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A B S T R A C T   

Gene therapy is capable of efficiently regulating the expression of abnormal genes in diseased tissues and ex
pected to be a therapeutic option for refractory diseases. However, unidirectional targeting gene therapy is al
ways desired at the tissue interface. In this study, inspired by the principle that like charges repulse each other, a 
positively charged micro-nano electrospun fibrous membrane with dual-layer structure was developed by elec
trospinning technology to achieve unidirectional delivery of siRNA-loaded cationic nanocarriers, thus realizing 
unidirectional gene therapy at the tendon-paratenon interface. Under the charge repulsion of positively charged 
layer, more cationic COX-2 siRNA nanocarriers were enriched in peritendinous tissue, which not only improved 
the bioavailability of the gene drug to prevent the peritendinous adhesion formation, but also avoided adverse 
effects on the fragile endogenous healing of tendon itself. In summary, this study provides an innovative strategy 
for unidirectional targeting gene therapy of tissue interface diseases by utilizing charge repulsion to facilitate 
unidirectional delivery of gene drugs.   

1. Introduction 

Gene therapy has shown great potential in the treatment of various 
diseases, including sports injuries [1]. Among them, small interfering 
RNA (siRNA) have been used to treat diseases characterized by gene 
over-expression by targeting the silencing of specific messenger RNA 
(mRNA) and inhibiting the expression of related proteins [2,3]. Efficient 
and safe gene delivery vectors and appropriate administration routes are 
important factors affecting the effectiveness of gene therapy [3,4]. 
Compared with viral vectors, non-viral vectors such as peptides [5], 
lipids [6] and cationic polymers [7] are widely used because of their low 
immunogenicity and inexpensive cost [8]. Particularly, cationic poly
mers and their derivatives are commonly utilized for gene delivery 

attributed to their stable molecular structure and the ease of modifica
tion [9]. PAMAM dendrimer-entrapped gold nanoparticles (Au DENPs) 
as one of them, can form positively charged polyplexes with negatively 
charged nucleic acid materials by electrostatic interaction [10]. The 
cationic polyplexes further bind electrostatically to the negatively 
charged components of the cell membrane and are taken up intracel
lularly by adsorption and endocytosis to exert therapeutic effects [11]. 
Local controlled release of siRNA is considered an attractive and rational 
route of drug delivery, which can improve bioavailability and also 
reduce toxicities compared with systemic administration [4]. Various 
local delivery systems have been successfully developed to achieve 
sustained delivery of siRNA, such as microspheres [12,13], hydrogels 
[14], microneedles [15] and electrospun fibrous membranes (EFMs) 
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[16,17]. The loaded siRNA polyplexes act on the surrounding target 
tissues by directionless diffusion through body fluids after their im
plantation into the lesion tissue. However, the variability of physiolog
ical function of adjacent tissues at tissue interface determines their 
different requirement for siRNA drugs. Thanks to their bionic extracel
lular matrix (ECM) structure and excellent biocompatibility, EFMs are 
often chosen as physical barriers and drug delivery platforms to be 
placed at the tissue interface [18]. Hence, there is an urgent need to 
develop EFMs with unidirectional gene drug delivery to improve their 
therapeutic efficacy at tissue interface. 

The hydrophobic properties of EFMs are often utilized to constitute a 
steric hindrance in body fluids to prevent drug diffusion across EFMs, 
thus achieving unidirectional drug release [19]. On this basis, a variety 
of EFM-based composite drug delivery systems with unidirectional drug 
release function have been successfully constructed [19–21]. We have 
successfully constructed a hydrogel-EFM composite patch in our previ
ous work, in which siRNA nanoparticles loaded in the hydrogel layer 
were blocked by EFM layer to release unidirectionally [22]. However, 
when EFM layer is fully infiltrated by body fluids, the drugs also diffuse 
with the body fluids through the microporous structure of EFMs, which 
makes it difficult to maintain a long-lasting unidirectional drug delivery 
[19]. Hence, Santocildes-Romero et al. [19] facilitated durable unidi
rectional drug release by heat treating and melting the polycaprolactone 
(PCL) barrier layer, which has a lower melting point, to eliminate the 
microporous structure and form a dense barrier layer. However, this 
strategy sacrificed the bionic ECM structure of EFMs, which not only 
hinders the transport of nutrients on both sides of the membrane, but 
also impedes biological signaling. Electrostatic interactions are wide
spread in vivo, such as the charge barrier of the glomerular filtration 
membrane. The negative charge barrier impedes the filtration of nega
tively charged albumin through charge repulsion, which is essential for 
glomerular filtration function [23]. Recently, electrostatic interactions 
have also been introduced into the design of drug release material [24]. 
For example, the positively charged treatment of drug facilitates the 
deep drug penetration across the negative charge barrier of cartilage 
[25]. Therefore, it is theoretically feasible to construct EFMs for unidi
rectional gene delivery using charge repulsion. 

Tissue injury is usually limited by the fragile proliferation capacity of 
its intrinsic cells, which makes it difficult to restore the original structure 
and is mostly replaced by fibrotic repair, thus affecting its biological 
function [26]. In addition, fibrotic repair of tissues can also disrupt the 
balance of tissue interface, such as adhesion formation. Tendon adhe
sion remains a common complication of tendon repair that needs to be 
addressed urgently [27]. Tendon and paratenon, as a typical tissue 
interface, represent different tendon healing pathways, namely endog
enous healing and exogenous healing [28]. It is now generally accepted 
that an imbalance between endogenous and exogenous tendon healing is 
the main cause of tendon adhesion formation [29]. During tendon 
healing, the low cell count, weak energy metabolic activity, and limited 
blood and nerve supply of endogenous healing allow overactive exog
enous healing to invade the tendon section, not only impeding tendon 
endogenous healing, but also resulting in adhesion of the tendon to 
peritendinous tissue [30]. In our previous study, siRNA-loaded EFMs 
proved to be an efficient and safe therapeutic physical barrier to prevent 
tendon adhesion [16]. Despite its effective inhibition the proliferation 
and differentiation of peritendinous fibroblasts, its effect on tendon stem 
cells should not be overlooked. Among the pathogenic factors, inflam
mation has a long-lasting effect on adhesion formation, which promotes 
proliferation and differentiation of fibroblasts and synthesis of ECM 
[31]. COX-2, which modulates synthesis of prostaglandin, has been 
recognized as a positive regulator in pathological process like inflam
mation and oxidative stress [32]. Moreover, COX-2 has also been iden
tified as a promoter of fibroblast proliferation, differentiation and 
migration [33]. Hence, COX-2 and the downstream signaling pathway 
are important therapeutic targets to hinder adhesion formation. 
Nevertheless, it has been reported that anti-inflammatory treatment 

may inhibit the differentiation of mesenchymal stem cells to tendon cell, 
which is detrimental to tendon regeneration [34,35]. Therefore, it is 
necessary to construct EFMs with unidirectional delivery of COX-2 
siRNA for better tendon repair. 

