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ARTICLE INFO ABSTRACT
Keywords: Hypochondroplasia (HCH) is a systemic cartilage disorder caused by gain-of-function mutations in FGFR3,
Hypochondroplasia resulting in overactivation of signaling and short stature. Pharmacological therapy remains the primary treat-
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ment but provides only partial symptomatic relief, as the avascular and alymphatic nature of growth plate
cartilage severely limits drug delivery and accumulation. To address this challenge, we developed CT-CM-NPs, a
drug delivery system coated with primary chondrocyte membranes and further modified with the collagen II-
binding peptide WYRGRL. This design retains the inherent biological properties of native membranes while
incorporating targeting capability, enabling efficient cartilage targeting and penetration. In vivo, CT-CM-NPs
effectively delivered the Hedgehog pathway agonist Purmorphamine to the growth plate cartilage in an HCH
mouse model, resulting in upregulated Hedgehog signaling, restored impaired ciliogenesis, improved chon-
drocyte phenotypes, and ultimately increased bone and body length. Collectively, these findings establish CT-
CM-NPs as a promising and potentially translatable nanoplatform for the treatment of HCH.
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1. Introduction

Systemic cartilage disorders are a group of diseases caused by mul-
tiple factors, including genetic defects, metabolic abnormalities, and
immune dysregulation [1-3]. The pathological characteristics are
marked by widespread involvement of cartilage tissues, leading to
cartilage developmental abnormalities, imbalance in tissue homeostasis,
and functional disturbances [3,4]. Unlike localized cartilage lesions,
systemic cartilage disorders involve extensive tissue abnormalities,
making localized surgical interventions less effective. Currently, sys-
temic drug therapy remains the primary treatment strategy in clinical
practice [5,6].

Hypochondroplasia (HCH) is a representative genetic systemic
cartilage disorder, primarily caused by mutations in the fibroblast
growth factor receptor 3 (FGFR3) gene, with an incidence comparable to
achondroplasia (ACH), affecting approximately 1 in 15,000 individuals
[7,8]. The main clinical manifestation is short stature. To date, the
treatment of HCH primarily relies on pharmacological therapy, with
long-term use of growth hormone being a common treatment approach
[9,10]. However, the lack of target specificity in growth hormone
therapy often leads to systemic side effects, such as hyperglycemia and
hyperlipidemia [11]. Recently, C-type natriuretic peptide (CNP) ana-
logs, such as Vosoritide, have shown promising results in clinical trials
for ACH [12,13]. Yet its impact on final height, as well as on spinal and
cranial abnormalities, remains inadequately evaluated [14]. Moreover,
the long-term use of these protein-based drugs is constrained by both
high costs and the risk of immune resistance. Small-molecule drugs, with
their inherently low immunogenicity and lower manufacturing costs,
have therefore emerged as an attractive alternative for sustained ther-
apy. Among these, agents targeting the Hedgehog pathway have shown
therapeutic promise [15,16]. However, their clinical translation is hin-
dered by off-target effects and the inherent challenges posed by the
avascular and alymphatic nature of growth plate cartilage. These limi-
tations underscore the urgent need for novel therapeutic strategies that
integrate both cartilage-targeting and matrix-penetrating capabilities to
enable safe and effective treatment for HCH.

Cell membrane biomimetic technology has attracted considerable
attention for its ability to combine circulation stability with low
immunogenicity [17,18]. These properties have enabled the systemic
delivery of small-molecule and nucleic acid therapeutics, even achieving
traversal of stringent barriers such as the blood-brain and maternal-fetal
barriers [19,20]. Building on this foundation, secondary membrane
engineering further introduces targeting capabilities, thereby enhancing
safety while maintaining therapeutic efficacy and improving trans-
lational potential [21]. Initial platforms primarily employed circulating
cell types such as leukocytes, platelets, and other immune cells because
of their inherent trafficking behavior [22,23]. As the field progressed,
membrane sources expanded to tissue-resident cells, including tumor
cells and astrocytes, to harness their specialized microenvironmental
interactions [24-26]. Despite the central role of bone in the musculo-
skeletal system, biomimetic delivery platforms derived from resident
cells remain rare. Chondrocytes have recently emerged as promising
candidates for intra-articular delivery due to their intrinsic interactions
with cartilage matrix components [27,28]. However, their
tissue-resident nature still greatly limits their applicability in systemic
delivery. Even so, the unique niche and distinctive extracellular in-
teractions of chondrocytes suggest an underexplored potential for tar-
geted cartilage delivery.

