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A B S T R A C T

Severe corneal injuries often result in corneal scarring, leading to visual impairment and corneal blindness. 
Currently, there is a lack of effective anti-corneal fibrosis drugs in clinical practice. MicroRNA-based therapies 
hold significant potential in combating fibrosis. However, the barrier function of the cornea and the fluid 
environment of the ocular surface reduce drug permeability and bioavailability, presenting significant challenges 
for local drug application. This study employs microfluidic technology to encapsulate miRNA29b in lipid 
nanoparticles (LNP) to create an LNP-miRNA29b delivery system (LNP-mir29b) for treating corneal mechanical 
injuries. In vitro experiments show that LNP-mir29b significantly inhibits the expression of α-smooth muscle actin 
(α-SMA) in an induced corneal stromal cell fibrosis model. In vivo experiments using rabbit corneal mechanical 
injury models indicate that LNP-mir29b effectively reduces fibrosis in the corneal stroma, promotes organized 
rearrangement of stromal collagen fibers, and decreases the expression of fibrosis-related genes, including 
Col1A2, Col3A1, Fn, and α-SMA. Additionally, LNP-mir29b accelerates the migration of corneal epithelial cells, 
promotes wound healing of the epithelium, restores the structural integrity of the corneal epithelium. The LNP 
system proposed in this study offers a novel approach with anti-fibrotic functionality, providing a new strategy 
for reducing scarring during the corneal injury repair process.

1. Introduction

Severe corneal injuries, such as those caused by infections, trauma, 
inflammation, or degeneration, can lead to the development of corneal 
scars, which reduce transparency and cause visual impairment, ulti
mately resulting in corneal blindness—a significant global health issue 
affecting over 10 million people worldwide [1,2]. The organized 
arrangement of collagen fibers in the corneal stroma is crucial for 
corneal transparency [3]. The specialized corneal stromal cells (also 
called keratocytes) within the stroma play a key role in maintaining 
transparency by synthesizing and secreting collagen and proteoglycans 
[4]. In response to injury, corneal stromal cells can transform into 
myofibroblasts, leading to the disorganized deposition of extracellular 
matrix components and the formation of fibrotic scars, which cause 

corneal opacity [5]. Currently, there is a lack of effective drugs for 
treating corneal scarring in clinical practice, and once corneal scarring 
progresses to a severe stage, the only viable treatment option is corneal 
transplantation [6,7]. However, the significant shortage of donor tissue 
and the high cost of the procedure result in prolonged waiting periods 
for most patients [8]. Therefore, there is an urgent need to develop 
effective strategies to inhibit scar formation during corneal injury re
covery, to restore corneal transparency and visual function.

MicroRNA (miRNA) is a class of small non-coding RNAs with 21–23 
nucleotides in length and regulates gene expression at the translational 
and transcriptional levels [9,10]. Due to the advantages of target spec
ificity, multifunctionality, and potential for non-invasive delivery, 
miRNA has been widely used in the treatment of a variety of diseases in 
recent years. Previous studies have demonstrated that the miRNA29 
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family represses collagen expression and the development of fibroplasia 
in the regulation of a variety of organ fibrosis [11], including myocardial 
fibrosis [12], hepatic fibrosis [13], pulmonary fibrosis [14] and cuta
neous fibrosis [15]. Moreover, research suggests that human corneal 
stromal stem cells with high expression of miRNA29a in extracellular 
vesicles exhibit improved corneal anti-scarring effects in cell-based 
therapy [16]. This suggests that miRNA29 family may be a crucial 
therapeutic agent for inhibiting fibrosis during corneal injury repair. 
Nevertheless, in therapeutic applications, miRNAs typically require a 
delivery system to protect and enhance in vivo efficiency [17]. However, 
the unique environment of the cornea presents a challenge in delivering 
miRNA29 family to the site of injury.

The corneal topical administration, due to its safety, convenience, 
and non-invasive nature, is the most common route for corneal drug 
apply [18]. However, factors such as nasolacrimal drainage, ocular 
metabolism, and the blood-ocular barrier can cause a rapid decline in 
drug concentration before reaching the target tissue [19]. Lipid nano
particles (LNP) are an effective drug delivery system for enhancing drug 
permeability, offering good biocompatibility, and have been validated 
in ocular tissues [20]. Additionally, LNP can better protect nucleic acid 
drugs due to their bilayer phospholipid structure, which provides stable 
encapsulation and shields the nucleic acids from degradation [21]. 
Many LNP-based miRNA delivery systems have already been applied in 
disease treatment, with some having progressed to the clinical trial stage 
[22–24]. However, there are no reports documenting the use of LNP as 
carriers for miRNA-based drugs aimed at reducing corneal scarring.

