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Abstract

Cartilage tissue engineering offers hope for tracheal cartilage defect Shell layer: i
repair. Establishing an anti-inflammatory microenvironment PLGA @);C A Sandwich
stands as a prerequisite for successful tracheal cartilage restora- e BMSCs-nanofilm
tion, especially in immunocompetent animals. Hence, scaffolds in- R - construct
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ducing an anti-inflammatory response before chondrogenesis are
crucial for effectively addressing tracheal cartilage defects. Herein,
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we develop a shell-core structured PLGA@ICA-GT@KGN nanofilm Corall ;" o Qoo
using poly(lactic-co-glycolic acid) (PLGA) and icariin (ICA, an anti- GT@KéN- o8
inflammatory drug) as the shell layer and gelatin (GT) and kartoge- Tracheal 8 oo
nin (KGN, a chondrogenic factor) as the core via coaxial electro- PLGA@;,E:“‘:fﬁL@KGN repair Chondrogenesis

spinning technology. The resultant PLGA@ICA-GT@KGN nanofilm
exhibited a characteristic fibrous structure and demonstrated high
biocompatibility. Notably, it showcased sustained release characteristics, releasing ICA within the initial 0 to 15 days and gradually releas-
ing KGN between 11 and 29 days. Subsequent in vitro analysis revealed the potent anti-inflammatory capabilities of the released ICA from
the shell layer, while the KGN released from the core layer effectively induced chondrogenic differentiation of bone marrow stem cells
(BMSCs). Following this, the synthesized PLGA@ICA-GT@KGN nanofilms were loaded with BMSCs and stacked layer by layer, adhering to a
‘sandwich model’ to form a composite sandwich construct. This construct was then utilized to repair circular tracheal defects in a rabbit
model. The sequential release of ICA and KGN facilitated by the PLGA@ICA-GT@KGN nanofilm established an anti-inflammatory microen-
vironment before initiating chondrogenic induction, leading to effective tracheal cartilage restoration. This study underscores the
significance of shell-core structured nanofilms in temporally regulating anti-inflammation and chondrogenesis. This approach offers a
novel perspective for addressing tracheal cartilage defects, potentially revolutionizing their treatment methodologies.
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Introduction _ o .
failure once transplanted into immunocompetent animal models

Repairing tracheal cartilage defects presents a significant chal-
lenge in thoracic surgery. Firstly, ensuring unobstructed airways
and avoiding postoperative complications such as airway steno-
sis or obstruction due to repair procedures poses considerable
surgical difficulty [1]. Secondly, patients undergoing tracheal car-
tilage defect repair surgeries face risks of infection and complica-
tions [2]. Therefore, there is an urgent need to develop a new
therapeutic strategy to address these issues. The continuous de-
velopment of cartilage tissue engineering technology brings new
hope for the treatment of tracheal cartilage injuries [3-5].

While satisfactory engineered cartilage substitutes have been
generated in vitro, robust immune responses often lead to repair

[6]. Abundant evidence shows that unavoidable inflammatory
reactions in vivo have multifaceted negative effects on cartilage
regeneration. Firstly, inflammatory cytokines (such as interleu-
kin-1B (IL-1B) and tumor necrosis factor-a (TNF-a)) cause damage
and apoptosis of chondrocytes [7]. Secondly, in the inflammatory
environment, inflammatory factors inhibit the activity of chon-
drocytes in synthesizing extracellular matrix (ECM) molecules
such as collagen and proteoglycans, thereby affecting the synthe-
sis and repair of cartilage tissue [8]. Additionally, under inflam-
matory conditions, the activity of endothelial cells and
fibroblasts is suppressed, hindering new blood vessel growth and
leading to insufficient nutrient supply to cartilage tissue, thereby
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affecting cartilage regeneration and repair processes [9, 10].
Finally, inflammation often leads to the formation of fibrous tis-
sue, which is usually harder in texture, functionally inferior and
unfavorable for normal cartilage function recovery [11]. Since the
trachea is directly exposed to the external environment, it is
more susceptible to the effects of inflammation, leading to repair
failure. Therefore, addressing inflammatory reactions during tra-
cheal cartilage repair is the primary focus of using cartilage tis-
sue engineering to solve tracheal cartilage repair problems.

However, with the continuous development of tissue engi-
neering research, an increasing number of studies have found
that relying solely on anti-inflammatory measures without chon-
drogenic induction may result in poor quality of newly formed
cartilage, prolonged cartilage regeneration processes and incom-
plete cartilage repair [12]. Therefore, achieving efficient chondro-
genic induction after establishing an anti-inflammatory
microenvironment has become a key focus. Consequently, there
is an urgent need to develop a staged system that can first estab-
lish an anti-inflammatory microenvironment in vivo and then
achieve chondrogenic induction in a temporally regu-
lated manner.

Electrospinning, as a classic method for biological regenera-
tion materials, plays a significant role in tissue engineering due
to its ability to mimic the structure of the ECM and its excellent
physical and chemical properties [13]. For instance, Peredo et al.
improved goat intervertebral disc herniation by loading anti-
inflammatory drugs onto electrospun membranes [14].
Furthermore, the development of coaxial electrospinning tech-
nology has enabled the creation of multifunctional nanofilms
with timed-release core-shell structures [15]. The core-shell
structured nanofilms offer several advantages. Firstly, the core-
shell architecture allows for the encapsulation of drugs within
the core, while the shell serves to delay and regulate drug re-
lease, enabling precise control over drug loading, release rate and
duration, thereby meeting the requirements of temporal regula-
tion [16]. Secondly, by selecting suitable materials and adjusting
fabrication processes, precise control over the degradation rate
of the nanofilm can be achieved, facilitating sustained and stable
drug release and enhancing therapeutic efficacy [17]. For exam-
ple, He et al. used coaxial electrospinning technology to prepare a
dual-layer scaffold with timed-release effects, effectively regen-
erating osteochondral tissue after tumor eradication [18].
Therefore, preparing a nanofilm with a core-shell structure to
establish an anti-inflammatory microenvironment in vivo first,
followed by achieving chondrogenic induction, is necessary.