Herein, we developed a biomimetic drug-delivery system, termed
CT-CM-NPs, by integrating chondrocyte-derived cell membranes with
the collagen II-binding peptide WYRGRL (Trp-Tyr-Arg-Gly-Arg-Leu)
[29,30]. This hybrid system demonstrates excellent biocompatibility,
preserving the interactions between chondrocytes and the extracellular
matrix. Targeting modifications further enhance its specificity while
reducing circulation time to improve safety. Notably, it exhibits
remarkable growth plate cartilage-targeting capabilities, as confirmed
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by both in vitro and in vivo experiments. In MTS and explant cultures, it
further demonstrated efficient penetration into and sustained retention
within cartilage tissue. Using this system, systemic delivery of Pur-
morphamine (PM), a Hedgehog pathway agonist, was achieved
throughout adolescence in HCH mice, effectively rescuing defective
ciliogenesis, promoting cartilage regeneration, and ultimately reversing
abnormalities in bone and body length (Fig. 1). Together, these findings
establish a promising and potentially translatable nanoplatform for the
treatment of HCH and provide a new strategy for addressing systemic
cartilage disorders.

2. Materials and methods
2.1. Materials

Dulbecco's Modified Eagle Medium (DMEM, 11965092), fetal bovine
serum (FBS, A5669701), Penicillin/Streptomycin (15140122), and
phosphate-buffered saline (PBS, 10010023) were obtained from Gibco
(USA). Methyl cellulose (9004-67-5), DiR (HY-D1048), Collagen alpha-1
(I1) chain/COL2A1 protein (Human, HY-P75333), Rottlerin (HY-18980),
Nystatin (HY-17409), Dynasore (HY-15304), Cytochalasin D (HY-
N6682) and sodium heparin (9041-08-1) were obtained from MedChe-
mExpress (MCE, USA). Trypsin solution (0.25%) was purchased from
Biosharp (China). Dimethyl sulfoxide (DMSO, 67-68-5), phenyl-
methylsulfonyl fluoride (PMSF, 329-98-6), and anti-acetylated tubulin
antibody (T7451) were obtained from Sigma-Aldrich (USA). RIPA lysis
buffer (89900), TNF-a ELISA kit (Mouse, 88-7324), IL-6 ELISA Kkit
(Mouse, 88-7064), anti-IHH antibody (H00003549-M05), and fluores-
cent secondary antibodies, including donkey anti-rabbit IgG (H&L)
Alexa Fluor 488 (2072687), donkey anti-rat IgG (H&L) Alexa Fluor 488
(2092264), and goat anti-rabbit IgG (H&L) Alexa Fluor 594 (2201598)
were purchased from Invitrogen (USA). Integrin p1 (D2E5) Rabbit mAb
(9699S), N-Cadherin (D4R1H) XP® Rabbit mAb (13116S), E-Cadherin
(24E10) Rabbit mAb (3195S), CD44 (156-3C11) Mouse mAb (3570T)
Na, K-ATPase Rabbit mAb (#3010), Integrin alpha5 Rabbit mAb
(#4705) and Glil (L42B10) Mouse mAb (#2643) were obtained from
Cell Signaling Technology (USA). Confocal microscopy dishes was ob-
tained from NEST (20 mm, 801001, China). Type II collagenase
(LS004202) was from Worthington Biochemical Corporation. (USA).
FITC-Phalloidin (R32267-300T) were obtained from Shanghai Yuanye
Bio-Technology Co., Ltd. (China). 4,6-Diamidino-2-phenylindole dihy-
drochloride (DAPI, 28718-90-3), Cell Counting Kit-8 (CCK-8, AC10873),
and Purmorphamine (PM, 483367-10-8) were purchased from Acmec
Biochemical Co., Ltd. (China). Anti-Integrin Alpha 1/ITGA1 Antibody
(BA1731) and anti-Integrin Alpha 3/ITGA3 Antibody (A02902) was
obtained from BOSTER (China). DiO (G1704), Triton X-100 (9002-93-
1), Safranin O (477-73-6), and Fast Green FCF (2353-45-9) were ob-
tained from Solarbio (Beijing, China). Acid Red 87 staining solution
(ZLI-9613), and Hematoxylin staining solution (ZLI-9610) were ob-
tained from ZSBio (Beijing, China). The cartilage-targeting peptide
WYRGRL (Trp-Tyr-Arg-Gly-Arg-Leu, >98% purity, confirmed by HPLC)
was synthesized by Wansheng Haotian Biotechnology Co., Ltd.
(Shanghai, China). DSPE-PEG-NHS (1,2-distearoyl-sn-glycero-3-phos-
phoethanolamine-N-[methoxy (polyethylene glycol)-2000]-N-
hydroxysuccinimide, >98% purity, confirmed by HPLC) and poly (lac-
tic-co-glycolic acid) (PLGA) were synthesized by Xi'an Ruixi Biological
Technology Co., Ltd. (Xi'an, China). All other organic solvents and re-
agents, including isopropanol, ethanol, and xylene, were obtained from
Sinopharm Chemical Reagent Co., Ltd. (China), unless otherwise
specified.