In response to these challenges, this study developed an LNP- 
miRNA29b delivery system (LNP-mir29b) for anti-scarring therapy 
following corneal injury. Using microfluidic technology, miRNA29b was 
efficiently encapsulated into LNP. Then the LNP-mir29b were applied to 
an induced corneal stromal cell fibrosis model and rabbit corneal me
chanical injury models. The results demonstrated that LNP-mir29b 
exhibited strong anti-scarring effects both in vitro and in vivo, signifi
cantly reducing the expression of fibrosis-related genes. Furthermore, 
LNP-mir29b accelerated corneal epithelial wound healing, contributing 
to the overall restoration of corneal thickness and structure.

2. Materials and methods

2.1. Preparation of LNP formulations

The miRNA29b agomir with the following sequence: sense 5′-UUC 
UCC GAA CGUGUC ACG UTT-3′, antisense 5′-ACG UGA CAC GUU CGG 
AGAATT-3′) was synthesized by Suzhou GenePharma Co., Ltd.

LNP containing miRNA29b or without miRNA29b were formulated 
using microfluidics as previously described [25,26]. The miRNA was 
dissolved in 33.3 mM sodium acetate solution (pH 4.0). Ionizable 
cationic lipid 1,2-dilinoleyloxy-3-dimethylaminopropane (DLin-MC3- 
DMA), 1,2-distearoyl-sn-glycero-3-phosphocholine (DSPC), cholesterol, 
and 1,2-dimyristoyl-rac-glycero-3-methoxypolyethylene glycol-2000 
(DMG-PEG2000) (50:10:38.5:1.5 mol ratios), were dissolved in anhy
drous ethanol to a total lipid concentration of 50 mM. Using two syringe 
pumps, the miRNA-water phase solution and the lipid-ethanol phase 
solution were mixed in a 3:1 ratio at flow rates of 3 mL/h and 1 mL/h, 
respectively, through a Y-shaped microfluidic chip. The ratio of miRNA 
to total lipid was 0.05 in the wild type (WT/WT). The resulting solution 
was collected using enzyme-free sterile water. The obtained solution 
was dialyzed using 10K MWCO Slide-A-Lyzer dialysis cassettes (Thermo 
Fisher Scientific) in Phosphate-buffered saline (PBS) (Gibco).

2.2. Characterization of LNP-mir29b and LNP

To prepare LNP for transmission electron microscope (TEM), LNP 
were dialyzed against water and stained with 3 % uranyl acetate for 
negative staining. Imaging was then conducted using a transmission 
electron microscope (H-7650, Hitachi, Japan).

Samples were dispersed in deionized water (mass fraction of 0.1 %) 
and ultrasonicated for 3 min. Characterize the average particle size and 
distribution/Zeta potential of LNP-mir29b using Zetasizer Nano-ZS90 
(Malvern Instruments). Particle size and surface charge were 
measured at 25 ◦C by using a standard operating procedure.

2.3. Encapsulation efficiency of miRNA

To calculate the miRNA encapsulation efficiency, Quanti-iT Ribo
Green RNA reagent assay (Thermo Fisher Scientific) was used as pre
viously described [25]. The working solution was then further diluted 
1:1 in TE buffer and TE buffer with 4 % Triton-X100. Unencapsulated 
miRNA and total miRNA (including miRNA encapsulated in LNP and 
free miRNA) were measured separately. Each sample was supplemented 
with 100 μL of a 2000-fold diluted Quanti-iT™ RiboGreen RNA reagent 
in a 96-well plate, and the fluorescence intensity was detected using a 
plate reader at an excitation wavelength of 480 nm and an emission 
wavelength of 520 nm. The EE was calculated as follows: EE (%) = (1 - 
free miRNA concentration/total miRNA concentration) x100.

2.4. Uptake of the LNP-mir29b

FITC-labeled LNP-mir29b was prepared by replacing 1 mol% DMG- 
PEG2000 with 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N- 
[(polyethylene glycol)-2000]-Fluorescein (DSPE - PEG2000 -FITC) and 
using the similar microfluidic method. The FITC-labeled LNP-mir29b 
was topically instilled into the eye (50 nM, 20 μL per hour per eye). After 
24 h, the rabbits were euthanized, and their whole corneas were 
immediately excised. A confocal laser-scanning microscope was used to 
image the central 6-mm diameter corneal region.

2.5. Cell culture

For human corneal epithelial cells (HCE-T) (Bohui Biological Tech
nology Co., Ltd), cells were cultured in Dulbecco’s Modified Eagle Me
dium/Nutrient Mixture F-12 medium (DMEM/F12) (Gibco) 
supplemented with 10 % fetal bovine serum (FBS) (Gibco), 1 % (v/v) 
penicillin-streptomycin (Gibco), 10 ng/mL human epidermal growth 
factor (hEGF) (Sigma) and 5 μg/mL insulin (Sigma).