The selection of a suitable anti-inflammatory drug and its
carrier for the shell layer is crucial for establishing an anti-
inflammatory microenvironment. Icariin (ICA), a flavonoid com-
pound derived from the natural plant Epimedium, exhibits good
safety and tolerability [19]. Additionally, ICA can inhibit the
production of inflammatory mediators and the activation of
inflammatory cells, and it possesses antioxidative and immuno-
modulatory effects, effectively alleviating inflammatory reac-
tions [20]. Poly(lactic-co-glycolic acid) (PLGA) is a biodegradable
polymer widely used as a classic tissue engineering scaffold.
PLGA demonstrates excellent biocompatibility, and the release
efficiency of drugs can be controlled by adjusting the ratio of
lactide and glycolide monomers [21]. Therefore, PLGA in combi-
nation with ICA logically serves as the shell layer for the anti-
inflammatory effect.

Secondly, the composition of the core layer significantly influ-
ences tracheal cartilage regeneration. Kartogenin (KGN) is widely
applied in regeneration to promote cartilage formation, collagen

synthesis, and regulate the development of cartilage tissue.
Studies have shown its potential to promote cartilage regenera-
tion by stimulating the differentiation of endogenous bone mar-
row stem cells (BMSCs) [22]. Gelatin (GT), derived from collagen,
is considered an ideal carrier for drugs due to its biocompatibility,
degradability and solubility in various solvents [23]. Therefore,
KGN-loaded GT could be used as the core layer for chondro-
genic induction.

In summary, this study aims to prepare a core-shell struc-
tured nanofilm named PLGA@ICA-Gel@KGN using coaxial elec-
trospinning technology. The shell layer of this nanofilm consists
of PLGA and ICA, while the core layer comprises GT and KGN.
BMSCs are used as seed cells and layered with the nanofilm using
a ‘sandwich model’ for repairing circular tracheal cartilage
defects (Scheme 1). The shell layer first releases ICA to establish
an anti-inflammatory microenvironment, followed by the release
of KGN to promote BMSCs' chondrogenesis, thus achieving effi-
cient repair of tracheal cartilage injuries. To validate its efficacy,
the physicochemical properties of the PLGA@ICA-Gel@KGN
nanofilm were first evaluated. Subsequently, its biocompatibility,
in vitro anti-inflammatory and cartilage regeneration effects were
assessed. Finally, the staged anti-inflammatory and chondro-
genic effect of this nanofilm in repairing tracheal cartilage
defects was verified in a rabbit tracheal cartilage defect model.

Methods and materials

Preparation of shell-core structured PLGA®@Ica-
GT@KGN nanofilm

GT (Sigma-Aldrich, USA) and KGN (Sigma-Aldrich, USA) were dis-
solved in hexafluoroisopropanol. The resulting GT@KGN solution
contained GT at a mass/volume ratio of 12% (w/v) and a KGN
concentration of 50 uM. PLA was dissolved in hexafluoroisopropa-
nol at an 8% (w/v) mass/volume ratio. The core solution was pre-
pared by mixing the GT@KGN solution and PLA solution at a
volume ratio of 10:3.

The shell solution of PLGA@ICA was formed by dissolving
PLGA (5% w/v, Sigma-Aldrich, USA) and ICA (10uM, Sigma-
Aldrich, USA). The core and shell solutions were separately fed
into a coaxial spinneret (inner bore diameter: 1 mm; outer bore
diameter: 2.2mm) clamped at the tip with a high-voltage power
source. A collection plate was positioned 20 cm away from the
voltage source. During electrospinning, the GT@KGN core solu-
tion and the PLGA@ICA shell solution advanced at a rate of
0.5ml/h each.

After spinning, the PLGA@ICA-GT@KGN nanofilm was soaked
in a cross-linking solution of 1-(3-Dimethylaminopropyl)-3-ethyl-
carbodiimide hydrochloride (EDC, Sigma-Aldrich, USA)/N-
Hydroxysuccinimide (NHS, Sigma-Aldrich, USA) for 12h. It was
then washed with deionized water and subjected to freeze-
drying. The EDC/NHS cross-linking solution was prepared by dis-
solving 0.5g EDC and 0.3 g NHS in 100ml of 95% ethanol. Similar
methods were employed to prepare PLGA-GT, PLGA@ICA-GT and
PLGA-GT@KGN nanofilms.

Structural and performance characterizations

Initially, the nanofilms were photographed using a single-lens re-
flex camera for macroscopic observation. Subsequently, PLGA-
GT and PLGA@ICA-GT@KGN nanofilms underwent vacuum
gold-sputtering treatment and were examined under a scanning
electron microscope (SEM, S3400, Hitachi, Japan) at an accelera-
tion voltage of 10kV for microstructural inspection [24]. The av-
erage diameters of PLGA-GT and PLGA@ICA-GT@KGN nanofilms
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Scheme 1. Overall study design. A spinning solution composed of PLGA and ICA formed the shell layer, while another spinning solution comprised of
GT and KGN formed the core layer. These solutions underwent coaxial electrospinning to produce a core-shell structured PLGA@ICA-GT@KGN
nanofilm. Subsequently, BMSCs were loaded onto the synthesized nanofilms and layered using a ‘sandwich model’ to create a sandwich construct.
This construct was then utilized for repairing circular tracheal defects. The rationale behind this design lies in the initial release of ICA from the shell
layer, aiming to impart anti-inflammatory effects. Subsequent release of KGN from the core layer is intended to promote chondrogenesis of BMSCs,

thereby enhancing cartilage regeneration for the restoration of the trachea.

were calculated by randomly selecting 100 nanofibers from the
obtained SEM images for analysis using Image]J software [25].

Further characterization involved subjecting PLGA-GT and
PLGA@ICA-GT@KGN nanofilms to transmission electron micros-
copy (TEM, JEM-2100, JEOL, Japan) by placing a carbon-coated
copper mesh close to the collector. This assessment aimed to
evaluate the shell-core structures of individual nanofibers [26].

Fourier transform infrared spectroscopy (FTIR) spectra were
obtained within the 400-4000cm™' range using an FTIR spec-
trometer (Thermo Scientific Nicolet 1520, USA) to analyze PLGA,
ICA, GT, KGN and PLGA@ICA-GT@KGN samples.

To determine the in vitro degradation rate of PLGA-GT and
PLGA@ICA-GT@KGN nanofilms, the samples were dried using a
vacuum oven for 2 days. They were then weighed at the same ini-
tial mass (W) and immersed in 10 ml of PBS (pH=7.4) at 37°C for
29days. The samples were retrieved every 2 days, lyophilized and
re-weighed as W,. The degradation rate was calculated using the
formula: Degradation rate = (W — W4)/Wgy X 100%.