2.2. Cell culture
Primary chondrocytes were isolated from the femoral condyles and

tibial plateaus of 6 or 7-day-old C57BL/6 mice. Briefly, articular carti-
lage was carefully dissected, minced into 1-5 mm?® fragments, and
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Fig. 1. Schematic illustration of CT-CM-NPs-PM for the treatment of HCH. (A) Preparation process of CT-CM-NPs-PM. (B) Proposed therapeutic mechanism of CT-
CM-NPs-PM: 1) WYRGRL-mediated binding to COL II enables targeted homing to growth plate cartilage; 2) Chondrocyte membrane coating enhances cartilage
retention and penetration through interactions with chondrocytes and the extracellular matrix; 3) PM activates SMO and stimulates Hedgehog signaling, thereby
restoring impaired ciliogenesis. (C) CT-CM-NPs-PM restores impaired ciliogenesis, improves chondrocyte phenotypes, and ultimately promotes bone elongation and
body growth in HCH.

digested with 0.2% type II collagenase in a shaking incubator at 37 °C 2.4. Synthesis of the DSPE-PEG2-WYRGRL
for 4-6 h. The resulting cell suspension was filtered through a sterile

70 pm cell strainer to remove undigested tissue. After centrifugation and The cartilage-targeting peptide WYRGRL and DSPE-PEGgy-NHS were
three washes with PBS, the isolated chondrocytes were resuspended and individually dissolved in 5 mM HEPES buffer at 1 mg/mL. The two
cultured in complete DMEM medium (DMEM, 10% FBS, and 1% Peni- components were then mixed at a 1:1 M ratio and allowed to react at
cillin/Streptomycin). Cells were maintained under sterile conditions at room temperature for 24 h to synthesize DSPE-PEGox-WYRGRL. The
37 °C in a humidified incubator with 5% CO,. ATDC-5 and reaction mixture was dialyzed against distilled water using a dialysis bag
RAW264.7 cells were obtained from iCell Bioscience Inc (Shanghai, (molecular weight cutoff of 3000 Da) for 48 h. Finally, the dialyzed
China) cultured with complete DMEM medium and incubated at 37 °C in solution was freeze-dried and stored at —20 °C.

a 5% CO, incubator.

. 2.5. Surface plasmon resonance (SPR) analysis of DSPE-PEG -
2.3. Animal use and care WYRGRL binding to hCOL2A1

Ffr3"¥7?"* mice were produced as previously described [31]. Mice The binding affinity of DSPE-PEG2k-WYRGRL toward human type II
were housed, bred in a barr}er facﬂlty, fed ad libitum chow, and fol- collagen al chain (hCOL2A1) was evaluated using a Biacore 8K SPR
lowed a standard day-night lighting cycle. system (Cytiva) equipped with a CM5 sensor chip. The sensor surface

was activated with a freshly prepared 1:1 mixture of 400 mM N-ethyl-N'-
(3-dimethylaminopropyl) carbodiimide (EDC) and 100 mM N-
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hydroxysuccinimide (NHS) at a flow rate of 10 pL/min for 420 s. Re-
combinant hCOL2A1 (20 pg/mL) was immobilized onto the sample flow
cell (Fc2) to an immobilization level of approximately 12,600 RU, while
the reference flow cell (Fcl) was left unmodified. Remaining activated
groups were blocked with 1 M ethanolamine hydrochloride (pH 8.5) at
10 pL/min for 420 s.

For kinetic analysis, DSPE-PEG2k-WYRGRL was diluted in running
buffer (PBS containing 0.05% Tween-20) to concentrations ranging from
0.31 to 20.00 pM (0.31, 0.63, 1.25, 2.50, 5.00, 10.00, and 20.00 pM).
Samples were injected sequentially over both flow cells at a flow rate of
20 pL/min, with an association phase of 100 s followed by a dissociation
phase of 180 s. Regeneration was performed after each cycle to restore
baseline conditions.

Sensorgrams were double-reference corrected and analyzed using
Biacore Insight Evaluation Software (Cytiva). Binding kinetics were
determined by fitting the data to a 1:1 Langmuir binding model, and the
equilibrium dissociation constant (Kp) was calculated accordingly.

2.6. Isolation of primary chondrocyte plasma membranes

To isolate plasma membranes from primary chondrocytes, passage 1
(P1) chondrocytes were first washed with PBS, gently scraped, and
collected by centrifugation at 1500 rpm for 5 min. The cell membranes
were then extracted using a multistep differential centrifugation proto-
col (2000 rpm for 10 min, 5000 rpm for 10 min, and 15,000 rpm for
60 min), following sonication [32]. The collected membrane fraction
was resuspended in physiological saline and quantified using the BCA
(Pierce BCA Protein Assay Kit; Thermo). The final chondrocyte plasma
membrane preparation was stored at —80 °C until use.

2.7. Isolation of red blood cell (RBC) plasma membranes

To isolate RBC plasma membranes, whole blood was collected from
C57BL/6 mice. The blood was washed three times with PBS to remove
serum, followed by centrifugation at 5000 rpm for 5 min. The washed
RBCs were then resuspended in hypotonic (0.25x) PBS on ice to induce
membrane lysis. The cell lysate was centrifuged at 15,000 rpm for
20 min to remove hemoglobin. This lysis and centrifugation process was
repeated until the supernatant became clear, indicating effective he-
moglobin removal. The final RBC membranes were quantified using a
BCA assay and stored in physiological saline at —80 °C for future use.