In this study, a dual-layer positively charged micro-nano EFM with 
unidirectional gene delivery function was fabricated inspired by the 
physical principle of mutual repulsion of like charges. First, COX-2 
siRNA self-assembled with Au DENPs via electrostatic interaction to 
form cationic siRNA@Au DENPs polyplexes for efficient intracellular 
delivery. And then the polyplexes were subsequently wrapped into 
matrix metallopeptidase-2 (MMP-2)-responsive Methacrylate Gelatin 
(GelMA) solution, and the gene-loaded layer with MMP-2 responsive
ness was prepared by microsol-electrospinning technique. Finally, the 
natural cationic polymer chitosan (CS) was introduced into the PCL 
solution to modulate the surface charge of the EFMs, and the mixed 
solution was continuously electrospun onto the surface of the gene- 
loaded layer. By examining the surface zeta potential of CS@PCL 
EFMs, it was found that the negative charge property of pure PCL EFMs 
converted to positive charge property at pH values below 7.2 when the 
mass ratio (w/w) of CS: PCL was greater than 10%. The cationic siRNA- 
loaded nanocarriers were delivered unidirectionally into the peri
tendinous tissue under the charge repulsion effect of CS@PCL EFMs. 
This not only improved the bioavailability of the gene, but also avoided 
interference with fragile endogenous tendon healing and reduced toxic 
side effects. COX-2 siRNA reduced inflammation in peritendinous tissue, 
inhibited excessive proliferation and migration of fibroblasts, and pre
vented tendon adhesion formation by specifically knocking down the 
expression of COX-2 (Fig. 1). The results of in vitro and in vivo experi
ments also demonstrated the better therapeutic effect of tendon injury 
with the unidirectional gene delivery EFMs. In conclusion, this EFM with 
unidirectional gene delivery has wide applicability and provides an 
innovative strategy for achieving efficient gene therapy for tissue 
interface diseases. 

2. Materials and methods 

2.1. Materials 

PLA [molecular weight (MW) = 100 kDa] and Polycaprolactone 
(PCL) [MW = 80 kDa] were purchased from Daigang Bioenginnering 
Co., Ltd. (Jinan, China). Chitosan (CS, degree of deacetylation ≥99%) 
was obtained from Macklin. Dichloromethane (DCM; ≥99%), Gelatin 
from porcine skin, Phenyl-2,4,6-trimethylbenzoylphosiphinate (LAP) 
and N, N-dimethylformamide (DMF; ≥99%) were all purchased from 
Sigma-Aldrich. 1,1,1,3,3,3-hexaffuoro-2-propanol (HFIP), acetone and 
formic acid were products of Aladdin. COX-2 siRNA sequences were 
designed and synthesized by GenePharma (Shanghai, China). Sequences 
of siRNAs (5′-3′) were 5′-CCAGACUAGAUGACAUUAATT-3’. 

2.2. Synthesis and characterization of CS@PCL 

We prepared the CS@PCL EFMs as previously reported with slight 
differences [36]. Briefly, CS was dissolved in a mixture of formic acid 
and acetone with 3:7 vol ratio and stirred overnight to obtain a 2.5 wt% 
CS solution. And PCL was dissolved in HFIP and stirred overnight to 
obtain a 15 wt% PCL solution. Subsequently, CS solution was mixed with 
PCL solution at different mass ratios to obtain CS@PCL mixed solutions 
with mass ratios of 0, 5%, 10% and 15%, respectively. The four solutions 
were then electrospun into membranes (voltage: 18 kV, collection dis
tance: 20 cm, flow rate: 1 mL/h). The prepared CS@PCL EFMs were 
vacuum-dried for 24 h to volatilize residual organic reagents. The 
morphological features of the four EFMs were characterized with a 
scanning electron microscope (SEM, MIR3, Czech) and ImageJ software 
was subsequently used to analysis the diameters and porosities. Water 
contact angles (WCA) were measured by an OCA 20 contact angle 
analyzer (Dataphysics, Germany). A Fourier Transform infrared (FTIR) 
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Fig. 1. The schematic diagram of the proposed unidirectional gene delivery electrospun fibrous membrane. (A) Schematic representation of the synthesis of siR
NA@Au DENPs polyplexes and the fabrication of the dual-layer siRNA@GP/CS@PCL electrospun fibrous membrane consisted of the gene-loaded layer and positively 
charged layer. (B) Double-layer smart electrospun fibrous membranes were able to respond to the upregulated MMP-2 in the microenvironment, releasing more gene 
drugs and enriching them in peritendinous tissues via charge repulsion. (C) Inhibits COX-2 synthesis by targeting silencing of COX-2 mRNA, thereby alleviating 
inflammation. 
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spectrometer (Nicolet Nexus 670) were used to test ingredients of 
membranes. The surface zeta potentials of the membranes were 
measured using a SurPass Electrokinetic Analyser (Anton Paar, GmbH, 
Austria). The mechanical properties were further analyzed using a me
chanical measuring instrument at a strain rate of 5 mm/min. The tension 
and displacement were recorded until the membranes were completely 
broken. 

2.3. Synthesis and characterization of Au DENPs 

Au DENPs were created according to the reported protocols [10]. 
Briefly, G4 dendrimer with amine termini (50 mg) was dissolved in 5 mL 
of deionized water (DI water). Subsequently, an aqueous solution of 
HAuCl4⋅4H2O (88.29 × 10− 3 M) was added to G4 dendrimer and stirred 
magnetically for 30 min with gold salt/dendrimer molar ratio of 25:1. 
Then NaBH4 (2.105 mg, 1 mL) was added rapidly and stirred for another 
2 h. The reaction mixture was dialyzed and lyophilized to Au DENPs 
solids. The Au DENPs were characterized with UV–vis spectroscope and 
transmission electron microscope (TEM, Hitachi, Japan). 

2.4. Preparation of siRNA@Au DENPs polyplexes 

Polyplexes of siRNA@Au DENPs with different N/P ratios (the molar 
ratios of primary amines of Au DENPs to phosphates in the siRNA 
backbone) were prepared according to the previous literature [22]. 
Briefly, 1 μg COX-2 siRNA was dissolved and diluted in 
diethylpyrocarbonate-treated (DEPC-treated) water and mixed with Au 
DENPs to prepare polyplexes with different N/P ratios. The mixtures 
were incubated for 20 min following gentle vortex before character
ization. The siRNA binding ability of Au DENPs was investigated by 
agarose gel electrophoresis (Beyotime Biotechnology, China). The 
EB-stained gel was observed with a UV illuminator and the bands were 
photographed with an UVI Pro Gel Documentation system (Tanon 2500, 
China). TEM was used to observe the morphology of siRNA@Au DENPs 
polyplexes with N/P of 20. The particle size and zeta potential of siR
NA@Au DENPs polyplexes were further analyzed by dynamic light 
scattering (DLS) (Malvern, UK) at 25 ◦C. 

2.5. Cellular uptake and cytotoxicity of siRNA@Au DENPs polyplexes 

The cellular uptake efficiency and cytotoxicity of the polyplexes 
were verified using 208F cells. Before being transfected, 208F cells at a 
density of 2 × 104 cells/well were seeded onto 24-well plates and acti
vated with 10 nM Tgf-β for 24 h. Then, polyplexes with N/P ratios of 10, 
20, 30 and 40 were prepared, respectively. The polyplexes solutions of 
Au DENPs and 20 pmol fluorescent dye carboxyfluorescein (FAM) 
labeled siRNA were diluted with 250 μL DMEM followed by incubation 
of 30 min at room temperature (RT). Then, the cells were co-cultured 
with the prepared polyplexes solutions for 6 h and observed with a 
fluorescence microscope and the cellular uptake efficiency was further 
quantified by flow cytometry. To observe the cytotoxicity of siRNA@Au 
DENPs polyplexes, 208F cells were cultured for 24 h in polyplexes so
lutions with different N/P ratios, and the rate of cell proliferation were 
detected using the cell counting kit-8 (CCK-8). The optimal N/P ratio 
(N/P = 20) was selected for subsequent experiments based on the above 
experimental results. 