Additionally, the release rates of ICA and KGN were deter-
mined by immersing 30mg of PLGA@ICA-GT@KGN nanofilm

in 10ml of PBS buffer at pH=7.4 and 37°C over 0-29days. The
supernatant was measured every 2 days using a UV spec-
trophotometer.

Culture and identification of BMSCs

A male New Zealand white rabbit, 4 weeks old and weighing 2.0-
2.5kg, was obtained from Shanghai Yunde Experimental Farm.
Animal experiments adhered to the ‘Guidelines for the Care and
Use of Laboratory Animals’ and received approval from the
Ethics Committee of Zhejiang Cancer Hospital (2024-02-073).
Bone marrow was aspirated from anesthetized rabbits' iliac
bones, diluted in heparin-treated centrifuge tubes, and centri-
fuged at 2000 rpm for 8 min in Dulbecco's Modified Eagle Medium
(DMEM, Sigma-Aldrich, USA). The harvested bone marrow par-
ticles were cultured in DMEM with 10% fetal bovine serum (FBS,
Sigma-Aldrich, USA) and 1% antibiotics (Sigma-Aldrich, USA) for
5days. The medium was changed to eliminate impurities and un-
attached cells. BMSCs were cultured at 37°C, 5% CO, and har-
vested after two passages (P2) for subsequent use.
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The P2 BMSCs were collected and subjected to immunofluo-
rescence staining to detect the expression of antigens such as
CD44, CD90 and CD34, following the instructions of the immuno-
fluorescence detection kit (Beijing Baiao Leibo Technology Co.,
Ltd, China).

Isolation and culture of chondrocytes

For the isolation and culture of chondrocytes, auricular cartilage
was harvested from the aforementioned rabbits, immersed in an
antibiotic solution for 30 min, minced into approximately 0.5-
2.0mm? pieces, and digested with 0.15% type II collagenase
(Sigma, USA) in DMEM for 8h at 37°C to isolate chondrocytes.
The isolated chondrocytes were cultured in DMEM supplemented
with 10% FBS and 1% antibiotics at 37°C in 5% CO,. Chondrocytes
were collected at the P2 for use.

Biocompatibility assessment

To assess the biocompatibility of the PLGA@ICA-GT@KGN nano-
film, BMSCs and chondrocytes suspensions (5x10° cells/ml)
were implanted separately into culture dishes (serving as a con-
trol), PLGA-GT, PLGA@ICA-GT, PLGA-GT@KGN and PLGA@ICA-
GT@KGN groups. The BMSCs and chondrocytes-loaded nanofilm
were cultured in DMEM supplemented with 10% FBS and 1% anti-
biotics, with the medium changed every other day.

After 1 and 5days of in vitro culture, the Live/Dead Cell
Viability assay (Invitrogen, USA) was conducted per the manu-
facturer's instructions [27]. The samples were observed using a
laser confocal microscope (Leica Thunder imager 3D, Germany)
to assess BMSC and chondrocyte viability within the scaffold.
Image] software was used for quantitative analysis of cell viabil-
ity from live/dead staining images.

Furthermore, to observe the cytoskeleton of BMSCs on the
nanofilm, F-actin and nuclei were stained with phalloidin
(Yeasen, China) and DAPI (Yeasen, China), respectively, and ob-
served using laser confocal microscopy. The proliferation of
BMSCs and chondrocyte were quantitatively evaluated on Days 1
and 5 using a Cell Counting Kit-8 (CCK-8, Dojindo, Japan) by mea-
suring absorbance at 450nm with a spectrophotometer, follow-
ing the manufacturer's protocol.

In vitro anti-inflammatory performance
evaluation

RAW?264.7 macrophages obtained from Sunncell Biotechnology
Co., Ltd (China) were induced with 1pg/ml lipopolysaccharide
(LPS, Sigma-Aldrich, USA) for 24 h to induce inflammation. These
induced RAW264.7 macrophages were separately seeded onto
culture dishes (serving as a control), PLGA-GT, PLGA@ICA-GT,
PLGA-GT@KGN and PLGA@ICA-GT@KGN nanofilms. The groups
were cultured in RPMI 1640 medium containing 10% FBS and 1%
antibiotics at 37°C with 5% CO,.

After 24h, macrophages from each group were collected. The
expression levels of inflammatory factors, including IL-18, IL-6
and TNF-a, were examined using western blot (WB) analysis and
quantitative real-time polymerase chain reaction (QRT-PCR).

WB analysis was employed to detect the expression levels of
inflammatory-related proteins (IL-18, IL-6 and TNF-a) in
RAW?264.7 macrophages. Total protein from two scaffold BMSCs
groups was extracted and subjected to SDS-PAGE electrophore-
sis. The protein bands were observed using a WB imaging sys-
tem [28].

Additionally, the expression levels of inflammatory-related
genes (IL-1p, IL-6 and TNF-a) were evaluated using qRT-PCR [29].
Total RNA was extracted from chondrocytes using TRIzol

(Invitrogen, USA) and reverse-transcribed into cDNA. The gRT-
PCR was performed using UltraSYBR Mixture (CWBIO, China),
with GAPDH as an internal control. Primer sequences used for
gRT-PCR were listed in Table 1.

Additionally, immunofluorescence staining was used to deter-
mine the expression of IL-6 and TNF-a in RAW?264.7 macrophages
in the control, PLGA-GT, PLGA@ICA-GT, PLGA-GT@KGN and
PLGA@ICA-GT@KGN nanofilm groups after 24 h.

In vitro evaluation of chondrogenic

promotion effect

The PLGA-GT, PLGA@ICA-GT, PLGA-GT@KGN and PLGA@ICA-
GT@KGN nanofilms were initially incubated in PBS for 14 days to
promote KGN release. Following this, BMSCs suspensions
(5.0 x 10* cells/ml) were implanted onto these pre-treated nano-
films and culture dishes (used as a control). All BMSCs-loaded
nanofilms were cultured in DMEM supplemented with 10% FBS
and 1% antibiotics for 14 days. Samples were collected to assess
in vitro chondrogenic differentiation.

The collected samples were fixed in 4% paraformaldehyde
and processed for immunofluorescence staining to analyze the
expression of chondrogenic-related proteins, including type II
collagen (COL II) and recombinant sex-determining region Y box
protein 9 (SOX9). Additionally, gqRT-PCR was used to detect the
expression levels of cartilage-related genes (SOX9, ACAN and
Col2al). The primer sequences used for qRT-PCR were listed
in Table 1.