2.8. Synthesis of PLGA-NPs-PM

PLGA nanoparticles loaded with PM were prepared using the
microemulsion method. Briefly, 25 mg of PLGA and 2.5 mg of pur-
morphamine were dissolved in 1 mL of DMSO, followed by the addition
of 2 mL of deionized water containing 1% PVA. The resulting mixture
was emulsified by probe ultrasonication in an ice-water bath for 10 min
using a 1-s on/2-s off pulse cycle. The emulsion was then centrifuged at
15,000 rpm for 30 min. The nanoparticles were washed three times with
deionized water, freeze-dried, and stored at —20 °C until use. To
determine the amount of encapsulated PM, 1 mg of lyophilized PLGA-
NPs-PM was dissolved in 1 mL of DMSO to completely disrupt the
nanoparticle structure and release the encapsulated drug. Subsequently,
200 pL of the solution was transferred to a 96-well plate, and fluores-
cence intensity was measured at 315 nm. The PM content was quantified
using a standard calibration curve and used for subsequent determina-
tion of encapsulation efficiency and drug loading capacity.

2.9. Preparation and characterization of CT-CM-NPs-PM

To prepare membrane-coated nanoparticles, RM vesicles, CM vesi-
cles, or CT-CM vesicles (80 pL, corresponding to 0.4 mg membrane
protein) were mixed with 200 pL of PLGA-NPs-PM suspension (corre-
sponding to 1.2 mg nanoparticles). The mixture was extruded through a
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400 nm polycarbonate membrane using a mini extruder for 20 cycles to
facilitate membrane coating. Excess unbound membrane was removed
by centrifugation at 15,000 rpm for 20 min. The resulting membrane-
coated nanoparticles (CM-NPs-PM, RM-NPs-PM, and CT-CM-NPs-PM)
were resuspended in physiological saline for subsequent use. Mem-
brane coating efficiency (MCE, %) was quantified using the BCA assay.
At a PLGA-to-membrane protein weight ratio of 3:1, the coating effi-
ciency reached approximately 90%. The physical characteristics of the
nanoparticles were evaluated using transmission electron microscopy
(TEM; Tecnai G2 Spirit BioTwin, Tools for NanoTech, FEI), dynamic
light scattering (DLS; Zetasizer Nano ZS-90, Malvern Instruments), and
zeta potential analysis (Zetasizer Nano ZS-90, Malvern Instruments).

2.10. Invitro cellular uptake of nanoparticles

Cellular uptake was evaluated using flow cytometry and confocal
laser scanning microscopy (CLSM). Primary chondrocytes and
RAW264.7 cells were seeded into observation dishes at a density of
1 x 10* cells per dish. Once the cells reached approximately 80%
confluence, the medium was replaced with DMEM containing DiR-
labeled PLGA-NPs, RM-NPs, CM-NPs, or CT-CM-NPs, followed by incu-
bation at 37 °C for 1 or 4 h. After incubation, the supernatant was
removed, and the cells were collected. A total of 1 x 10° cells were then
analyzed by flow cytometry (Attune NxT; Thermo Fisher Scientific,
USA). The data were analyzed using FlowJo (v.10.8.1). For CLSM,
chondrocytes were gently washed three times with PBS and fixed with
4% paraformaldehyde for 10 min, followed by another three PBS
washes. Subsequently, the cells were stained with FITC-phalloidin for
30 min and washed three times with PBS. Finally, the nuclei were
stained with DAPI for 30 min, followed by an additional three PBS
washes. Fluorescence images were acquired using a confocal microscope
as described [33] (Leica TCS SP8 DLS; Leica Microsystems).

2.11. Flow cytometry analysis of endocytosis pathways

To investigate the cellular internalization pathways of nanoparticles,
primary mouse chondrocytes were seeded in 6-well plates at a density of
1 x 10* cells per well and cultured overnight until reaching approxi-
mately 80% confluence. Cells were then pretreated with dynasore
(40 pM), nystatin (54 pM), cytochalasin D (10 pM), or rottlerin (2 pM)
for 30 min at 37 °C. Subsequently, DiR-labeled CM-NPs or CT-CM-NPs
were added at a final concentration of 100 pg/mL and incubated with
the cells for an additional 2 h. Following incubation, cells were washed
thoroughly with PBS, harvested, and analyzed by flow cytometry. A
total of 1 x 10° cells were collected for each sample, and the percentage
and fluorescence intensity of DiR-positive cells were quantified. Flow
cytometry data were analyzed using FlowJo software (v10.8.1) [27].

2.12. RT-qPCR analysis

Total RNA was extracted using the Trizol reagent (Vazyme, R401-
01), and reverse transcription was performed with the HiScript II Q
RT SuperMix (Vazyme, R223-01). Quantitative PCR was carried out
with the ChamQ Universal SYBR qPCR Master Mix (Vazyme, Q711-02)
on a QuantStudio 1 system (Applied Biosystems, Thermo Fisher Scien-
tific, USA). Gene expression levels were determined using the compar-
ative cycle threshold (Ct) method, with HPRT serving as the internal
control. Relative expression was calculated using the 2722t method.
The specific primers designed from mouse sequences for SYBR Green
detection are listed in Supporting Information (Table S1).