2.6. Gene silencing efficiency of COX-2 siRNA@Au DENPs polyplexes 

208F cells were seeded onto 24-well plates and activated with 10 nM 
Tgf-β for 24 h. And then 20 pmol COX-2 siRNA was incubated with Au 
DENPs for 30 min at N/P ratio of 20 in 200 μL serum-free DMEM and 
was added to well to co-culture with 208F cells for 6 h. And additional 
500 μL DMEM complete medium was added to each well to continue 
incubation for 42h. Gene silencing efficiency (relative mRNA levels of 
COX-2) was assessed by Quantitative Real-time PCR (qRT-PCR). 

2.7. The charge repulsion effect of CS@PCL 

To verify the charge repulsion effect of CS@PCL layer on the cationic 
nanoparticles, 1 μg siRNA were mixed with Au DENPs (N/P = 20). After 
incubation for 20 min, 100 μL 1 × PBS was added to the polyplexes 
solution and then placed in the upper chamber of a 24-well Transwell 
plate (Corning, USA). After 24 h, 48 h, 72 h, 120 h, 168 h and 216 h, 500 
μL of the lower chamber solution was taken and 500 μL of an equal 
volume of 1 × PBS was added. The siRNA in the lower chamber was 
subsequently quantified using the Ribogreen quantification kit (Invi
trogen, USA) to assess the charge repulsion effect. 

2.8. Synthesis and characterization of siRNA@GP 

GelMA was synthesized according to the previous method [37]. In 
brief, 20 g gelatin was absolutely dissolved in 200 mL Dulbecco’s PBS 
(DPBS) (stirred for 1 h at 60 ◦C), followed by the addition of 16 mL 
Methacrylic anhydride (MA). After stirring for 4 h, 800 mL pre-warmed 
DPBS was added. The solution was dialyzed and then lyophilized for 2 
days to obtain white porous foam. We incubated 2 OD of COX-2 siRNA 
with 444 μL of Au DENPs solution for 20 min at RT (N/P = 20). The 
polyplex solution was then slowly added to 1 wt% GelMA solution 
containing 0.25 wt % LAP photoinitiator and stirring for 10 min. The 
siRNA@GelMA solution was added to 6 mL of DCM solution containing 
0.01 g Span-80 and 1 g PLA with vigorous stirring. After one night, 4 mL 
DMF was added and stirred thoroughly. The siRNA@GelMA@PLA 
(siRNA@GP) membrane was prepared using microsol electrospinning 
technique. The siRNA@GP was cross-linked under UV for 1 min and 
then vacuumed overnight. Morphological characterization of the fibers 
was performed with SEM and TEM. The average diameters and poros
ities were analyzed with ImageJ software. WCA was measured by an 
OCA 20 contact angle analyzer. 

2.9. MMP-2 responsive release of siRNA@GP 

The MMP-2 responsive release behavior of the siRNA polyplexes in 
siRNA@GP was investigated according to the previous method [38]. 
Immerse a 2 cm × 2 cm piece of siRNA@GP into 2 mL PBS containing 
MMP-2 (0, 0.1 μg/mL). At the indicated time points, 1 mL supernatant 
was collected and supplemented with an equal amount of MMP-2 so
lution (0, 0.1 μg/mL). The concentration of released siRNA was quan
tified using the Ribogreen quantification kit. 

2.10. Synthesis and characterization of siRNA@GP/CS@PCL 

The siRNA@GP/CS@PCL was prepared by sequential electro
spinning technology, consisting of a positively charged layer (CS@PCL) 
and a gene-loaded layer (siRNA@GP). A 10 wt% CS@PCL mixture so
lution was electrospun, followed immediately by sequential electro
spinning of the siRNA@GP solution. The siRNA@GP/CS@PCL was dried 
in vacuum and used for the following in vitro and in vivo experiments. 
The morphologies of dual-layer EFMs were characterized using SEM, 
and their mechanical properties were also examined. A total of four 
tendon scaffolds with different compositions were prepared, namly GP/ 
PCL, GP/CS@PCL, siRNA@GP/PCL and siRNA@GP/CS@PCL. 

To further study the unidirectional release behavior, three sets of 
dual-layer EFMs were constructed using the above-mentioned electro
spinning technology, namly siRNA@GP/PCL, siRNA@GP/5%CS@PCL 
and siRNA@GP/10%CS@PCL. A 14 mm diameter circular membrane 
was cut out from each sample and clamped in the middle of a bioreactor 
filled with 1 mL PBS each side (pH = 6.8). After 1 day, 3 days, 7 days, 10 
days and 15 days, 500 μL of solution from that side of the barrier layer 
was taken and 500 μL of an equal volume of 1 × PBS was added. The 
concentration of released siRNA was quantified using the Ribogreen 
quantification kit. 
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2.11. In vitro experiments 

To assess the biocompatibility of the dual-layer EFMs, 208F at a 
density of 2 × 104 cells were seeded and activated with 10 nM Tgf-β for 
24 h and co-cultured with different EFMs extracts at 37 ◦C in a humid
ified incubator under 5% CO2. After culture for 1 and 3 days, live/dead 
assay was used to study the biocompatibility of EFMs. Cell scratch test 
and cell migration test were used to detect the effect of the dual-layer 
EFMs on cell migration capacity. The 6-well plate was used for the 
scratch test. Wound scratches were created using a 200 μL pipette tip 
when the cells were spread out and were co-cultured with different EFM 
extracts, then observed and photographed under light microscope after 
co-incubation for 0 and 24 h. Cell migration test was performed on 8 μm 
24-transwell plates. 208F cells were grown in the upper chamber at a 
density of 5 × 103 with incubation with different EFM extracts and fixed 
with 4% paraformaldehyde after 24h. The results were obtained using a 
light microscope after crystalline violet staining. 

To better demonstrate the unidirectional release effect of siR
NA@GP/CS@PCL, 12-well Transwell plates were used for the in vitro 
experiments to evaluate the long gene silencing efficiency, anti-cell 
proliferation effect and anti-adhesion effect. The dual-layer EFMs were 
spread on the bottom of the upper chamber and 208F cells were seeded 
onto the dual-layer EFMs and activated with 10 nM Tgf-β for 24 h before 
the following cell experiments. Gene silencing efficiency of membranes 
was detected by qRT-PCR on Days 1, 3 and 5. CCK-8 study was per
formed on Days 1, 3 and 5, followed by the measurement of OD values at 
450 nm. The cell adhesions were evaluated after stained with Phalloi
din/DAPI on Day 3. 

The antibacterial activity of each dual-layer EFM was determined by 
the agar disc diffusion test using E. coli (ATCC 25922) and S. aureus 
(ATCC 23235) according to the reported protocol [39]. Briefly, 100 μL 
bacterial suspension with a concentration of 108 CFU/mL was spread 
evenly on blood agar plates with different sample placed in the middle of 
each plate. After 24 h of co-incubation, the size of the inhibition zone 
was measured. The bacteria counting assessment was further performed 
to assess the antibacterial property. Briefly, the membranes with 300 μL 
bacterial suspension with a concentration of 106 CFU/mL were cultured 
for 6 h at 37 ◦C. Then, the obtained bacterial suspensions were diluted 
1000-fold steps and coated on blood agar plates followed 24 h 
co-incubation. The antibacterial rate was calculated following the 
equation “Antibacterial rate (%) = (Nc - Nm)/Nc × 100%”, where Nc and 
Nm were the numbers of CFUs in the control and membranes groups, 
respectively. 