Furthermore, GAG content was quantified using the Alcian
blue method, COL II content was measured via enzyme-linked
immunosorbent assay, and total collagen content was assessed
based on the hydroxyproline assay [30].

Development of BMSCs-nanofilm construct using
‘sandwich model’

The PLGA-GT, PLGA@ICA-GT, PLGA-GT@KGN and PLGA@ICA-
GT@KGN nanofilms were processed into circular membranes of
Smm diameter using a Smm round punch and sterilized with
ethylene oxide. A BMSCs-nanofilm construct was developed
based on the established ‘Sandwich Model’ [31].

In brief, P2 BMSCs suspension at a density of 10 x 10 cells/ml
was seeded onto the nanofilms to achieve complete saturation.
The BMSCs-loaded nanofilms were then stacked layer by layer,
totaling four layers, to obtain the BMSCs-nanofilm construct.
This construct was statically incubated at 37°C with 5% CO, for
4h. Subsequently, low glucose DMEM containing 10% FBS was
gently added to cover the construct, and cultivation continued
for 14 days, with the medium changed every other day.

In vivo anti-inflammatory and chondrogenic
performance

Twenty-four male New Zealand white rabbits were randomly di-
vided into four groups: PLGA-GT, PLGA@ICA-GT, PLGA-GT@KGN
and PLGA@ICA-GT@KGN. After anesthesia, a surgical incision
was made in the neck area of these rabbits to expose the trachea.
A circular defect with a diameter of 5mm was created in the cer-
vical trachea of each rabbit. The BMSCs-nanofilm constructs
were prepared as described in ‘In vitro evaluation of chondrogenic
promotion effect’ section and implanted into the tracheal defect
of the host rabbit, then sutured with 5-0 sutures.

After awakening, the rabbits were carefully fed for 8 weeks.
The survival rate and healing condition in all four groups were
recorded. At 2weeks, the experimental rabbits underwent tra-
cheoscopy under anesthesia. Thereafter, the rabbits were
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Table 1. The primer sequences used for gRT-PCR

Gene Forward (5'-3) Reverse (5'-3)

IL-1p AGCCTGACCTTGCAGTGCACC TGCTCCAGCACTCAGCGTCAC

IL-6 AGACAGCCACTCACCTCTTCAG TTCTGCCAGTGCCTCTTTGCTG
TNF-a AGAACAGCAACTCCAGAACACCCT TGCCAGTTCCACATCTCGGATCAT
SOX9 GCGTCAACGGCTCCAGCAAGA GCGTTGTGCAGGTGCGGGTAC
ACAN CAGGCTATGAGCAGTGTGATGC GCTGCTGTCTTTGTCACCCACA
Col2a1 CACGCTCAAGTCCCTCAACA TCTATCCAGTAGTCACCGCTCT
GAPDH TTGTCGCCATCAATGATCCAT GATGACCAGCTTCCCGTTCTC

euthanized for gross observation using a single-lens reflex cam-
era. Additionally, to evaluate the regeneration of tracheal carti-
lage in each group, the repaired tracheal grafts were carefully
dissected and subjected to micro-computed tomogra-
phy (MicroCT).

The obtained tissues at 2 and 4 weeks were fixed and proc-
essed for immunofluorescence CD3 and CD68 staining to analyze
inflammation. Image] software was used to quantify the
fluorescence-positive area. Additionally,
(H&E), Safranin-O and immunohistochemical COL II staining
were performed to evaluate cartilage lacunae, cartilage-specific
ECM and type II collagen deposition, respectively. GAG and COL II
contents
inflammatory performance evaluation’ section.

hematoxylin-eosin

were assessed as described in ‘In vitro anti-

Statistical analysis

Statistical analysis was conducted using GraphPad Prism 8.0 soft-
ware. All quantitative data were from at least three repeated
experiments and presented as mean + standard deviation. One-
way analysis of variance (ANOVA) was utilized to assess the sta-
tistical significance between different groups. Differences with
P <0.05 were considered statistically significant.

Results

Preparation and characterization of PLGA@Ica-
GT@KGN nanofilm

The PLGA and PLGA@ICA-GT@KGN nanofilms, obtained via coax-
ial electrospinning, exhibited a strikingly similar white appear-
ance (Figure 1A). SEM analysis confirmed the nano-scaled fibrous
structure's uniformity in both PLGA and PLGA@ICA-GT@KGN
nanofilms (Figure 1B). TEM images revealed a distinctive shell-
core structure in both groups (Figure 1C). Quantitative diameter
distribution analysis indicated a similar range of diameter fre-
quencies, spanning 0.1-1.0um and predominantly concentrated
between 0.3 and 0.5um for both PLGA and PLGA@ICA-GT@KGN
groups (Figure 1D).

FTIR spectra analysis displayed distinctive peaks for different
components. In the PLGA spectrum, characteristic vibrations in-
cluded OH stretching (3200-3500 cm‘l), -CH, -CH,, -CHs stretch-
ing (2950cm™), carbonyl C=0 stretching (1747 cm™%) and C-O
stretching (1176 cm™). ICA exhibited major peaks at 1652 cm™
(amide I, C=0 stretching), 1598 cm™" (amide II, C-N stretching)
and 1073cm™! (C-O-C stretching). GT's spectrum displayed a
peak at 3433cm™?, attributed to hydrogen-bonded water and
amide-A, along with other peaks for different amide stretches.
KGN's spectrum featured a peak at 1,200cm™" (C-O stretching)
and peaks between 1537 and 1596 cm™" (C=C bending of KGN's
aromatic ring). In the PLGA@ICA-GT@KGN spectrum, distinctive
peaks corresponding to each component validated successful
integration.

In vitro degradation assays indicated a comparable remaining
mass for both PLGA and PLGA@ICA-GT@KGN nanofilms during
0-29days of incubation (Figure 1F). Release profile analysis
revealed the initial release of ICA from the shell layer within the
first 15 days, followed by the subsequent release of KGN from the
core layer between Days 11 and 29 (Figure 1G). Both compounds
exhibited sustained and time-dependent release patterns. The
majority of ICA degraded within the initial 15days, while KGN
degradation occurred predominantly between days 13 and 27.

Biocompatibility assessment

Assessing the survival and proliferation capacity of BMSCs within
the PLGA@ICA-GT@KGN nanofilm was pivotal. In this study, we
initially identified the BMSCs from the rabbits. The results of
immunofluorescence staining confirmed that the obtained
BMSCs expressed only CD44 and CD90, while the hematopoietic
stem cell marker antigen CD34 showed negative expression
(Supplemental Figure S1).