2.13. Western blotting
As described previously, membranes from primary chondrocytes

were lysed, mixed with SDS sample buffer, and heated at 95 °C for 5 min.
Equal amounts of protein were separated by SDS-PAGE (Sangon Biotech,
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151-21-3) and transferred onto PVDF membranes (Millipore,
IPVHO00010). The membranes were blocked with 5% nonfat milk and
incubated with primary antibodies overnight at 4 °C. After washing,
membranes were incubated with the appropriate secondary antibodies,
and immunoreactive bands were detected by enhanced
chemiluminescence.

2.14. In vivo biodistribution of nanoparticles

Each mouse received a single intravenous injection of DiR-labeled
PLGA-NPs, RM-NPs, CM-NPs, or CT-CM-NPs at a dose of 100 pg. For
in vivo biodistribution analysis, fluorescence imaging of the hind limbs
was performed using the IVIS Spectrum (PerkinElmer, USA) at 8, 16, 24,
48, and 72 h post-injection. For ex vivo biodistribution analysis, inde-
pendent cohorts of mice were sacrificed at the corresponding time points
following a single administration. Major organs, including the heart,
lungs, liver, spleen, kidneys, and femurs, were harvested for fluores-
cence imaging. In particular, distal femoral regions from both hind limbs
were collected and analyzed to evaluate nanoparticle accumulation
within the growth plate.

2.15. Frogzen sections of hard tissue

Following treatment with different nanoparticle formulations, fe-
murs were harvested from mice, fixed for 24 h, and washed with PBS.
Samples were then embedded in OCT compound (Sakura, 4582) and
frozen at —80 °C for 24 h. Prior to sectioning, the embedded blocks were
equilibrated at —20 °C for 20 min and mounted onto a cryostat (Leica,
Germany).Adhesive cryofilm tape (Leica, 39475214) was applied to the
target region, and hard-tissue frozen sections were prepared at a thick-
ness of 25 pm. Following sectioning, the tape carrying the tissue section
was placed onto glass slides precoated with adhesive resin (Norland,
NOAG63). The slides were subsequently exposed to ultraviolet light for
10-15 s to polymerize the adhesive into a solvent-resistant solid layer.
Finally, the adhesive tape was carefully removed, and the intact hard-
tissue frozen sections were subjected to subsequent staining and fluo-
rescence analyses.

2.16. Cartilage explants permeation

To investigate the penetration and retention of nanoparticles in the
cartilage, cartilage blocks were harvested from 7-day-old C57BL/6 mice
and cultured in DMEM supplemented with 10% FBS and 1% antibiotics
in 24-well plates at 37 °C and 5% CO». The explants were then treated
with different DiR-labeled formulations (200 pg/mL) for 48 h. To more
clearly assess nanoparticle penetration and retention within the carti-
lage explants, the tissues were transferred to 1.5 mL tubes and subjected
to 3-5 washes on a shaker, each lasting 30 min, to remove loosely bound
particles from the surface. The explants were subsequently embedded
and cryosectioned, followed by DAPI staining, and nanoparticle pene-
tration and retention were evaluated using confocal microscopy.

2.17. Multicellular cartilage spheroids

Multicellular cartilage spheroids were generated using the hanging
drop method. Briefly, chondrocytes were suspended in DMEM supple-
mented with 1.5% methylcellulose at a density of 1 x 10° cells/mL.
Aliquots of 20 pL cell suspension were carefully pipetted onto the inner
surface of a multiwell plate lid, which was then inverted and placed over
the corresponding dish. The cultures were maintained in a humidified
incubator at 37 °C with 5% CO,. After three days of incubation, spher-
oids were formed and subsequently collected into sterile 1.5 mL tubes
for further processing.
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2.18. Single-cell RNA sequencing analysis

After quality control and doublet removal, 19,823 high-quality sin-
gle cells from Fgfr3*/* and Fgfr3"376"/* (n = 3 per group) were retained
for downstream analysis, including 9083 cells from the Fgfr3"%7°”/+ and
10,740 cells from the Fgfr3™* group. Cells were filtered using Seurat
(version 5.0.3) based on the number of detected genes and mitochon-
drial transcript proportion. Specifically, genes expressed in fewer than
three cells were excluded, and cells with nFeature_RNA <500 or percent.
mt > 20% were removed. Potential doublets and multiplets were further
identified and excluded using DoubletFinder (version 2.0). Batch effects
across samples were corrected using Harmony (version 0.1).
Chondrocyte-related clusters were annotated according to canonical
markers, including Acan, Col2al, Col9al, and Col9a2, together with
cluster-specific marker genes. Differential expression analysis was per-
formed using the FindAllMarkers function in Seurat with the Wilcoxon
rank-sum test followed by Benjamini-Hochberg correction for multiple
testing. The raw and processed scRNA-seq datasets generated in this
study have been deposited in the NCBI Sequence Read Archive (SRA)
under BioProject accession number PRINA1463092.