Primary rabbit corneal stromal cells (RCSC) were extracted from 
fresh New Zealand rabbit cornea. After the clearing of the corneal 
epithelium and endothelium by gentle scraping and rinses, the central 
stroma (8 mm diameter) was isolated and trimmed into small pieces for 
digestion with 1 mg/mL Type II collagenase (Sigma). Cells were cultured 
in DMEM/F12 with 10 % FBS, 1 % (v/v) penicillin-streptomycin 
(Gibco). Cells from early passages (≤2) were used in all experiments.

Primary rabbit corneal stromal fibroblasts (RCSF) were derived from 
RCSC via induction with 0.5 ng/mL of transforming growth factor β1 
(TGF-β1) (Novoprotein) for 48 h. Following incubation, the induced 
results were validated through changes in cellular morphology and the 
expression of the fibroblast marker α-smooth muscle actin (α-SMA).

2.6. Live-dead staining assay

The HCE-T, RCSC, and RCSF were seeded into 12-well plates at a 
density of 1 × 10^5 cells per well and incubated with different concen
trations of LNP-mir29b (0, 12.5, 25, 50, 100 nM) for 48 h. Then, the cells 
were stained with a live/dead double dye kit (AbMole) according to the 
manufacturer’s instructions. The cells were observed and the images 
were collected using an Olympus IX73 digital camera.

2.7. Assessment of cell proliferation

The HCE-T, RCSC, and RCSF were seeded into 24-well plates at a 
density of 7 × 10^3 cells per well. After adding different concentrations 
of LNP-mir29b (0, 12.5, 25, 50, 100 nM), cell proliferation was 
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evaluated every 12 h with the Cell Counting Kit-8 (CCK-8) (Beyotime) 
according to the manufacturer’s instructions. Absorbance values at 450 
nm were obtained with a microplate reader (Thermo Fisher Scientific).

2.8. Migration assay

The HCE-T, RCSC, and RCSF were seeded and grown to complete 
confluency in a 6-well plate and scratch wound assays were performed. 
Briefly, a scratch was created across the center of the monolayer using a 
sterile pipette tip. Wounded cells monolayers were washed three times 
with PBS to remove loose cells and debris, and incubated with different 
concentrations of LNP-mir29b (0, 12.5, 25, 50, 100 nM) for the desig
nated periods, respectively. Photographs of the wounded area were 
taken under a phase contrast microscope and analyzed by ImageJ soft
ware to evaluate the migration among different groups.

2.9. Immunofluorescent staining

For phenotype identification, cells growing on slides were washed 
three times with PBS and fixed with 4 % (w/v) paraformaldehyde for 30 
min. Then, cell permeabilization was performed with 0.2 % (v/v) Triton 
X-100 (Sigma) for 7 min, and the cells were blocked with 5 % (v/v) fetal 
bovine serum (Gibco) for 20 min, followed by incubation with primary 
antibodies (α-SMA, Sigma, 1:200) at 4 ◦C overnight. The next day, the 
cells were incubated with secondary antibodies for 2 h. Hoechst dye 
(Gibco) was used to stain the nuclei. The cells were examined under a 
confocal laser-scanning microscope (Andor Dragonfly 500, Leica), and 
images were analyzed by ImageJ software.

2.10. Rabbit corneal injury model

All adult female New Zealand white rabbits (2.0 kg) were housed and 
treated according to the ARVO statement for the Use of Animals in 
Ophthalmic and Vision Research with ethics approval from the Ethics 
Committee of Beihang University (approval number: BM20230219). 
General anesthesia was induced via intramuscular injection of 3 % so
dium pentobarbital at a dose of 3 mL/kg, combined with topical anes
thesia achieved using proparacaine hydrochloride eye drops. Briefly, the 
cornea was marked with a 6 mm trephine, and a surgical knife was used 
to remove the corneal epithelium and part of the stromal layer, with a 
depth of approximately 100 μm [27]. Then, liposomes solution (20 μL) 
without miRNA29b (LNP group, n = 5), with miRNA29b (LNP-mir29b 
group, n = 5) was administered to the wound area in the left and right 
eyes, respectively, twice a day.

2.11. Quantitative PCR analysis

Total RNA was extracted by TRIzol (Invitrogen), according to the 
supplier’s directions. The quality of RNA samples was determined ac
cording to A260/A280 (values between 1.8 and 2.1). The reverse tran
scription of RNA was accomplished by using a 1st Strand cDNA 
Synthesis Kit (Yeasen) and performed qPCR analysis with Hieff qPCR 
SYBR Green Master Mix (Yeasen). The mRNA expression results were 
calculated by the2− ΔΔCt method., and the expression of GAPDH was 
used as the control. Specific primers for qPCR are listed in Table 1.