Thereafter, BMSCs were seeded onto these nanofilms and cul-
tured in vitro for 5 days. Live/dead cell staining revealed robust vi-
ability and efficient proliferation of BMSCs across all nanofilm
groups (PLGA-GT, PLGA@ICA-GT, PLGA-GT@KGN and PLGA@ICA-
GT@KGN) compared to the control group during the initial 1-
5days post-seeding. Notably, there were minimal red-stained
dead cells observed in all five groups (Figure 2A). F-actin/DAPI
staining illustrated well-organized cytoskeletal structures of
BMSCs within all scaffold groups, indicating favorable cell prolif-
eration from Day 1 to Day 5 (Figure 2B). Quantitative analysis of
cell viability showed close to 100% viability among all five groups
(Figure 2C). Results from the CCK8 assay showcased an increas-
ing optical density (OD) value from Day 1 to Day 5 across all
nanofilms (Figure 2D), indicating an excellent proliferation rate
of BMSCs seeded onto these nanofilms.

In addition, live/dead cell staining revealed robust viability
and efficient proliferation of chondrocytes across all nanofilms
compared to the control group during the initial 1-5days post-
seeding. Notably, minimal red-stained dead cells were observed
in all five groups (Supplemental Figure S2A). Quantitative analy-
sis of cell viability showed close to 100% viability among all five
groups (Supplemental Figure S2B) and showcased an increasing
OD value from Day 1 to Day 5 across all nanofilms (Supplemental
Figure S2C). Collectively, these results demonstrate the gratifying
biocompatibility of our synthesized nanofilms with both BMSCs
and chondrocytes.

Evaluation of in vitro anti-inflammatory
properties

LPS-induced RAW264.7 macrophages were co-cultured with the
PLGA@ICA-GT@KGN nanofilm for 24h. WB analysis was con-
ducted to assess the expression levels of inflammatory-related
proteins (IL-1B, IL-6 and TNF-a). The WB results depicted signifi-
cantly lower expression levels of inflammatory-related proteins
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Figure 1. Preparation and characterization of the shell-core structured PLGA@ICA-GT@KGN nanofilm. (A) Gross observation showcases the PLGA-GT
and PLGA@ICA-GT@KGN nanofilms. (B) SEM images depict the differences between PLGA-GT and PLGA@ICA-GT@KGN nanofilms. (C) TEM images
display the shell-core structure of both PLGA-GT and PLGA@ICA-GT@KGN nanofilms. (D) The diameter distribution of both PLGA-GT and PLGA@ICA-
GT@KGN nanofilms is depicted. (E) FTIR spectra showcase the distinct signatures of PLGA, ICA, GT, KGN and their combined form in the PLGA@ICA-
GT@KGN groups. (F) The in vitro degradation rate of the PLGA@ICA-GT@KGN nanofilm is examined during immersion in PBS (pH=7.4) at 37°C over
29days. (G) In vitro release kinetics of ICA and KGN from the PLGA@ICA-GT@KGN nanofilm are observed during immersion in PBS (pH =7.4) at 37°C

for 29 days.

(IL-1B, IL-6 and TNF-a) in groups containing ICA (PLGA@ICA-GT
and PLGA@ICA-GT@KGN nanofilms) compared to groups lacking
ICA (control, PLGA-GT and PLGA-GT@KGN groups) (Figure 3A).
gRT-PCR analysis complemented the WB results, demonstrating
notably reduced expression levels of IL-14, IL-6 and TNF-a genes
in ICA-containing groups (PLGA@ICA-GT and PLGA@ICA-
GT@KGN nanofilms) in contrast to groups lacking ICA (control,
PLGA-GT and PLGA-GT@KGN groups) (Figure 3B). In addition, im-
munofluorescence staining further confirmed the suppressed ex-
pression of IL-6 and TNF-a in ICA-containing groups compared to
groups lacking ICA (Figure 3C).

Evaluation of in vitro chondrogenic effects

To assess the in vitro chondrogenic effects of the PLGA@ICA-
GT@KGN nanofilm, the nanofilm was initially incubated in PBS

for 14 days to promote the release of KGN, followed by cocultur-
ing with BMSCs for an additional 14 days. Immunofluorescence
staining for COL II and SOX9 proteins revealed significantly
higher expression levels in groups containing KGN (PLGA-
GT@KGN and PLGA@ICA-GT@KGN nanofilms) compared to those
without KGN (control, PLGA-GT and PLGA®@ICA-GT groups)
(Figure 4A and B). gRT-PCR analysis corroborated these findings,
showing markedly increased expression levels of chondrogenic-
related genes (SOX9, ACAN and Col2al) in KGN-containing groups
(PLGA-GT@KGN and PLGA@ICA-GT@KGN nanofilms) compared
to groups lacking KGN (control, PLGA-GT and PLGA@ICA-GT
groups) (Figure 4C-E). The expression levels of cartilage-specific
proteins (GAG, COL II and total collagen) exhibited a consistent
trend with the results from immunofluorescence staining and
gRT-PCR analyses (Figure 4F-H).
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Figure 2. In vitro biocompatibility assessment of the PLGA@ICA-GT@KGN nanofilm on BMSCs. (A) Live/dead staining and (B) F-actin/DAPI staining of
BMSCs-loaded nanofilm are showcased across different groups: control, PLGA-GT, PLGA@ICA-GT, PLGA-GT@KGN and PLGA@ICA-GT@KGN, after 1 and
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Evaluation of in vivo anti-inflammatory
performance

Following the successful demonstration of promising in vitro
anti-inflammatory and chondrogenic properties of the
PLGA@ICA-GT@KGN nanofilm, a BMSCs-loaded PLGA@ICA-
GT@KGN nanofilm was constructed into a BMSCs-nanofilm com-
posite using a ‘sandwich model’. This composite was utilized to
repair circular tracheal defects (Figure 5A).

The in vivo anti-inflammatory effect of the PLGA@ICA-
GT@KGN nanofilm was evaluated. Immunofluorescence staining
for CD3 and CD68 revealed significantly lower expression levels
of inflammation-related responses in groups containing ICA
(PLGA@ICA-GT and PLGA@ICA-GT@KGN nanofilms) compared to
groups lacking ICA (control, PLGA-GT and PLGA-GT@KGN groups)
at both 2 and 4weeks post-surgery (Figure SA and B).
Quantitative analysis of inflammation-positive areas further sup-
ported these findings, indicating statistically significant differen-
ces (Figure 5C and D). Notably, while the PLGA-GT and PLGA-
GT@KGN groups exhibited a decreasing trend in CD3 and CD68
expression levels over time, these levels remained substantially

higher than those observed in the PLGA@ICA-GT and PLGA@ICA-
GT@KGN groups.