2.19. Transcriptome sequencing

Total RNA was extracted from primary chondrocytes isolated from
Fgfr3V376P/+ mice following incubation with PBS or 1 uM PM for 24 h.
RNA sequencing was performed by GENEWIZ (Suzhou, China). Briefly,
poly(A)" mRNA was enriched from total RNA and used for cDNA library
construction, followed by paired-end sequencing (2 x 150 bp) on an
[lumina platform. Raw sequencing reads were processed using Fastp
(v0.24.1) for quality control and aligned to the reference genome using
HISAT2 (v2.2.1). Gene expression levels were quantified using HTSeq
(v0.6.1), and differential expression analysis was performed using
DESeq2 (v1.34.0). Genes with an absolute logs fold change >1 and a
false discovery rate (FDR) < 0.05 were considered differentially
expressed. Heatmaps and volcano plots were generated using R soft-
ware, and Gene Set Enrichment Analysis (GSEA) was performed to
identify significantly enriched biological pathways and signaling
processes.

2.20. In vivo experiments in HCH mice

Three-week-old male Fgfr3"/* and Fgfr3V37P/* mice were used in
this study. The mice were divided into six groups (n = 8 per group),
including a control group (Fgfr3*/* mice treated with PBS) and a PBS
group (Fgfr3"37°”/* mice treated with PBS), a PLGA-NPs-PM group
(Fgfr3"37°P/+ mice treated with PLGA-NPs-PM), an RM-NPs-PM group
(Fgfr3V376P/+ mice treated with RM-NPs-PM), a CM-NPs-PM group
(Fgfr3V376P/+ mice treated with CM-NPs-PM), and a CT-CM-NPs-PM
group (Fgfr3"376P/* mice treated with CT-CM-NPs-PM). For the treat-
ment groups, the indicated nanoparticles were administered via tail vein
injection at a dose of 1 mg/kg once every two days, while the control
groups received an equal volume of PBS. Body weight and body length
were recorded prior to each administration until the mice reached 8
weeks of age. At the end of the experiment (8 weeks of age), all mice
were sacrificed, and tissues including the heart, liver, spleen, lung,
kidneys, femurs, and serum samples were collected for subsequent
analyses.

2.21. u-CT and bone histomorphometry analysis

The right femurs were fixed in 4% paraformaldehyde for 24 h, fol-
lowed by dehydration in 75% ethanol for subsequent micro-CT analysis.
Cortical and trabecular bone morphometric parameters in the distal
femur were assessed using a high-resolution micro-computed tomogra-
phy system (uCT, SkyScan, USA). Image reconstruction was performed
using the NRecon software, and quantitative analysis was conducted
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with the CTAn program as described [34].
2.22. Bone tissue staining

Briefly, bone tissues were fixed in ice-cold 4% paraformaldehyde
overnight, decalcified in 0.5 M EDTA at 4 °C with constant shaking, and
subsequently embedded in paraffin wax. After deparaffinization and
hydration, sections were stained with Safranin O/Fast Green, Toluidine
blue and hematoxylin-eosin (H&E) according to a previously published
protocol [34]. Cartilage morphology in the growth plate region was
examined using a Motic VM1 digital microscope (Motic, China).

2.23. Statistical analysis

Data are presented as means + SD. Statistical significance between
two groups was determined using a two-tailed Student's t-test. For
comparisons among more than two groups, one-way analysis of variance
(ANOVA) followed by Tukey's post hoc test was performed. All statistical
analyses were conducted using GraphPad Prism 10.1. P < 0.05 was
considered statistically significant, denoted as *P < 0.05, **P < 0.01,
***P < (0.001, and ns (not significant) for P > 0.05. Each experiment was
independently repeated at least three times, and representative results
are presented.

3. Results
3.1. Preparation and characterization of CT-CM-NPs

To construct a chondrocyte membrane-based nanocarrier with both
circulation stability and efficient penetration into growth plate cartilage,
we employed a surface modification strategy. The cartilage-targeting
peptide WYRGRL, which exhibits high affinity for type II collagen
(COL 1), was selected as the targeting ligand for nanoparticle modifi-
cation [35,36]. DSPE-PEG-WYRGRL was synthesized by conjugating
WYRGRL to DSPE-PEGy-NHS via NHS ester-amine coupling, and suc-
cessful conjugation confirmed by HRESIMS (Fig. S1). To maintain the
surface characteristics of primary chondrocytes, P1 chondrocyte mem-
branes were isolated by ultrasonication and density gradient centrifu-
gation to preserve native chondrocyte properties, yielding CM vesicles
(Fig. S2). The obtained vesicles were subsequently mixed with DSPE--
PEGok-WYRGRL at a ratio of 2:1 to generate CT-CM vesicles (Fig. S3A).
To achieve efficient drug loading, PLGA nanoparticles (PLGA-NPs) were
prepared as the core of the delivery system and subsequently coated
with CT-CM vesicles via co-extrusion to obtain CT-CM-NPs (Fig. 2A).
Optimization of the PLGA-to-membrane ratio revealed that a 3:1 mass
ratio provided the most stable formulation, with a membrane coating
efficiency of 90% (Fig. S3B).