2.12. Animal models 

The in vivo experiment was approved by the institutional review 
committee of Shanghai Jiao Tong University (SYXK (Hu) 2021-0028). 
Thirty male Sprague-Dawley (SD) rats weighing 250–300 g were cho
sen for the in vivo experiment. The hind limbs of rats were sterilized and 
tendon injury models were made by repairing the ruptured Achilles 
tendon using modified Kessler technique. The sutured Achilles tendons 
were wrapped with different dual-layer EFMs (1 cm × 1.5 cm). All rats 
were divided into 3 groups (n = 10), named control group (no mem
brane), siRNA@GP/PCL group and siRNA@GP/CS@PCL group. 

2.13. Gross evaluation and histological evaluation 

The rats were observed for inflammation or infected ulcers at the 
surgical site 3 weeks after surgery. The hind limbs were incised longi
tudinally to expose the repaired tendon. The degree of tendon adhesions 
was classified into 5 grades [40]. The hind limbs were amputated and 
fixed in the paraformaldehyde for 24 h and then decalcified in 10% 
ethylenediaminetetraacetic acid disodium salt for 5 weeks. After that, 
the samples were stained with hematoxylin-eosin (HE), Masson’s 
staining and immunohistochemical staining of type III collagen (Col III). 

Then a light microscope (Leica DM6000) was used to observe the stained 
sections. The repaired sites were classified into grades 1–5 according to 
the histological scoring system of adhesions [40]. Then, the tendon 
healing status was further classified using the reported scoring system: 
Score 1, good continuity and smooth epitenon surface defined as 
excellent; Score 2, structured intratendinous collagen bundles with 
interrupted epitenon defined as good; Score 3, ill-structured and partly 
broken intratendinous collagen bundles defined as fair; Score 4, massive 
granulation tissue formation defined as poor [41]. Furthermore, 
inflammation response evaluation was conducted by assessing the 
magnitude and aggregation of inflammatory cells and classified into 
following scores. Score 1, only sporadic inflammatory cells; Score 2, 
mild inflammatory cell infiltration; Score 3, moderate inflammatory cell 
infiltration; Score 4, severe inflammatory cell infiltration [42]. 

2.14. Immunofluorescence analysis 

For Immunofluorescence staining, block the section first for 0.5 h 
with 5% BSA at RT. Next, COX-2 and α-SMA primary antibody (Serv
icebio Co., Ltd., China) was added dropwise and then incubated over
night at 4 ◦C. The area to be tested was incubated with corresponding 
COX-2 and α-SMA secondary antibody (Servicebio Co., Ltd., China) for 1 
h, followed by observation under a fluorescence microscope. 

2.15. Quantitative Real-time PCR 

TRIzol total RNA reagent was used to isolated total RNA from peri
tendinous tissue following the operating instructions. Then RNA was 
reversed to complementary DNA (cDNA) by reverse transcription using 
the PrimeScript RT Master Mix. Real-time PCR was performed using an 
Applied BiosystemsTM 7500 (ThermoFisher Scientific, USA). The rela
tive mRNA expressions were calculated using the 2− ΔΔCT method and 
normalized to GAPDH. 

2.16. Western blotting 

Western blotting was performed to quantify the expression of COX-2, 
PDK1, pAKT, AKT and Col III with β-actin as an internal control. Briefly, 
sample tissues were isolated and lysed to obtain proteins. The protein 
concentrations were measured using a BCA Protein Assay Kit. The 
sample proteins were then incubated with COX-2, PDK1, pAKT, AKT, 
Col III, and β-actin antibodies after sequential SDS-PAGE treatment, 
membrane transfer and closure of the transferred membranes. Subse
quent incubation with secondary antibodies. The blots were detected by 
chemiluminescence system and their optical density was detected by 
ImageJ software. 

2.17. Enzyme linked Immunosorbent assay (ELISA) 

The concentrations of PGE2 in the sample tissues was determined by 
ELISA. Briefly, diluted samples were added to microtiter plates coated 
with antibodies for incubation, and PGE2 antibody was added to the 
wells followed by the addition of substrate to generate an enzymatic 
reaction. After the enzyme reaction reaches a certain level, the reaction 
was stopped with stop solution. The absorbance at 450 nm was 
measured using a microplate reader. 

2.18. Gait analysis 

The healing outcomes of the injured Achilles tendon was evaluated 
after surgery for 3 weeks. Briefly, rat hind paws were evenly dipped with 
ink and allowing them to pass a restrictive roadway covered with a 
white paper. Then, footprint parameter including pawprint length (PL), 
toe spreading length (TS, defined as the distance between the first and 
fifth toes) and intermediate toe width (IT, defined as the distance be
tween the second and fourth toes) were acquired based on pawprint 
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images using ImageJ software. Then, according to the difference be
tween the normal (N) and the experimental values (E), three footprint 
dimension factors (PLF, TSF, ITF) could be obtained according to the 
following equations: PLF = (NPL-EPL)/EPL, TSF = (ETS-NTS)/NTS, ITF 
= (EIT-NIT)/NIT. The AFI was finally calculated following to an estab
lished equation: AFI = 74 (PLF) + 161 (TSF) + 48 (ITF) [43]. 

2.19. Biomechanical testing 

The mechanical properties of the repaired tendons including the 
maximal fracture strength, stiffness, tensile strength and Youngs’ 
modulus of repaired tendon were measured and recorded with a 
rheometer (Instron 5569, USA). The proximal and distal ends of all 
Achilles tendons were fixed with two force clips and pulled on until 
tendons rupture. 

2.20. Statistical analysis 

All the data were expressed as the mean ± standard deviation. 

Statistical differences of experimental results were conducted analyzed 
using one-way or two-way analyses of variance (ANOVA) and P < 0.05 
were considered statistically significant differences and were recorded 
as *P < 0.05, **P < 0.01, ***P < 0.0005 and ****P < 0.0001. 

3. Results and discussion 

3.1. Construction and characterization of the positively charged layer 

Electrostatic interaction is one of the strongest interactions between 
charged materials [44]. Electrostatic interactions have been utilized to 
create positively charged multi-stage delivery methods to penetrate the 
high negative fixed charge density of body tissue such as articular 
cartilage [24]. Lin et al. [25] used the positively charged liposome 
carrier to effectively penetrate into the cartilage with the charged 
guidance. Although rarely reported, inspired by the glomerular filtration 
barrier, positively charged EFMs can theoretically enhance the barrier 
effect on positively charged polyplexes via charge repulsion (Fig. S1). CS 
is the only known natural cationic macromolecule with excellent 

Fig. 2. Characterization of the positively charged layer. (A) Representative SEM images of four CS@PCL membranes with different mass ratio. (B) Representative 
water contact angles images of four CS@PCL membranes with different mass ratio. Quantitative analysis of (C) fiber diameter, (D) porosity analysis and (E) hy
drophilicity of four CS@PCL membranes with different mass ratio. (F) FTIR spectra analysis of four CS@PCL membranes with different mass ratio. (G) Surface zeta 
potential of four CS@PCL with different mass ratios. (H) Tensile properties of four CS@PCL with different mass ratios. (*P < 0.05, ***P < 0.0005, ****P < 0.0001). 
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biocompatibility and biodegradability in vivo [45,46]. Importantly, CS 
can significantly suppress proliferation of fibroblasts [47], making it a 
preferred choice for positive charge modification of EFMs. The EFMs 
were electrospun by mixing CS and PCL solution at different mass ratios 
(0, 5%, 10% and 15%), named PCL, 5%CS@PCL, 10%CS@PCL and 15% 
CS@PCL, respectively. The morphologies were observed with SEM. As 
shown in Fig. 2A, the four groups of fibers were uniform and smooth. 
Their average diameters were 0.26 ± 0.04 μm, 0.26 ± 0.06 μm, 0.29 ±
0.29 μm and 0.28 ± 0.06 μm, respectively, and no significant difference 
was found between them (Fig. 2C). Also, there was no significant dif
ference of the porosities of the four EFMs (Fig. 2D), which were closely 
related to the fiber diameters. In addition, the pore size of EFMs has an 
important role in facilitating the exchange of nutrients and wastes and in 
protecting against external pathogens. The above results confirmed that 
the addition of CS did not affect the morphological characteristics of 
EFMs. 