Assessment of tracheal cartilage restoration
in vivo
Following the established in vivo anti-inflammatory efficacy of
the PLGA@ICA-GT@KGN nanofilm, the focus shifted to its poten-
tial in repairing tracheal cartilage defects. In the current study,
the prepared sandwich construct was utilized to repair circular
tracheal defects in a rabbit model (Figure 6A). Our results
revealed a highest survival rate of experimental rabbits in
PLGA@ICA-GT@KGN group (70%) post 8weeks transplantation,
whereas rabbits in PLGA@ICA-GT, PLGA-GT@KGN and PLGA-GT
groups were all dead at 5, 4 and 3 weeks (Supplemental Figure
S3A). Our data also suggested a superior healing tracheal condi-
tion of experimental rabbits in PLGA@ICA-GT@KGN group com-
pared to PLGA@ICA-GT, PLGA-GT@KGN and PLGA-GT groups
(Supplemental Table S1).

The tracheoscopy and photographs of the obtained repaired
tracheal graft at 2 weeks showcased smooth lumen condition in
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Figure 3. In vitro anti-inflammatory assessment of the PLGA@ICA-GT@KGN nanofilm on LPS-stimulated RAW?264.7 macrophages. (A

) Inflammatory-

related protein expression (IL-1p, IL-6 and TNF-«) in different groups—control, PLGA-GT, PLGA@ICA-GT, PLGA-GT@KGN and PLGA@ICA-GT@KGN—is
examined after 24 h of in vitro coculture via WB examination. (B) Inflammatory-related gene expression (IL-1f, IL-6 and TNF-a) in various groups after
24h of in vitro co-culture is analyzed using gRT-PCR (*P < 0.05). (C) Immunofluorescence staining for IL-6 and TNF-a in various groups after 24 h of

in vitro co-culture.

PLGA@ICA-GT@KGN group, various degrees of granulated tissue
in PLGA@ICA-GT, PLGA-GT@KGN and PLGA-GT groups
(Supplemental Figure S3B,C). MicroCT examination revealed ob-
vious extensive cartilage ECM deposition in PLGA@ICA-GT@KGN
group, fewer cartilage ECM deposition PLGA@ICA-GT and PLGA-
GT@KGN groups, whereas scarce cartilage ECM deposition in
PLGA-GT groups (Supplemental Figure S4).

Histological assessments, including H&E, Safranin-O and COL
I staining, revealed notable findings. The PLGA@ICA-GT@KGN
group exhibited significantly higher counts of cartilage lacunae,
specific ECM deposition and COL II deposition compared to the
PLGA-GT, PLGA@ICA-GT and PLGA-GT@KGN groups at both 2 and
4weeks (Supplemental Figure S5 and Figure 6B). Contrastingly,
while the PLGA-GT and PLGA-GT@KGN groups displayed an in-
creased presence of inflammation-related cells, the PLGA@ICA-
GT group showed minimal inflammation-related cell generation
but lacked significant cartilage regeneration. Quantitative meas-
urements further confirmed the highest levels of glycosaminogly-
can (GAG) and COL II contents in the PLGA@ICA-GT@KGN group

compared to the other groups at both 2 and 4 weeks. Additionally,
there was an observed increase in the PLGA@ICA-GT@KGN group
over time, from 2 to 4 weeks (Figure 6C and D).

Discussion

The healthy tracheal cartilage is essential for the proper function
of the normal trachea, such as ventilation and expectoration.
Consider the trachea as vital to life, thus, over the recent deca-
des, researcher all over the world have been focused on finding
the ideal tracheal cartilage substitutes. Numerous tracheal carti-
lage substitutes have been conceived, including autocostal carti-
lage, allogeneic trachea cartilage and even artificial cartilage
protheses [32]. However, all these tracheal substitutes failed to
achieve reliable therapeutic outcomes, mainly due to inferior tra-
cheal cartilage restoration. Increasing evidences supported that
tissue-engineered cartilage, which integrates cell, biomaterials
and bioactive factors, is a promising avenue to develop a
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culture. (C-E) Gene expression levels of chondrogenic-related markers (SOX9, ACAN and Col2al) in various groups are examined after 14 days of in vitro
culture. (F, G) Quantitative analysis of GAG, COL II and total collagen contents in different groups is conducted after 14 days of in vitro

culture (*P <0.05).

bioactive tracheal cartilage substitute with tailored biomechani-
cal and biofunctions.

While tissue engineering for cartilage formation is well-
established, a critical challenge lies in preserving the cartilage-
specific ECM and functionality of transplanted tracheal
substitutes in immunocompetent animals [33]. The inflamma-
tory response stands as a primary obstacle to the therapeutic
success of engineered cartilage in repairing tracheal defects [34].
One of the most direct evidence is the numerous articles

reporting that robust cartilage regeneration can be easily
achieved in nude mice without immune system; however, it is
difficult to achieve the same good quality of cartilage regenera-
tion in large animals with immunocompetent system [35, 36].
Studies indicate that cells cultured in vitro are susceptible to oxi-
dative damage due to passaging and ectopic subcutaneous trans-
plantation, leading to a partial loss of bioactivity in their surface
membrane proteins [37]. Consequently, upon autologous trans-
plantation, these cells can elicit an immune inflammatory
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Figure 5. In vivo anti-inflammatory evaluation. (A) A schematic illustrates the preparation of the BMSCs-nanofilm construct using a ‘sandwich model’,
which was subsequently employed for repairing circular tracheal defects. (B) Immunofluorescence staining for CD3 and CD68 is displayed in samples
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response in the host [38]. The surgery to transplant tissue-
engineered trachea is highly traumatic, also leading to inevitable
inflammation. In addition, as heterogenic substances, degrada-
tion products of the materials within the tissue-engineered tra-
chea can also cause inflammatory reactions. Moreover, the
trachea itself is connected with the outside world, which is more
likely to cause infection, and aggravate the inflammation of car-
tilage tissue corrosion. These inflammation responses pose detri-
mental effects on engineered tracheal cartilage substitutes and
impede the tracheal repair process.