2.12. In vivo therapeutic evaluation

At the predetermined times, corneal fluorescence staining and slit- 
lamp examinations were performed to assess the wound healing out
comes. At the same time, cross-sectional images of cornea were obtained 
by anterior segment optical coherence tomography (AS-OCT) (VG200D, 
Intalight) to evaluate the cornea repairment. On day 14 post-operation, 
rabbits were sacrificed, and their corneas were enucleated for histo
logical analysis. The corneal tissues were fixed with 4 % (w/v) para
formaldehyde overnight, embedded in paraffin, and sliced into 5-μm 
thick sections. The sections were then stained with HE, Masson’s tri
chrome, PAS, and EVG stains according to the manufacturer’s in
structions (Beyotime). For immunostaining, tissue sections underwent 
antigen retrieval, blocking, and incubation with primary antibodies 
(CK3, Santa Cruz, 1:200; ZO-1, Thermo Fisher Scientific, 1:200; α-SMA. 
1:200). The next day, the sections were incubated with secondary an
tibodies, and the nuclei were stained with Hoechst. Histological images 
were captured by Panoramic MIDI automatic digital slide scanner and 
confocal laser-scanning microscope, and analyzed using ImageJ 
software.

2.13. Transmittance measurement

The absorbance of the central 6-mm-diameter corneal buttons was 
measured over a wavelength range of 280–800 nm, with a step size of 
20 nm, using a UV–Vis spectrophotometer (Evolution Pro, Thermo 
Fisher Scientific). Briefly, immediately after the rabbits were eutha
nized, the corneas were excised from the sclera. A 6.0-mm central button 
was obtained from each cornea using a trephine. Each corneal button 
was placed into a stainless-steel sheet insert with a matching 6-mm hole, 
sandwiched between two quartz glass plates, and then positioned inside 
a standard quartz cuvette. For each spectrophotometric measurement, 
an insert with a thickness matching the corneal sample was used [28]. 
The obtained data were processed to calculate the transmittance of 
samples [29].

2.14. Statistical analysis

All data were performed using Prism 8 (GraphPad). Data were 
expressed as mean ± standard deviation (SD). Student’s t-test was used 
for two-sample statistical comparison, while one-way analysis of vari
ance (ANOVA) followed by Tukey’s test was used for groups greater than 
two. For all experiments, * was used for p < 0.05, ** for p < 0.01. 
Specific comparisons are indicated in the respective figure legends.

3. Results

3.1. Synthesis and characterization of the LNP-mir29b

LNP was employed as a drug delivery system to validate the thera
peutic potential of miRNA29b in treating corneal injury and preventing 
fibrosis. LNP-mir29b and LNP formulations, with and without miR
NA29b, were prepared (Fig. 1A). Transmission electron microscopy 
revealed no significant morphological differences between the two for
mulations (Fig. 1B). For the morphological characteristics of LNP and 
LNP-mir29b, both platforms generated nanoparticles with a single in
tensity and number distribution peak, indicating a single particle pop
ulation (Fig. 1C). LNP-mir29b tended to agglomerate into larger 
particles (409.5 nm), whereas LNP remained uniform particles (142.6 
nm) (Fig. 1C). Zeta-potential data indicated that the addition of miR
NA29b agomir changed the charge (Fig. 1D). In addition, the LNP- 
mir29b formulations demonstrated an encapsulation efficiency of over 
85 %.

Table 1 
Specific primers for qPCR.

Gene Forward Primer (5′-3′) Reverse Primer (5’>3′)

COL1A2 CAGTGGCGTCGTGCCT CTGAGCAGCAAAGTTCCCG
COL3A1 CCTAAGGGAGATCCAGGCCC CGCCAATTCCTCCTATGCCA
FN ACCCTTATAGCTGTGAAAGGCA GGGTCGTACACCCAACTTAAA
α-SMA AACCCTGTTGACTGAGGCAC AGTCCAGCACAATGCCAGTT
GAPDH CAGTGCTAGCGCGTCCC TGCCGTGGGTGGAATCATAC
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3.2. In vitro cytocompatibility

The biocompatibility of LNP-mir29b was validated by incubating 
immortalized HCE-T, RCSC, and RCSF with different concentrations of 
LNP-mir29b for 48 h. As shown in Fig. 2A–D, cell viability was not 
affected at concentrations ranging from 12.5 to 100 nM, as indicated by 
live/dead staining. Further CCK-8 assays demonstrated that while LNP- 
mir29b stimulation did not affect the proliferation of HCE-T and RCSC, it 
significantly inhibited the proliferation of RCSF (Fig. 2E–G). Overall, 
these results suggest that LNP-mir29b exhibits excellent biocompati
bility, evidenced by the viability and proliferation of cells.

3.3. LNP-mir29b promoted epithelial wound healing and inhibited 
corneal stromal cell fibrosis in vitro

To investigate the effect of LNP-mir29b on the migration, different 
concentrations of LNP-mir29b were applied to assess wound healing 
rates. Wound healing was assessed at the 24-h incubation time point. 
The results showed that LNP-mir29b significantly increased cell migra
tion ability and accelerated the wound healing of HCE-T (Fig. 3A and B), 
whereas the effects on RCSC and RCSF were not statistically significant 
(Fig. 3C and D; Fig. S1, Supporting Information). Additionally, TGF-β1 
was used to induce a stable transformation of RCEC into an RCSF 

phenotype, followed by treatment with LNP-mir29b, LNP, or miRNA29b 
alone (Fig. S2; Fig. S3 Supporting Information). The results indicated 
that LNP-mir29b incubation effectively reduced the expression of α-SMA 
in TGF-β1-induced corneal fibroblasts in a dose-dependent manner 
(Fig. 3E and F; Fig. S3 Supporting Information).