Four EFMs were tested by water contact angle as shown in Fig. 2B. 
The result showed that the pure PCL was highly hydrophobic, and the 
hydrophilicity of the membrane became more significant with the in
crease of CS content (Fig. 2E), which also indicated the successful 
addition of CS. The FTIR spectrometer analysis of each EFM (in a range 
of 4000 to 400 cm− 1) was further performed and the results were shown 

in Fig. 2F. The stretching vibration peak of the ester bond could be 
observed at 1749 cm− 1, which is a major characteristic peak of PCL. And 
the characteristic peak of CS (deformation vibration peak of amino N–H) 
was located at 1590 cm− 1. And both peaks were present in all three 
groups of CS@PCL EFMs, confirming the successful binding of CS to PCL. 

To evaluate the charged state of the membrane surface, the zeta 
potentials of four EFMs in aqueous media (pH = 5, 6, 7 and 8, which 
represent the majority of values in the body fluid environment) were 
measured. As shown in Fig. 2G, the PCL membrane always exhibited a 
negative charged state due to the presence of negatively charged 
carboxyl groups. After the addition of CS, the surface potential of the 
EFMs changed due to the presence of positively charged amino groups of 
CS. However, 5%CS@PCL exhibited a positive charge state only at pH <
5.87, which is significantly lower than most humoral environments. As 
the mass ratio of CS increased to 10% and 15%, the isoelectric point 
(IEP) of EFMs could be roughly increased to pH = 7.2. This makes 
CS@PCL could retain its positively charged properties in the fluctuating 
pH environment of the injured tissue. The mechanical properties of the 
membranes are critical for in vivo applications. Tensile tests were per
formed on four EFMs and it was found that the mechanical properties 
weakened with the increase of CS content (Fig. 2H and S2). Based on the 
results of zeta potentials as well as mechanical properties, 10%CS@PCL 

Fig. 3. Characterization of Au DENPs and siRNA@Au DENPs polyplexes. (A) Representative TEM image of Au DENPs. (B) The size distribution of Au DENPs. (C) 
Agarose gel electrophoresis. (D) Representative TEM image of siRNA@Au DENPs polyplexes. (E) The particle sizes and (F) zeta potentials of siRNA@Au DENPs 
polyplexes was measured using dynamic light scattering (DLS). (G) Representative fluorescence staining of 208F cells treated with siRNA@Au DENPs with different 
N/P ratio. (H) Cellular uptake efficiency of siRNA@Au DENPs with different N/P ratio using flow cytometry. (I) Cytotoxicity of siRNA@Au DENPs with different N/P 
ratio. (J) Gene silencing efficiency of COX-2 siRNA@Au DENPs with N/P ratio = 20. (K) Using Transwell plates to analyze the concentration of siRNA polyplexes of 
the lower chamber diffused from the upper chamber to verify the charge repulsion effect. (**P < 0.01, ***P < 0.0005, ****P < 0.0001). 
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was finally selected for the subsequent experiments. 

3.2. Construction and characterization of siRNA@Au DENPs polyplexes 

Naked siRNAs suffer rapid clearance in body fluids, so efficient and 
safe delivery vectors are essential for gene therapy [48]. Dendrimer, 
such as PAMAM, can deliver siRNA into cells and can also be modified to 
protect siRNA from enzymatic degradation [3]. In this study, G4 
PAMAM dendrimers were chosen to entrap Au nanoparticles (Au NPs) 
according to the literature [49]. The Au NPs entrapped in the internal 
cavities of dendrimers facilitate the maintenance of their 3D confor
mation to improve gene delivery [50]. After entrapment of Au NPs, Au 
DENPs were obtained and characterized subsequently. Au DENPs-based 
multifunctional nano-delivery systems were successfully constructed 
and their safety and efficiency of gene delivery had been demonstrated 
in our previous study [10]. The UV–vis spectrometer showed that the 
surface plasma band at 520 nm became prominent, indicating the ex
istence of Au NPs in solution (Fig. S3). The shape and particle size dis
tribution of Au NPs within the Au DENPs were observe using TEM 
(Fig. 3A). Obviously, Au DENPs displayed spherical Au cores with an 
average size of 2.626 ± 0.418 nm (Fig. 3B). 

Au DENPs were complexed with siRNA by electrostatic attraction. 
The gene binding capacity of Au DENPs was checked by Agarose gel 
electrophoresis. This assay revealed that siRNA could be compressed by 
Au DENPs completely when N/P ratio was greater than or equal to 4 
(Fig. 3C). The morphology of siRNA@Au DENPs polyplexes were further 
observed using a TEM and exhibit discrete entire spheres (Fig. 3D). The 
zeta potentials and particle sizes of siRNA polyplexes are critical for 
effective gene transfection. As shown in Fig. 3E and F, the particle sizes 
and zeta potentials of siRNA@ Au DENPs polyplexes were in the range of 
200–400 nm and 10–40 mV, respectively. The results demonstrated Au 
DENPs could condense siRNA into the nano-scale and form a positively 
charged nanoparticle. These favorable biophysical properties greatly 
facilitate efficient gene delivery [51]. The cellular uptake was observed 
by fluorescence microscopy, and it was found that the average fluores
cence intensity enhanced with the increase of N/P ratio (Fig. 3G). 
Meanwhile, the cellular uptake efficiency was further quantified using 
flow cytometry (Fig. S4). The cellular uptake efficiency of siRNA@Au 
DENP could be increased from 30.9 ± 1.76% to 78.63 ± 1.16% as N/P 
ratio increased (Fig. 3H). 

The cytotoxicity of siRNA@Au DENPs polyplexes was further 
examined. As shown in Fig. 3I, the OD values decreased as the N/P ratio 
increased, and Au DENPs exhibited significant cytotoxicity on 208F cells 
when the N/P ratio exceeded 20. To optimize balance between high 
transfection efficiency and low cytotoxicity, the N/P ratio of 20:1 was 
selected as appropriate condition to perform the following experiment. 
The gene silencing efficiency of COX-2 siRNA@Au DENPs was deter
mined by qRT-PCR. As shown in Fig. 3J, the gene silencing efficiency 
was up to 82.93 ± 1.36% which indicated that COX-2 siRNA@Au DENPs 
could effectively deliver COX-2 siRNA to silence the expression of COX-2 
gene. 