The inflammatory response typically involves the release of
cytokines and activation of immune cells, which may lead to the
following issues: (1) Cytokines released during inflammation can
cause damage or cell death to chondrocytes, impeding the suc-
cess of cartilage tissue engineering; (2) The presence of inflam-
matory mediators can also disrupt the normal function and
growth of chondrocytes, disrupting or hindering the repair and
regeneration of tracheal cartilage; (3) Inflammation may prompt
excessive proliferation of fibroblasts, potentially resulting in scar
tissue formation that affects the normal structure and function
of repaired tracheal cartilage. Hence, controlling inflammation,
reducing cellular damage caused by inflammation, and promot-
ing cartilage repair processes are essential for optimizing the suc-
cess of tracheal defect restoration. For instance, Yang et al. [34]
prepared a porous curcumin-loaded polycaprolactone scaffold
capable of anti-inflammation to enhance tracheal cartilage re-
generation. Li et al. [39] developed a curcumin loaded hydrogel

with anti-inflammatory activity to promote cartilage regenera-
tion in immunocompetent animals. In this study, we proposed
the encapsulation of ICA to endow the PLGA@ICA-GT@KGN
nanofilm with potent anti-inflammatory. Both in vitro and in vivo
results corroborate the PLGA@ICA-GT@KGN nanofilm could ef-
fectively release ICA to exert anti-inflammatory effect, laying the
foundation for cartilage regeneration.

The sole anti-inflammatory niche cannot guarantee good car-
tilage regeneration based on BMSCs. It is well known that the car-
tilage regeneration using stem cells requires a favorable
chondrogenic microenvironment. Hence, to promote the BMSCs-
based tracheal cartilage formation, it is necessary to introduce a
biological factor with good chondrogenic activity. Herein, KGN,
known for its potent chondrogenic induction capability, was
loaded into the PLGA@ICA-GT@KGN nanofilm. Our in vitro and
in vivo results confirmed the PLGA@ICA-GT@KGN nanofilm could
effectively release KGN to impart chondrogenic effect, giving rise
to excellent tracheal cartilage regeneration.

This study also highlights a sequential regulatory of initially
exhibiting anti-inflammatory properties and subsequently induc-
ing chondrogenesis. The core principle is an immunosuppressive
microenvironment is a prerequisite for cartilage regeneration. In
the early stage of cartilage development, the immatured cartilage
tissue featured with scarce ECM, the BMSCs and/or chondrocytes
were directly exposed to immunocytes, which causing damage or
cell death to these cells and disrupt the normal function and
growth of these cells, thus severely hinder the chondrogenic
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efficacy [40, 41]. Hence, this study proposed to develop a shell-
core structured PLGA@ICA-GT@KGN nanofilm. The rationale be-
hind this design lies in the initial release of ICA from the shell
layer, aiming to impart anti-inflammatory effects. Subsequent
release of KGN from the core layer is intended to promote chon-
drogenesis of BMSCs, thereby enhancing cartilage regeneration
for the restoration of the trachea. Our in vitro release kinetic
results confirmed the initial release of ICA at 0-15days and grad-
ually releasing KGN among 11-29 days.

One exceptional technique for crafting shell-core structured
nanofilms is coaxial electrospinning. This method manipulates
two distinct solutions to create a nanofilm with a shell-core
structure. Adjusting parameters like solution concentration, volt-
age, or spinneret-to-collector distance directly influences the
thickness, porosity and morphology of the shell layer, thereby
impacting the release rate and temporal control of growth fac-
tors. The resulting shell-core structure effectively shields growth
factors from external influences, prolonging their efficacy within
the body and facilitating controlled release. The temporal degra-
dation effects of this structure enable the staged release of
growth factors in specific shell and core layers [42, 43]. By modu-
lating the degradation rate or adjusting the shell structure,
growth factors can be continuously released over specific time
frames. Ultimately, electrospun shell-core structures provide
precise control over growth factor release. The ability to tailor
and adjust the shell structure offers temporal regulation of

growth factor release, presenting a robust tool for both medical
treatments and biological research.

The incorporation of ICA demonstrated excellent anti-
inflammatory effects following in situ tracheal restoration. This
highlights the creation of an immunosuppressive microenviron-
ment, a crucial prerequisite for tracheal cartilage regeneration.
The potential release of ICA from the structured shell-core
PLGA@ICA-GT@KGN nanofilm, contributing to its anti-
inflammatory effect. ICA, a natural compound primarily found in
the Chinese herb Epimedium, demonstrates notable anti-
inflammatory properties [44]. Firstly, it effectively inhibits oxida-
tive stress reactions, mitigating the generation and harm caused
by free radicals [45]. Moreover, at certain concentrations, ICA has
been observed to enhance the viability of TNF-a-induced inflam-
matory chondrocytes without causing toxicity to cartilage cells,
as discovered by Mi et al. [46]. Additionally, ICA significantly
diminishes the expression of pro-inflammatory cytokines (IL-1B,
IL-6 and TNF-a) [47], inhibits the levels of nitric oxide and reac-
tive oxygen species, thereby exerting an anti-inflammatory effect
and restoring cartilage metabolic balance. ICA can also upregu-
late antioxidant signaling pathways like Nrf2/ARE/HO-1, which
contribute to the clearance of free radicals and oxidative stress
products in the body, thereby mitigating inflammation-induced
tissue damage [48]. Studies also reveal ICA's capacity to alleviate
LPS-induced inflammatory reactions through the NF-xB signaling
pathway. In experiments where ICA was introduced into a



12 | Regenerative Biomaterials, 2024, Vol. 11, rbae040

culture medium containing TNF-a, it effectively suppressed the
inflammatory response initiated by TNF-a by downregulating the
NF-xB/HIF-2a signaling pathway in chondrocytes [49]. ICA can
also suppress signaling pathways mediated by NLRP3/caspase-1/
IL-1B, STAT and MAPK, which are crucial in regulating inflamma-
tory responses. By inhibiting the activation of these pathways,
ICA can impede the further development of inflammation [S0].
Consequently, ICA emerges as a potent and effective anti-
inflammatory agent.