3.4. LNP-mir29b promoted epithelial healing and improved corneal 
transparency in vivo

The in vivo LNP-mir29b tracking experiment showed that numerous 
FITC-labeled LNP-mir29b were detected within the wound gaps on the 
ocular surface, with clear infiltration into the deeper corneal layers 
(Fig. S4, Supporting Information). During the 14-day treatment period, 
bright-field observations and AS-OCT images consistently showed that 
the corneas in the LNP-mir29b group maintained higher transparency. 
In contrast, starting from day 3, the central injury area of the corneas in 
the LNP group became noticeably opaque, with progressive worsening 
over time, showing no signs of resolution even on day 14 post-operation 
(Fig. 4A–C). The isolated corneal tissues from the LNP group exhibited 
substantial corneal scarring (Fig. 4D). Quantification of corneal tissue 
transparency using a UV–Vis spectrophotometer revealed that the LNP- 
mir29b group had significantly higher transmittance than the LNP group 
(Fig. 4G). Fluorescein sodium staining and AS-OCT imaging 

Fig. 1. Characterization of LNP and LNP-mir29b. A) Schematic representation of the preparation process for LNP-mir29b formulations. B) TEM images of LNP- 
mir29b and LNP. Scale bars: 500 μm. C) The average particle sizes of LNP-mir29b and LNP. D) The zeta potentials of LNP-mir29b and LNP. n = 3.
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Fig. 2. In vitro cytocompatibility of LNP-mir29b. A) Live/Dead staining results of HCE-T, RCSC, and RCSF under the treatment with different concentrations (0, 12.5, 
25, 50, and 100 nM) of LNP-mir29b for 48 h. Live cells appeared green in color (acridine orange stain) and dead cells appeared red (propidium iodide stain). Scale 
bars: 200 μm, n = 3. Statistical analysis of AO-stained positive cells of B) HCE-T, C) RCSC, and D) RCSF under the treatment with different concentrations of LNP- 
mir29b for 48 h n = 3. CCK-8 assay of E) HCE-T, F) RCSC, and G) RCSF under the treatment with different concentrations of LNP-mir29b for 0, 12, 24, and 48 h n = 3, 
*p < 0.05, **p < 0.01.
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Fig. 3. LNP-mir29b promoted epithelial wound healing and inhibited corneal stromal cell fibrosis in vitro. A) Images of scratch wound assay on HCE-T treated with 
different concentrations (0, 12.5, 25, 50, and 100 nM) of LNP-mir29b. Scale bars: 100 μm. n = 3. Statistical analysis of relative wounding closure rates in B) HCE-T, C) 
RCSC, and D) RCSF treated with different concentrations of LNP-mir29b at 24h. n = 3. E, F) Representative immunofluorescent images with statistical analyses of 
α-SMA staining of RCSF treated with different concentrations LNP-mir29b for 48h. Scale bars: 150 μm. n = 5, **p < 0.01.
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demonstrated that by day 3 post-operation, re-epithelialization was 
completed in the LNP-mir29b group, whereas residual corneal defects 
persisted in the LNP group until day 5 (Fig. 4B, C, E). To further quantify 
corneal recovery, AS-OCT images were used to measure central corneal 
thickness in the defect area on day 14 (Fig. 4F). The corneal thickness in 
the LNP-mir29b group (345.47 ± 12.77 μm) showed no significant dif
ference from that of the naïve group (340.69 ± 2.97 μm). In contrast, the 
LNP group exhibited corneal edema, with a thickness of 478.72 ± 15.92 
μm, which was significantly greater than that of the LNP-mir29b and 
naïve groups. Consistently, hematoxylin and eosin (HE) staining of 
corneal tissue sections also revealed substantial corneal thickening in 
the LNP group (Fig. 5A–E). Throughout the 14-day observation period, 
no subjects exhibited signs of inflammation, glaucoma, or other com
plications. In summary, LNP-mir29b reduced stromal scarring, pro
moted stromal injury recovery, and accelerated corneal epithelial 
wound healing.