The charge repulsion effect of 10%CS@PCL on the above positively 
charged polyplexes was further verified. As shown in Fig. 3K, the steric 
hindrance effect of PCL diminished with increasing immersion time, and 
the concentration of siRNA in the lower chamber of Transwell plates 
increased dramatically after 7 days. However, 10%CS@PCL could 
hinder the diffusion of cationic polyplexes for a long time due to the 
charge repulsion. The unidirectional drug release could be realized due 
to the presence of hydrophobic eletrospun membrane [19]. The results 
also showed that the PCL membrane was able to hinder the penetration 
of cationic polyplexes in the first three days, but after that, this hin
dering effect gradually weakened. The possible reason for this is that the 
PCL membrane was saturated with water [19]. Although hydrophilic 
CS@PCL membrane could not impede water infiltration, it was still able 
to impede the trans-electrospun membrane transportation of cationic 
nanoparticles for a long time. The possible reason was the repulsive 

force of the like charge, similar to that of the glomerular filtration 
membrane. 

3.3. Construction and characterization of the gene-loaded layer 

Although the gene-loaded membranes have been successfully con
structed by micro-sol electrospinning techniques in our previous study 
[16], the uncontrolled release of siRNA may lead to reduced biological 
effects or produce side effects. Compared to conventional materials, 
smart materials can be activated in response to specific exogenous or 
endogenous stimuli including ultrasound, pH, temperature, enzymes or 
specific biomolecules, and can exhibit better selectivity and sensitivity 
with fewer side effects [52–55]. Thus, based on the significant upregu
lation of MMP-2 during tendon adhesion formation, a variety of 
MMP-2-responsive drug release systems have been successfully con
structed in our previous works, including MMP-2 responsive hydrogels 
[22] and MMP-2 responsive GelMA microspheres [38]. Gelatin is a 
natural polymer which can be degraded by several proteases involving 
MMPs and GelMA microspheres were also demonstrated to have good 
MMP-2 responsiveness in our previous study [38]. The synthesis equa
tion of GelMA is shown in Fig. S5. Subsequently, a “core-shell” elec
trospun fiber with the GelMA-sol particles as the core phase and 
polylactic acid (PLA) as the shell layer was constructed by micro-sol 
electrospinning (Fig. 4A and B). TEM also confirmed the core-shell 
structure of the fibers, as shown in Fig. 4C. The GelMA-sol could not 
only act as a protective layer to avoid potential damage to gene drugs in 
the electrospinning process, but also as a gene pool sensitive to MMP-2. 

The fiber morphologies of the EFMs before and after gene loading 
(GP and siRNA@GP) were observed by SEM. Both groups of the fibers 
were smooth, uniform and continuous (Fig. 4D), with no significant 
differences in fiber diameters and porosities (Fig. 4E and S6). The WCAs 
were observed as (126.5 ± 4.6) ◦ and (127.4 ± 5.4) ◦ and no significant 
difference was found between them (Fig. 4F). The results showed that 
hydrophilic GelMA was well encapsulated inside the fibers. Subse
quently, the property of MMP-2 responsive release was verified. As 
shown in Fig. 4G, almost 40% of the siRNA nanoparticles were released 
on Day 8, which was significantly more than the amount released from 
PBS without MMP-2 (~20%). 

3.4. Construction, characterization, biocompatibility and unidirectional 
release of the dual-layer EFMs 

As shown in Fig. 4H, the dual-layer EFMs constructed by sequential 
electrospinning technology could be freely curled into a cylindrical 
structure with a composite tendon shape. The SEM image showed that 
the two layers were tightly connected with a clear demarcation line. The 
mechanical properties of the dual-layer EFMs were shown in Fig. S7. 

To verify the biocompatibility of the dual-layer EFMs, we incubated 
208F cells in the extract liquids of dual-layer EFMs and performed Live/ 
Dead staining on Day 1 and Day 3. As shown in Fig. 4I, only a few cells in 
any group died, which indicated that dual-layer EFMs had excellent 
biocompatibilities. 

The unidirectional release of the dual-layer EFMs were further 
evaluated (Fig. S8A). As shown in Fig. S8B, siRNA@GP/10%CS@PCL 
demonstrated superior unidirectional drug delivery, but siRNA@GP/ 
PCL and siRNA@GP/5%CS@PCL did not. According to the results of the 
surface potential analysis (Fig. 2G), PCL and 5% CS@PCL did not carry a 
positive charge, while 10% CS@PCL exhibited a positive charge in PBS 
solution at pH = 6.8. This demonstrated that charge repulsion is one of 
the main factors to achieve unidirectional release of positively charged 
siRNA polyplexes and CS acted mainly by modulating the charge of 
EFMs. 
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3.5. Long-lasting gene silencing efficiency, cell proliferation, cell 
migration, cell adhesion and antibacterial activity in vitro 

Long-term modulation of chronic inflammation is essential for pre
venting adhesion formation [56]. Firstly, we evaluated the long-term 
silencing effect of COX-2 expression in dual-layer EFMs by qRT-PCR 
on Days 1, 3 and 5 (Fig. 5A). The results showed that all groups did 
not show gene silencing effect on Day 1, except for the siR
NA@GP/CS@PCL + MMP-2 group which significantly knocked down 
the expression of COX-2. On Day 3, siRNA@GP/PCL did not show gene 
silencing effect compared with non-gene-loaded membranes, probably 
because the released siRNA nanoparticles diffused into both upper and 
lower chambers, reducing the concentration of siRNA polyplexes. In 
contrast, the positively charged layer could confine more released siRNA 
polyplexes into the upper chamber, while significantly knocking down 
the expression of COX-2. With the increase of siRNA polyplexes released, 
the gene-loaded dual-layer EFMs all showed a significant knockdown 
effect on Day 5 and the addition of MMP-2 could enhance the knock
down effect, but there was no statistical difference. The above results 
indicated that siRNA@GP/CS@PCL could effectively inhibit the 
expression of intracellular target genes and was able to respond to 
up-regulated MMP-2 for on-demand release. 

Proliferation and migration of fibroblasts are important biological 
behaviors in tendon adhesion formation. COX-2 is usually expressed 
only after harmful stimulation or cytokine induction, such as oxidative 
stress, mechanical injury and TGF-β stimulation [32]. And it can regu
late fibroblast growth, migration, proliferation, autophagy, apoptosis 
and immune responses [33,57,58]. To further evaluate the effect of 
knockdown of COX-2 siRNA on the biological behavior of fibroblasts, 
CCK-8, scratch tests and migration tests on fibroblasts were performed in 
vitro. Cell proliferation was verified on Days 1, 3 and 5 (Fig. 5B). On Day 
1, there was no significant difference in the cell proliferation rate be
tween all the groups. On Day 3, the cell proliferation rate in the control 
group was significantly higher than that in other groups, which may be 

due to the anti-cell proliferation effect of the membranes themselves. 
Furthermore, the siRNA@GP/PCL group showed no differences 
compared to other non-gene-loaded membranes. However, the presence 
of the charge barrier could inhibit cell proliferation, and especially the 
addition of MMP-2 could make the inhibition more pronounced. These 
results indicated that the charge barrier could concentrate siRNA in the 
upper chamber, and the addition of MMP-2 allowed more siRNA 
nanoparticles to be released, which synergistically inhibited cell pro
liferation more effectively. On Day 5, the cell proliferation inhibition 
rate of siRNA@GP/CS@PCL + MMP-2 group could reach about 70%. 
Furthermore, the results of scratch and migration tests also demon
strated that the knockdown of COX-2 inhibited fibroblast migration, and 
this inhibition was reinforced by a charge barrier and MMP-2 
(Fig. 5C–F). 