We then characterized the physicochemical properties of the pre-
pared nanoparticles. The diameters of PLGA-NPs, CM vesicles, CM-NPs,
and CT-CM-NPs were 128.40 + 11.06 nm, 189.60 + 6.76 nm,
141.86 + 15.39 nm, and 136.90 + 12.94 nm (Fig. S4A), respectively,
consistent with transmission electron microscopy (TEM) observations
(Fig. 2B). The corresponding zeta potentials were —19.89 + 1.03 mV,
-14.92 £+ 1.81 mV, —14.44 + 1.88 mV, and —15.32 + 2.44 mV
(Fig. 2C). CT-CM-NPs also showed good stability in both PBS and 10%
FBS over 8 days of continuous observation (Fig. 2D and Fig. S4B). SDS-
PAGE with Coomassie Brilliant Blue staining, together with Western
blotting, confirmed that key membrane proteins, particularly those
associated with cell-matrix and cell-cell interactions such as CD44,
integrin p1, integrin al, integrin a3, integrin a5, E-cadherin, and N-
cadherin were well preserved during the coating process (Fig. 2E and F).
To verify that the synthesized DSPE-PEG2,-WYRGRL retained its COL II-
targeting capability and to further extend its potential applicability
beyond previous studies, surface plasmon resonance (SPR) analysis was
performed using recombinant human Collagen alpha-1(II) chain
(hCOL2A1), given the high conservation between human and murine
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COL II proteins. Consistent with previous reports, DSPE-PEG,-WYRGRL
exhibited a dissociation constant (Kp) of approximately 1.2 pM toward
hCOL2A1 (Fig. 2G), indicating that the peptide modification remained
functional and preserved binding activity toward hCOL2A1. To further
confirm the successful incorporation of DSPE-PEG2,-WYRGRL into the
vesicle membrane, Fourier transform infrared spectroscopy (FTIR) and
fluorescence colocalization analyses were performed. FTIR spectra of
dried DSPE-PEG2,-WYRGRL, CM vesicles, and CT-CM vesicles revealed
that the modified vesicles exhibited a markedly enhanced peak around
~1100 cm™}, corresponding to the C-O-C stretching vibration of PEG,
together with increased signals at several additional characteristic
wavenumbers (Fig. 2H), supporting successful peptide incorporation.
For fluorescence validation, DSPE-PEGo,-WYRGRL-Cy5.5 was synthe-
sized by conjugating a Cy5.5 fluorophore to the WYRGRL peptide. The
successful conjugation was confirmed by 'H NMR, and its excitation and
emission maxima were determined to be 678 nm and 704 nm, respec-
tively, using a fluorescence spectrophotometer (Fig. S5), while vesicles
were labeled with DiO for colocalization analysis. The strong overlap
between Cy5.5 and DiO fluorescence signals further confirmed suc-
cessful surface modification of the vesicles (Fig. 2I). In addition, clear
fluorescence colocalization was observed between DiO-labeled CT-CM
vesicles and DiR-labeled PLGA-NPs, demonstrating successful encapsu-
lation of the PLGA core within the CT-CM vesicles (Fig. 2J). Collectively,
these results confirmed the successful fabrication of CT-CM-NPs.

3.2. Invitro cellular uptake of CT-CM-NPs by chondrocytes

To further evaluate the cellular uptake of CT-CM-NPs in vitro, we
conducted uptake studies in chondrocytes. Five types of nanoparticles
were constructed, namely PLGA-NPs, RM-NPs, CM-NPs, Trypsin-CM-
NPs, and CT-CM-NPs using red blood cell or chondrocyte membranes.
All nanoparticles were labeled with DiR and incubated with chon-
drocytes for 1 or 4 h, after which cellular uptake was assessed by flow
cytometry and confocal microscopy (Fig. 3A). CM-NPs exhibited higher
uptake than RM-NPs. However, after more than 80% of membrane
proteins were digested by trypsin treatment (Fig. S6A), the uptake ef-
ficiencies of the two groups became nearly comparable, indicating that
chondrocyte membrane coating enhanced nanoparticle internalization
by chondrocytes, and that this effect was primarily mediated by
membrane-associated proteins. Notably, CT-CM-NPs showed even
greater uptake than CM-NPs, suggesting that WYRGRL peptide modifi-
cation further promoted cellular uptake. To further investigate the un-
derlying mechanism, Col2al expression in chondrocytes was knocked
down using siCol2al (Fig. S6B). We found that removal of the extra-
cellular matrix combined with Col2al knockdown significantly reduced
the uptake of CT-CM-NPs by chondrocytes. These findings suggest that
WYRGRL modification primarily enhances nanoparticle enrichment
around chondrocytes through interactions with COL II, thereby facili-
tating subsequent cellular internalization (Fig. 3B and C). Collectively,
these results indicate that both peptide functionalization and membrane
coating contribute to the enhanced uptake of nanoparticles by chon-
drocytes. Confocal imaging after 4 h of incubation further corroborated
these findings (Fig. 3D and E).