3.5. LNP-mir29b mediated corneal antifibrotic and tissue repair effects by 
inhibiting fibrosis-related gene expression and promoting epithelial 
regeneration

Rabbit corneal tissues isolated from the LNP group and LNP-mir29b 
group after 14 days of treatment, along with naive corneas, were 
sectioned. HE staining showed that the corneal structure in the LNP- 
mir29b group closely resembled that of the naïve group, whereas in 
the LNP group, the corneal epithelium exhibited indistinct boundaries 
with the corneal stroma and significant infiltration of inflammatory cells 

(Fig. 5A). Masson’s trichrome staining revealed that the corneal 
epithelial layer appeared red, and the stromal collagen fibers were 
uniformly stained blue. The LNP group showed increased red staining in 
the anterior stromal region, indicating an increase in muscle fibers 
compared to the LNP-mir29b and naive groups (Fig. 5B). Elastica van 
Gieson (EVG) staining demonstrated that both the LNP-mir29b and 
naive groups exhibited a dark purple-black corneal epithelium and a 
reddish-purple stromal layer. In contrast, the LNP group showed inten
sified dark purple-black staining in the anterior stromal layer, indicative 
of elastic fiber deposition (Fig. 5C). Periodic Acid-Schiff (PAS) staining 
showed that the corneal epithelium appeared light purple and the 
stroma appeared light pink in LNP-mir29b and naive group. However, 
the LNP group exhibited significantly enhanced deep pink-purple 
staining in the anterior stromal layer, indicative of increased fibrin 
deposition (Fig. 5D). To further quantify corneal epithelial repair, HE- 
stained images were analyzed. The corneal epithelial layer thickness 
in the LNP group (19.89 ± 4.79 μm) was significantly thinner compared 
to both LNP-mir29b group (33.39 ± 6.64 μm) and naïve group (34.33 ±
1.45 μm) (Fig. 5F).

Immunofluorescence staining of tissue sections revealed the pres
ence of the terminal differentiation marker Cytokeratin 3 (CK3) in the 
regenerated corneal epithelium (Fig. 6A). The regenerated corneal 
epithelium in LNP-mir29b group was composed of 5–7 layers, with a 
thickness of 34.59 ± 3.40 μm, closely resembling that of the naive group 
(34.40 ± 2.21 μm). In contrast, the LNP group displayed a significantly 
thinner corneal epithelium, with a thickness of 19.92 ± 4.97 μm, 
compared to both LNP-mir29b and naive groups, and the epithelial layer 

Fig. 4. LNP-mir29b promotes epithelial healing and improves corneal transparency following anterior stromal injury in rabbits in vivo. A, B, C) Representative 
brightfield images, Fluorescein sodium staining images and AS-OCT images of rabbit corneas treated with LNP and LNP-mir29b at different time points (day 0, 1, 3, 5, 
7, and 14 post-operation). n = 5. D) Representative isolated corneal tissue images treated with LNP and LNP-mir29 at day 14 post-operation. E) Quantification of 
epithelial wounding closure rate at different time points. n = 5. F) Quantification of corneal thickness according to the AS-OCT results at day 14 post-operation. n = 5, 
**p < 0.01. G) Changes in transmittance of Naïve, LNP, and LNP-mir29b at day 14 post-operation. n = 5.
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Fig. 5. LNP-mir29b promotes corneal structural recovery post-operation in rabbits in vivo. Representative images of A) HE, B) Masson, C) EVG and D) PAS staining on 
day 14 post-operation of Naïve, LNP, and LNP-mir29b groups. Scale bars: 800 and 400 μm. n = 5. Quantification of E) corneal thickness and F) corneal epithelial 
thickness according to the HE staining results. n = 5, **p < 0.01.
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in LNP group showed uneven thickness and unclear stratification, 
particularly in the central corneal region (Fig. 6D). Additionally, corneal 
epithelial cells in all groups expressed the Zonula Occludens-1 (ZO-1) 
protein. In the LNP-mir29b group, distinct tight junctions were formed 
on the epithelial surface, closely resembling those of the naive cornea 
(Fig. 6B). To quantify the level of fibrosis in the corneal stroma, α-SMA 
staining was conducted (Fig. 6C). The results demonstrated that α-SMA 
expression levels were significantly reduced in the LNP-mir29b group, 
showing no difference compared to the naive group. In contrast, the LNP 
group exhibited significantly elevated α-SMA expression levels (Fig. 6E). 
To further understand the mechanisms by which LNP-mir29b inhibited 
corneal scarring, the expression of corneal stromal scarring markers was 
investigated using quantitative PCR (qPCR) analysis. The results showed 
that the gene expression levels of Collagen Type I Alpha 2 Chain 
(Col1A2), Collagen Type III Alpha 1 Chain (Col3A1), Fibronectin (Fn), 
and α-SMA in the remodeled corneal tissues of LNP-mir29b group were 

significantly lower than those in LNP group and were not significantly 
different from those in naive group (Fig. 6F–I). Overall, the application 
of LNP-mir29b accelerated the recovery of the corneal epithelium, 
promoted the restoration of corneal epithelial structure, facilitated 
stromal regeneration, reduced the expression of fibrotic genes, and 
decreased scarring during the corneal injury repair process.