Adhesion of fibroblasts to EFMs affects their therapeutic effect [21]. 
In the following study, the dual-layer EFMs were placed at the bottom of 
the upper chamber of the transwell plate with gene-loaded layer facing 
upward and 208F cells were seeded on the EFMs to exam the 
anti-cellular adhesion (Fig. 5G). The cell adhesion was observed by 
fluorescence microscopy (Fig. 5H). It was found that the cell spreading 
area was significantly reduced in the EFM groups compared with the 
control group probably due to the hydrophobicity of EFMs. In addition, 
the cell spreading area was further reduced in the gene-loaded groups 
compared to the GP/PCL groups. And with the synergistic effect of the 
positive charge barrier and MMP-2, the siRNA@GP/CS@PCL + MMP-2 
group showed the smallest cell adhesion area (Fig. S9). The anti-cellular 
adhesion effect of EFMs can effectively avoid the formation of fibrous 
sheath wrapping, while improving the anti-tendon adhesion effect. 

The postoperative tendon infection is determined as crucial etiology 
of adhesion formation and the importance of early prevention of infec
tion is emphasized [39]. Here, we assessed the antibacterial property of 
different EFMs. As shown in Fig. S10A, GP/CS@PCL and siR
NA@GP/CS@PCL group present inhibition zone for both E. coli and S. 
aureus, but GP/PCL and siRNA@GP/PCL group did not. No significant 

Fig. 4. Construction and Characterization of the gene-loaded layer. (A) After adding siRNA@GelMA solution and stirring at high speed, the clear PLA solution turned 
into emulsion-like siRNA@GP solution. GP: GelMA@PLA. siRNA@GP: siRNA@GelMA@PLA. (B) The fabrication process of the gene-loaded layer. (C) TEM images of 
electrospun fibers with core-shell structure. (D) Representative SEM images of the gene-loaded and non-gene-loaded layers. (E) Fiber diameter analysis of the gene- 
loaded and non-gene-loaded layers. (F) Water contact angle of the gene-loaded and non-gene-loaded layers. (G) siRNA polyplexes released from the gene-loaded 
layers with or without MMP-2 (0.1 μg/ml). (H) Representative general and cross-sectional SEM image of double-layer membrane. (I) Cytotoxicity detection of 
different double-layer membranes used in the following in vitro study. 
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difference was found between GP/CS@PCL and siRNA@GP/CS@PCL 
group in further quantitative comparison (Fig. S10B and C). The bacteria 
counting assessment showed similar results that the antibacterial effects 
were only confirmed in GP/CS@PCL and siRNA@GP/CS@PCL group 
(Fig. S10D-F). CS and its various modifications have been demonstrated 
to own innate antibacterial activity due to the presence of specific 
functional groups [59]. In our study, the presence of CS in GP/CS@PCL 
and siRNA@GP/CS@PCL may be one of the reasons why they exhibited 
antimicrobial activity. The specific antibacterial mechanisms need to be 
further investigated systematically in future study. In conclusion, the 
antibacterial properties make our unidirectional gene delivery 
anti-adhesion membranes even more advantageous. 

3.6. Histological analysis of the repaired rat achilles tendon 

A schematic diagram of tendon injury repair is shown in Fig. 6A. The 
dual-layer EFMs could release more siRNA nanoparticles with the 
increasement of MMP-2 while were confined in peritendinous tissue 
under the charge repulsion of positively charged layer. On postoperative 
Day 21, all rats were euthanized and the injured tendons were assessed 

under direct observation. No infected ulcers or necrosis were found. As 
shown in Fig. 6B, the control group showed significant tissue adhesion, 
which hindered the penetration of the spatula between the tissues. In the 
siRNA@GP/PCL group and siRNA@GP/CS@PCL group, the adhesion of 
the peritendinous tissues was reduced attributed to the therapeutic ef
fect of COX-2 siRNA nanoparticles, allowing the spatula to pass easily. 
According to the macroscopic evaluation standards (Fig. S11), the siR
NA@GP/CS@PCL group had lighter tissue adhesion compared to the 
siRNA@GP/PCL group. This suggested that more siRNA polyplexes were 
confined to the peritendinous region due to charge repulsion (Fig. 6C). 

The extent of inflammatory reactions, tendon adhesion and tendon 
healing were further examined via histological analysis including H&E 
and Masson’s staining. The anti-inflammatory effect of dual-layer EFMs 
was assessed first. A large number of inflammatory cells were recruited 
in adhesion tissue in the control group and COX-2 siRNA-loaded EFMs 
showed less inflammatory cells and siRNA@GP/CS@PCL group 
exhibited the least inflammatory cells, indicating the excellent anti- 
inflammation effect (Fig. S12). Then, we moved to the evaluation of 
tendon adhesion and the results showed that dense fibrous tissue around 
the repaired tendon was founded in the control group, and the adhesion 

Fig. 5. Long-lasting gene silencing efficiency, Cell proliferation, Cell migration, and Cell adhesion of unidirectional gene delivery EFMs in vitro. (A) Long-lasting gene 
silencing efficiency assessment of different double-layer EFMs. (B) Inhibition efficiency of cell proliferation of 208F cells of different double-layer EFMs. (C) 
Representative images of 208F cells migration after incubation of 0 and 24 h. (D) Quantitative analysis of wound migration rate on the cell migration results. (E) The 
cell migration was detected by crystal violet staining. (F) Quantitative analysis of 208F cell migration. (G) The schematic representation of anti-adhesion effect of 
dual-layer EFMs without or with positively charged layer. (H) Fluorescence images of 208F cells seeded on different dual-layer EFMs for 3 days. (*P < 0.05, **P <
0.01, ***P < 0.0005, ****P < 0.0001). 
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was the lightest in the siRNA@GP/CS@PCL group (Fig. 6D and S13). 
This was also consistent with the visual observation. Furthermore, the 
degree of tissue adhesion was assessed histologically (Fig. S14). As 
shown in Fig. 6E, the histological score was significantly lower in the 
siRNA@GP/CS@PCL group, indicating its excellent anti-adhesion effect. 
Additionally, the tendon healing outcome was detected and the quan
titative results showed the minimal interference with fragile endogenous 
haling of siRNA@GP/CS@PCL group (Fig. S15). The in vivo biocom
patibility of the dual-layer EFMs was also assessed via H&E staining of 
major organs including heart, lung, liver, etc. at three weeks post
operatively and no obvious impairment by the dual-layer EFMs was 
found (Fig. S16). 

The immunohistochemical staining of Col III in peritendinous area 
was further performed. As shown in Fig. 6F and G, the distribution of 
brown-yellow Col III in the siRNA@GP/CS@PCL group was looser than 
that in the other two groups. 

The inflammatory microenvironment can recruit and drive the dif
ferentiation of fibroblasts to myofibroblasts, which secrete large 
amounts of Col III, ultimately resulting in tissue adhesion [33]. 
Compared with the control group, the on-demand release of COX-2 
siRNA could effectively modulate the inflammatory response, while 
the unidirectional release could enhance the anti-inflammatory effect 
while reduce interference with endogenous healing. 