Our findings also underscore the favorable chondrogenic in-
duction effect of the PLGA@ICA-GT@KGN nanofilm. They further
support the idea of KGN release from the core layer of the nano-
film, contributing to its chondrogenic induction capabilities.
KGN, a small molecule, stimulates the chondrogenic differentia-
tion of BMSCs. KGN upregulates the levels of COL II, aggrecan
and MMP tissue inhibitors I, underscoring its role in preserving
the phenotype of chondrocytes and safeguarding the cartilage
ECM from degradation [51]. Research indicates that KGN pro-
motes the chondrogenic differentiation of BMSCs by interacting
with filamin A (FLNA), a cytoskeletal protein that links to actin.
KGN binds to the FC-1 fragment of FLNA, causing the release of
core-binding factor subunit beta (CBFf) from its cytoplasmic
binding site [52, 53]. Subsequently, CBFf translocates into the nu-
cleus where it associates with runt-related transcription factor
(Runx) factors, thereby orchestrating the transcriptional program
governing the expression of proteins and genes related to carti-
lage formation. Moreover, it is known that Runx2 can guide the
differentiation of osteoblasts and hypertrophy of chondrocytes,
thus contributing to the pathogenesis of osteoarthritis [54]. The
CBFB-Runx1 transcriptional program may also help maintain rel-
atively low levels of Runx2, thereby preserving the functionality
of cartilage formation [55]. These findings suggest that KGN may
promote chondrogenesis of BMSCs through Runxl-mediated
transcriptional effects, partly via activation of the TGF-B1-
Smad?2/3 pathway and inhibition of Runx2 expression [56, 57].

In this study, ICA and PLGA blend was used as shell layer,
whereas KGN and GT blend was utilized as core layer, respec-
tively. All these materials are well-established for their safety
and compatibility. This combination was used to create the
shell-core structured PLGA@ICA-GT@KGN nanofilm.

The selection of seed cells is of great significance for tracheal
cartilage repair [58]. BMSCs, a commonly used cell type with defi-
nite chondrogenic capacity, were employed as seeding cells [59].
BMSCs can express various surface antigens, such as CD71,
CD44, CD105, CD90 and SH2, SH3, etc. They do not express fibro-
blast labeled antigen Laminine, hematopoietic stem cell labeled
antigen CD34, leukocyte labeled antigen CD45 and lymphocyte
surface antigen CD11b [60, 61]. CD44 and CD90 were selected as
identification markers in this experiment. The results of immu-
nofluorescence staining confirmed that the cells we isolated and
cultured only expressed CD44 and CD90, while the hematopoietic
stem cell marker antigen CD34 showed negative expression, indi-
cating that the cells we isolated and cultured were BMSCs with
relatively single components, rather than hematopoietic stem
cells and fibroblasts. Immunofluorescence staining also showed
that the BMSCs we isolated and cultured were highly expressed
in CD90, which indicates that the BMSCs are in a primitive undif-
ferentiated state [62]. The antigen indicates that the isolated cells
are of a very young biological age and have distinct stem cell
characteristics.

Biocompatibility stands as a fundamental trait in a tissue
engineering scaffold. The results obtained from live/dead cell
staining and CCK-8 quantification demonstrate favorable

biocompatibility of PLGA@ICA-GT@KGN nanofilm to both BMSCs
and chondrocytes. F-actin/DAPI staining further confirms satis-
factory BMSCs diffusion in the PLGA@ICA-GT@KGN nanofilm.
The safety and non-toxic nature of PLGA and GT, validated ex-
tensively for their biocompatibility, along with the safety profiles
of ICA and KGN, indirectly affirm the reliable and safe dosages of
drugs used in this study. Collectively, these results demonstrated
the gratifying biocompatibility of our synthesized PLGA@ICA-
GT@KGN nanofilms to both BMSCs and chondrocytes, highlight-
ing their potential for use in tracheal cartilage regeneration.

The ultimate aim of this study lies in evaluating the in vivo
anti-inflammatory and tracheal cartilage repair effects.
Considering the single layer of BMSCs-loaded nanofilm were
ultrathin, failing to match the cartilage thickness and mechani-
cal strength requirements of normal tracheal cartilage. Previous
studies have demonstrated that stacking BMSCs and nanofilms
using a ‘sandwich model” helps achieve closer contact between
BMSCs and nanofilms, enabling drugs and factors to fully exert
their functions [63]. Hence, this study proposes to form a BMSCs-
nanofilm construct via the four-layer superposition of BMSCs-
loaded nanofilm based on ‘sandwich model’, aiming to increase
the thickness of the resultant BMSCs-nanofilm construct.
Examination following implantation of the BMSCs-nanofilm con-
struct into a rabbit tracheal defect model revealed intriguing out-
comes. Compared to the PLGA-GT group, the PLGA@ICA-GT
group (ICA alone added) achieved remarkable in vivo anti-
inflammatory effects but showed minimal cartilage fossa forma-
tion and lacked specific cartilage ECM deposition. This under-
scores that establishing an anti-inflammatory microenvironment
alone in vivo is insufficient for repairing tracheal cartilage
defects. Conversely, the PLGA-GT@KGN group (only KGN added)
displayed minimal in vivo cartilage regeneration, accompanied by
increased inflammation-related cells and significantly higher in-
flammatory factor expression compared to the ICA-added group.
In contrast, the PLGA@ICA-GT@KGN group (both ICA and KGN
added) exhibited no expression of inflammatory factors, robust
cartilage fossa regeneration and specific cartilage ECM deposi-
tion. These outcomes validate our hypothesis that a sequential
regulatory strategy, beginning with an anti-inflammatory micro-
environment and followed by chondrogenic induction, achieves
satisfactory cartilage regeneration in vivo, facilitating in situ re-
pair of tracheal cartilage defects.

Conclusion

This study developed a structured PLGA@ICA-GT@KGN nanofilm
with sequential regulatory capabilities. This nanofilm, compris-
ing ICA and KGN bioactive compounds, enables controlled and
sequential release—initially, releasing the anti-inflammatory
agent ICA followed by the cartilage-inducing substance KGN. In
vitro  experiments demonstrated the significant anti-
inflammatory effect of ICA release and the sustained KGN
release's promotion of BMSCs' chondrogenic induction. In addi-
tion, the BMSC-loaded nanofilms were assembled into a sand-
wich structure, and was then used to repair circular tracheal
defect. The therapeutic outcomes confirmed the nanofilm's se-
quential regulatory function, showcasing remarkable anti-
inflammatory properties and successful tracheal cartilage resto-
ration. Consequently, the PLGA@ICA-GT@KGN nanofilm scaffold,
adept at sequentially mediating anti-inflammatory and
cartilage-inducing effects, emerges as a promising solution for
repairing tracheal cartilage defects. Its potential addresses key
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challenges in clinical tracheal cartilage injuries, signifying broad
application prospects.
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Supplementary data are available at Regenerative Biomaterials online.
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