4. Discussion

Corneal scarring is a leading cause of corneal blindness, making the 
inhibition of scar formation during corneal wound healing a critical 
clinical need. Here, we present an LNP-based drug delivery system 
encapsulating miRNA29b, which effectively promotes the reduction of 
fibrosis during the repair of corneal epithelial-stromal mechanical in
juries both in vitro and in vivo and accelerates epithelial healing and 
structural restoration. This promising approach could become a 

Fig. 6. LNP-mir29b promotes corneal epithelial structure recovery and reduces fibrotic proteins and genes expression post-operation in rabbits in vivo. Represen
tative immunofluorescent images of A) CK3, B) ZO-1, C) α-SMA staining on day 14 post-operation of Naïve, LNP and LNP-mir29b groups. Scale bars: 50 μm. n = 5. D) 
Quantification of corneal thickness. n = 5, differences were compared to the naive group. E) Statistical analysis of α-SMA fluorescence intensity of Naïve, LNP, and 
LNP-mir29b groups. n = 5. The mRNA expression level of F), G) COL3A1, H) Fn, I) α-SMA on day 14 post-operation of Naïve, LNP, and LNP-mir29b groups. n = 3, 
**p < 0.01.
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significant ophthalmic topical treatment for achieving reduced scarring 
in corneal repair.

In this study, we employed LNP to encapsulate and deliver miR
NA29b as a topical therapeutic for the cornea. Effective miRNA delivery 
systems must reach target cells and produce sufficient proteins, yet 
challenges such as targeted delivery and endosomal escape underscore 
the necessity of suitable delivery system. Notably, LNPs offer enhanced 
protection and stability for nucleic acid-based drugs [21]. Conventional 
methods for LNP production include microfluidics, thin-film hydration, 
sonication, and double emulsion techniques, each with distinct advan
tages and limitations [30]. Compared to other methods, microfluidic 
technology allows for the precise mixing of aqueous and organic lipid 
solutions, enabling controlled shear forces and fluid dynamics to pro
duce uniformly sized LNP [31]. This method is well-suited for 
large-scale production, offering an advanced approach to LNP prepa
ration that may be more suitable for future clinical applications, ulti
mately improving treatments for various corneal diseases [32].

Our study demonstrates that the LNP-mir29b system offers signifi
cant advantages for drug delivery in corneal injury repair. The ocular 
safety of LNPs has been substantiated in various studies, demonstrating 
their potential in treating a range of eye-related conditions, including 
posterior capsule opacification, age-related macular degeneration, and 
choroidal neovascularization [33,34]. Our in vivo results confirm that 
LNP-mir29b effectively localizes to the corneal wound site and in
filtrates deeper corneal layers. LNP enhance drug stability and 
bioavailability while promoting effective corneal barrier penetration, 
further underscoring their potential in the development of novel ocular 
therapies [35].

To validate the anti-fibrotic effects of LNP-mir29b, we conducted 
both in vitro and in vivo experiments. Following corneal injury, corneal 
stromal cells undergo a phenotypic transformation into myofibroblasts, 
characterized by excessive α-SMA expression. This transformation leads 
to the synthesis and secretion of large amounts of collagen, resulting in a 
disordered collagen fiber arrangement and reduced corneal trans
parency [5]. Therefore, inhibiting α-SMA expression is crucial for pre
venting corneal fibrosis. The miRNA29 family has been found to reduce 
fibrosis in various tissues, including the heart [36], lungs [37], and liver 
[38,39], by downregulating fibrotic gene and protein expressions, 
particularly collagen and α-SMA [40]. However, its role in preventing 
corneal scarring remains to be fully elucidated. Studies have shown that 
exosomes from stem cells with high miRNA29 content exhibit superior 
antifibrotic effects in vivo [16,41]. Exosomes carrying miRNA29b-3p can 
activate autophagy, suppressing corneal inflammation and fibrosis [41]. 
However, their therapeutic efficacy may be influenced by other bioac
tive components within the exosomal contents. In contrast, our study 
employed LNP as a direct and controlled miRNA29b delivery system, 
allowing for a targeted evaluation of its antifibrotic effects in corneal 
injury. Furthermore, we confirmed that its antifibrotic effect in corneal 
tissue is achieved through the downregulation of collagen and α-SMA 
expression.

Remarkably, our study revealed that LNP-mir29b plays a dual role in 
anti-corneal stromal fibrosis and facilitating epithelial wound healing. 
Cell migration is a critical factor in epithelial wound healing, as it allows 
rapid re-epithelialization and structural recovery. Previous studies have 
reported that miRNA29 plays a role in tissue repair; however, its effects 
on corneal epithelial cell migration have not been extensively investi
gated. To the best of our knowledge, this is the first study to suggest a 
potential role for miRNA29 in corneal epithelial migration and repair. 
Researches on miRNA29 have shown that the effect on cell migration 
vary across different cell types. For instance, miRNA29 promotes 
migration in osteosarcoma cells but inhibits in airway epithelial cells 

