was performed to evaluate the expression of ROS. The
A549 cells were seeded into 24-well plates at 5 � 104 cells/well over-
night. The cells were pretreated with H2O2 (500 mM) for 12 h, and
then the cells were incubated with various groups of PED, PEP, and
PEDP (pNrf2 = 10 mg/well) for 48 h. Next, DCFH-DA (5 mM) was
added into the plates to incubate with cells for 0.5 h, and the fluores-
cence of the plates was evaluated using inverted fluorescence
microscopy.

Determination of intracellular MMP content in vitro

The A549 cells were seeded at 5 � 104 cells/well in glass bottom
dishes. The cells were pretreated with H2O2 (500 mM) for 12 h, and
then the cells were incubated with various groups of PED, PEP, and
PEDP (pNrf2 = 10 mg/well) for 48 h. Next, the JC-1 reagent was added
into the plates to incubate with cells for 0.5 h. After that, the treated
cells were fixed with 4% paraformaldehyde for 10 min and evaluated
using CLSM to observe the therapeutic efficacy.

Construction of PF mice model

Mice were reared adaptively for one week before modeling. After that,
C57BL/6 mice were first anesthetized with 10% chloral hydrate
(70 mL), and bleomycin sulfate (5 mg/kg) was then perfused into
the mice trachea by tracheal delivery device.

Biodistribution assay in vivo

In vivo imaging of mice was performed to evaluate the biodistribution
of LNPG8/pDNA complexes in normal mice and fibrotic mice, and
DiI was as a model fluorescent drug for LNPG8/pDNA complexes
tracking. The DiI-labeled LNPG8/pNrf2 complexes were adminis-
trated into the mice after developing PF by tracheal administration.
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The distribution of DiI-labeled LNPG8/pNrf2 in two groups of mice
was observed using IVIS Spectrum at different times (1, 8, and 24
h). After that, the mice were sacrificed and major organs were
removed to detect and the fluorescence intensity.

In addition, the immunofluorescence staining was used to evaluate
the target ability of LNPG8/pNrf2-GFP to AECs II. First, LNPG8/
pNrf2-GFP were injected into the mice by tracheal administration.
After 48 h later, the mice were sacrificed and fixed with 4% parafor-
maldehyde overnight. The AECs II in the lungs were labeled with SPC
with 1:500 by immunofluorescence staining, and the operations pro-
cess referred to immunofluorescence staining assay.

Antifibrosis efficacy in vivo

The PF mice were divided into 5 groups (n = 5) and administrated
with various preparations through tracheal administration once every
two days for a total of 4 times with concomitant monitoring, and
treatment would last for 3 weeks. The dosages of the different formu-
lations are as follows: (1) PF, (2) normal, (3) PED (PFD = 10 mg/kg),
(4) PEP (pNrf2 = 20 mg/mouse), and (5) PEDP (pNrf2 = 20 mg/mouse
and PFD = 10 mg/kg). The body weight of mice was measured every
day to evaluate the therapeutic effect. After the treatment, the mice
were anesthesia and the peripheral blood was removed from the orbit
of the mice, then mice were euthanized. One of the lungs was fixed
with 4% paraformaldehyde for immunofluorescent staining detec-
tion, and the others were frozen in liquid nitrogen for the detection
of biochemical index. The fixed lungs, hearts, spleens, livers, and kid-
neys in different groups were stained by H&E staining and Masson
trichrome staining, and the expressions of Nrf2, E-cadherin, collagen
I, and a-SMA were detected by immunofluorescent staining. AST,
ALT, and BUN were examined by automatic biochemical analyzer
to assess the biosafety of the preparations.

Statistical analysis

All experiments were performed at least three times. The differences
among multiple groups were determined using one-way ANOVA in
SPSS 22.0; two independent groups were analyzed using Student’s
t test. p values >0.05 indicated no significance (N.S.), and p
values < 0.05 indicated statistical significance between two groups.
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