3.7. The assessment of gene and protein expression and PGE2 in 
peritendinous tissue 

In recent years, COX-2 has been reported to exert an essential role in 
tendon adhesion [60]. Clinically, patients are often advised to take se
lective COX-2 inhibitors to reduce pain and prevent tendon adhesion. In 
addition to modulating inflammation, we further explored other 
pro-fibrotic pathways associated with COX-2. It was reported that 

PDK1/AKT signaling was closely associated with fibrosis [61] and 
COX-2 has been reported to involved in this signaling pathway [33]. 
Hence, to further investigate the mechanisms of adhesion tissue for
mation, the gene and protein expression of COX-2, PDK1, AKT and Col 
III were verified by qRT-PCR and western blotting. As shown in Fig. 7A, 
the mRNA expression of COX-2 was significantly silenced in the groups 
treated with COX-2 siRNA than in the control group, and siR
NA@GP/CS@PCL showed the least COX-2 gene expression which 
proved the charge barrier improve the bioavailability of COX-2 siRNA. 
The results in Fig. 7B–D showed that the expression of PDK1 and AKT 
was also decreased, which in turn suppressed Col III gene expression. 
The protein expressions were further verified to explore the cellular 
mechanism of adhesion tissue formation (Fig. 7 E). As shown in Fig. 7F, 
siRNA@GP/CS@PCL showed the least expression of COX-2. The 
expression of PDK1 was also suppressed accordingly which in turn 
inhibited the phosphorylation of AKT and eventually reduced the 
expression of Col III (Fig. 7G–I). As an important downstream product of 
COX-2, the concentration of PGE2 was determined in peritendinous 
tissues by ELISA and the result showed that the knock down of COX-2 
suppressed PGE2 expression (Fig. S17). These results suggested that 
COX-2 is an important target in the regulation of tendon adhesions, and 
silencing of COX-2 effectively reduced Col III formation. Besides by 
reducing the synthesis of PGE2, an important inflammatory mediator, to 
modulate inflammation, COX-2 may also intervene in tendon adhesion 
through PDK1/AKT signaling pathway. 

Moreover, we used double-label immunofluorescence staining to 
assess the relationship between COX-2 and fibrogenesis. The results 
showed that decreased COX-2 (green) and α-SMA (red) positive areas 
were distributed in peritendinous tissue in siRNA@GP/PCL and siR
NA@GP/CS@PCL group, compared with control group (Fig. 7J). The 
semiquantitative results were shown in Fig. 7K and L, siRNA@GP/ 
CS@PCL group exhibited the significantly decreased positive areas of 

Fig. 6. Histological analysis of the rat Achilles tendons. (A) Application of dual-layer EFMs without or with positively charged layer for tendon repair. (B) Gross 
observation of the degree of tendon adhesion on postoperative Day 21. (C) Visual assessment of peritendinous adhesion of the injured tendon. (D) HE staining images 
(green lines indicate areas without adhesion, yellow lines indicate adhesion areas). (E) Histologic evaluation of peritendinous adhesion. (F) Representative images of 
immunohistochemical staining of Col III. (G) Quantitative analysis of Col III expression in peritendinous tissue. (*P < 0.05, ***P < 0.0005, ****P < 0.0001). 
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COX-2 and α-SMA compared with that of control group and siRNA@GP/ 
PCL group. The immunofluorescence analysis demonstrated that COX-2 
siRNA significantly decreased the expression of COX-2 to inhibit the 
formation of adhere tissue. 

3.8. The assessment of tendon motion and biomechanical function 

A gait test was performed to assess the locomotion performance of 
healing tendon after treating with different dual-layer EFMs (Fig. 8A). 
To quantitatively assess the extent of functional recovery of the repaired 
tendons, we then calculated the AFI. As shown in Fig. 8B, the AFI values 
of all experimental groups decreased with different degrees. Compared 
with control group, the AFI values of siRNA@GP/PCL and siRNA@GP/ 
CS@PCL were significantly higher at 3 weeks operation, suggesting that 
COX-2 siRNA could effectively inhibited the deposition of adhesion 
tissue to improve the motion function of Achilles tendon. Notably, the 
siRNA@GP/CS@PCL with positively charge barrier showed the highest 
AFI value, indicating better functional recovery for tendon injuries. 

The effects of the dual-layer EFMs on the tendon healing were 
investigated by the biomechanical test (Fig. 8C and S18). The important 

biomechanical parameters such as the maximal strength, stiffness, ten
sile strength and Youngs’ modulus of the repaired tendon were recorded 
and analyzed on postoperative Day 21. As shown in Fig. 8D–G, there was 
no significant difference in the biomechanical properties among the 
three groups of tendons after injury repaired. This demonstrates that the 
inhibition of the exogenous healing process is a potential way to reduce 
tendon adhesions and does not lead to a decrease in tendon strength. 
However, tendon healing required a longer remodeling period. Further 
animal study is needed to assess the long-time effect of unidirectional 
gene delivery EFMs on tendon mechanical properties. 

4. Conclusion 

In this study, a dual-layer siRNA@GP/CS@PCL with unidirectional 
siRNA delivery was innovatively constructed by combining microsol- 
electrospinning, mixed electrospinning and sequential electrospinning 
technology. Cationic nanocarriers loaded with siRNA in the gene-loaded 
layer are unidirectionally delivered to target tissues under charge 
repulsion of the positively charged layer. Meanwhile, the gene-loaded 
layer enables on-demand release of gene drugs in response to 

Fig. 7. Assessment of target genes and protein expression in vivo. (A–D) Quantitative qRT-PCR detection of mRNA expression of COX-2, PDK1, AKT and Col III. (E) 
Expression of COX-2, PDK1, p-AKT, AKT and Col III in adhesion tissues determined by Western blotting. (F and G) Quantitative analysis of COX-2 and PDK1 levels 
normalized to β-actin. (H) Quantitative analysis of p-AKT levels normalized to AKT. (I) Quantitative analysis of Col III levels normalized to β-actin. (J) Representative 
Immunofluorescence double-staining images of COX-2 (green) and α-SMA (red) at 3 weeks. (K and L) Semiquantitative analysis on optical density of COX-2 and 
α-SMA. (*P < 0.05, **P < 0.01, ***P < 0.0005, ****P < 0.0001). 
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Fig. 8. Gait tests and Biomechanical testing of the rat Achilles tendon. (A) Gait analysis and (B) Achilles function index (AFI) evaluation of the healed tendon at 
postoperative Day 21. (C) Biomechanical test of the healed tendon at postoperative Day 21，and Comparison of maximal strength (D), tensile strength (E), Young’s 
modulus (F) and stiffness (G) between the experimental groups. 

Fig. 9. Graphic Abstract. The dual-layer positively charged micro-nano electrospun fibrous membrane with unidirectional gene delivery via charge repulsion and 
MMP-2 responsiveness was fabricated for tendon repair by unidirectional silencing of COX-2 to modulate the inflammation of peritendinous tissue and on-demand 
release by responding to up-regulated MMP-2. 
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upregulated MMP-2 in the microenvironment (Fig. 9). The siRNA@GP/ 
CS@PCL exhibited significant inhibition of fibroblast proliferation, 
migration and adhesion in vitro. Moreover, due to the charge repulsion, 
cationic gene polyplexes could enrich in the peritendinous tissue to 
effectively modulate the chronic inflammatory response to prevent the 
formation of tendon adhesion while reduce interference with fragile 
endogenous tendon healing. This provided an efficient alternative 
treatment strategy for tissue interface disorders, such as tendon 
adhesion. 
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