and various cancer cells, which necessitates analysis in the context of 
specific tissue functions [42–45]. Its role in corneal epithelial migration 
may be influenced by tissue-specific signaling pathways. Upon injury, 
corneal epithelial cells release various cytokines and growth factors, 
such as TGF-β1, which induce stromal cells to transform into myofi
broblasts via autocrine and paracrine mechanisms [46,47]. Rapid 
epithelial repair is thus vital for stromal reconstruction and the resto
ration of corneal transparency. Additionally, the healthy corneal 
epithelium consists of three distinct layers: basal cells, wing cells, and 
superficial cells [48]. Each of these cell layers serves specific functions, 
working together to ensure corneal integrity and function by replacing 
damaged cells and protecting the cornea from environmental harm. The 
re-establishment of a structurally intact epithelial layer is therefore 
essential for maintaining corneal homeostasis and visual clarity. 
Currently, the mechanisms by which miRNA29 influences cell migration 
have been reported to vary across different tissues. It may regulate cell 
migration through various pathways, including the modulation of the 
p53/ADAM12 axis [49], the PTEN/PI3K pathway [50], and targeting 
the VSIG1/ZO-1 axis [51], among others. Therefore, elucidating the 
specific mechanisms by which miRNA29 affects corneal epithelial cell 
migration could be an important direction for future research. In vivo, 
corneal epithelial wound healing is closely related to the properties of 
the corneal stroma. Disorganized collagen fiber organization and 
abnormal extracellular matrix stiffness can reduce the speed and effi
ciency of corneal epithelial cell migration [52,53], induce epithelial cell 
apoptosis [54], and impair cell adhesion [55,56], ultimately leading to 
delayed epithelial repair. Our results indicate that miRNA29 promotes 
the restoration of corneal thickness and structural integrity, which may 
contribute to enhanced corneal epithelial wound healing. However, the 
in vivo corneal environment is highly complex, and the precise mecha
nisms underlying these processes require further investigation.

This study is the first to propose the use of LNP-mir29b for repairing 
corneal mechanical injuries. LNP-mir29b has demonstrated good 
biocompatibility and therapeutic efficacy in both in vitro and in vivo 
experiments. LNP-mir29b inhibited the transformation of corneal stro
mal cells into fibroblasts, reducing the expression of genes and proteins 
associated with corneal scarring, thereby promoting scarless repair after 
corneal injury. Additionally, LNP-mir29b promotes the migration of 
corneal epithelial cells, accelerating the healing of epithelial wounds 
and facilitating the restoration of the structural integrity of the corneal 
epithelium. However, this study has several limitations. The molecular 
mechanisms underlying LNP-mir29b’s anti-fibrotic effects and its role in 
promoting corneal epithelial healing have not been thoroughly inves
tigated and warrant further study. Additionally, future research could 
focus on labeling LNP-mir29b to obtain clearer evidence of its pene
tration and localized concentration within the corneal tissue.

5. Conclusion

We developed an LNP-based delivery system for miRNA29b and 
demonstrated its effective antifibrotic properties and its ability to pro
mote corneal injury repair both in vivo and in vitro. Additionally, we 
were the first to discover the promotive effects of miRNA29b on corneal 
epithelial cell migration and epithelial tissue repair. In conclusion, LNP- 
mir29b prevented extracellular matrix deposition, reduced corneal 
fibrosis during the corneal injury repair process, and maintained high 
transparency of the treated corneal tissue. As an effective topical ther
apeutic agent, LNP-mir29b holds significant promise for combating 
corneal scarring and promoting corneal injury repair, with substantial 
potential for clinical application in ophthalmology.
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List of Abbreviation

Abbreviation Full Term
α-SMA α-smooth muscle actin
AS-OCT Anterior segment optical coherence tomography
CCK-8 Cell counting kit-8
CK3 Cytokeratin 3
COL1A2 Collagen type I Alpha 2 chain
COL3A1 Collagen type III Alpha 1 chain
DLin-MC3- 

DMA
1,2-dilinoleyloxy-3-dimethylaminopropane

DMEM/F12 Dulbecco’s Modified Eagle Medium/Nutrient mixture F-12 
medium

DMG-PEG2000 1,2-dimyristoyl-rac-glycero-3-methoxypolyethylene glycol-2000
DSPC 1,2-distearoyl-sn-glycero-3-phosphocholine
EVG Elastica van gieson
FBS Fetal bovine serum
Fn Fibronectin
HCE-T Human corneal epithelial cells
HE Hematoxylin and eosin
hEGF Human epidermal growth factor
LNP-mir29b LNP-miRNA29b delivery system
LNPs Lipid nanoparticles
miRNA MicroRNA
PAS Periodic acid-schiff
PBS Phosphate-buffered saline
RCSC Primary rabbit corneal stromal cells
RCSF Primary rabbit corneal stromal fibroblasts
TEM Transmission electron microscope
TGF-β1 Transforming growth factor β1
ZO-1 Zonula occludens-1
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