To further investigate whether WYRGRL modification altered the
uptake pathway of CT-CM-NPs by chondrocytes, chondrocytes were
pretreated with pathway inhibitors including nystatin (caveolae-medi-
ated endocytosis inhibitor), cytochalasin D (phagocytosis inhibitor),
dynasore (clathrin-dependent endocytosis inhibitor), or rottlerin (mac-
ropinocytosis inhibitor). Subsequently, DiR-labeled CM-NPs or CT-CM-
NPs were incubated with the cells for 2 h, followed by flow cytometric
analysis. The results demonstrated that both CM-NPs and CT-CM-NPs
were primarily internalized through clathrin-mediated endocytosis
and macropinocytosis, consistent with previous reports [27]. Notably,
after WYRGRL modification, CT-CM-NPs exhibited an increased
dependence on the clathrin-mediated endocytosis pathway, suggesting
that surface peptide modification may influence the relative
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Fig. 2. Preparation and characterization of CT-CM-NPs. (A) Preparation process of CT-CM-NPs. (B) Hydrodynamic size distributions and representative TEM images
of PLGA-NPs, CM vesicles and CT-CM-NPs. Scale bar, 100 nm. (C) Zeta potentials of different nanoparticles (n = 5). (D) Stability of CT-CM-NPs. Changes in particle
size and zeta potential in PBS over 8 days (n = 3). (E) SDS-PAGE analysis of protein profiles in PLGA-NPs, CM vesicles, CM-NPs and CT-CM-NPs. (F) Representative
western blots analysis of membrane-associated proteins in PLGA-NPs, CM vesicles, CM-NPs, and CT-CM-NPs. Marker indicates molecular weight (kDa). (G) SPR
analysis of the interaction between DSPE-PEG2-WYRGRL and hCOL2A1. (H) FTIR analysis of DSPE-PEG.,-WYRGRL, CM vesicles, and CT-CM vesicles. (I) Repre-
sentative confocal images of colocalization between CM vesicles (green, DiO) and DSPE-PEG2,-WYRGRL (red, Cy5.5). Scale bar, 2 pm. (J) Representative confocal
images of colocalization between CT-CM vesicles (green, DiO) and PLGA-NPs (red, DiR). Scale bar, 2 pm. Statistical analysis was performed using one-way ANOVA
followed by Tukey's post-hoc test. Data are presented as mean + SD, ns: not significant,
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Fig. 3. In vitro uptake of CT-CM-NPs by chondrocytes. (A) Schematic representation of the in vitro cellular uptake experiment. (B) Flow cytometry analysis of DiR-
labeled PLGA-NPs, RM-NPs, CM-NPs, Trypsin-CM-NPs and CT-CM-NPs binding to chondrocytes, as well as CT-CM-NPs incubated with siCol2al-pre-treated chon-
drocytes, after a 1-h or 4-h incubation. (C) Quantification of the mean fluorescence intensity (n = 3). (D) Representative confocal images of chondrocytes after 4-h
incubation with DiR-labeled nanoparticles. Scale bar, 20 pm. (E) Quantitative analysis of mean fluorescence intensity from confocal images (n = 5). (F) Endocytosis
pathway analysis of DiR-labeled CM-NPs and CT-CM-NPs in chondrocytes. Cells were pre-treated with nystatin (caveolae-mediated), cytochalasin D (phagocytosis),
dynasore (clathrin-dependent), or rottlerin (macropinocytosis). (G) Relative fluorescence intensity of DiR-positive cells following inhibitor treatment (n = 3). Sta-
tistical analysis was performed using one-way ANOVA followed by Tukey's post-hoc test. Data are presented as mean =+ SD, ns: not significant, *P < 0.05, **P < 0.01,

and ***P < 0.001.
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contribution of specific uptake mechanisms (Fig. 3F and G). In contrast,
similar experiments in RAW264.7 cells revealed no significant differ-
ences among the membrane-coated nanoparticle groups, confirming the
chondrocyte-specific nature of this enhancement (Fig. S7).

3.3. Targeted delivery of CT-CM-NPs in vivo

Subsequently, we evaluated the in vivo targeting performance of the
nanoparticles. DiR-labeled PLGA-NPs, RM-NPs, CM-NPs, and CT-CM-
NPs were administered via tail vein injection, followed by fluores-
cence imaging of the right hindlimb at 8, 16, 24, 48, and 72 h post-
injection. In parallel, distal femurs from both hind limbs were har-
vested at the corresponding time points to assess fluorescence accumu-
lation within the growth plate regions (Fig. 4A and Fig. S8A). CT-CM-
NPs exhibited markedly superior targeting efficiency throughout the
entire administration period, suggesting that WYRGRL peptide modifi-
cation significantly enhances cartilage targeting. All groups gradually
reached peak accumulation in the target region at approximately 24 h
post-injection, followed by a progressive decline in fluorescence in-
tensity. Prior to 48 h, CM-NPs and RM-NPs exhibited comparable de-
livery efficiency in the hindlimb region. However, after 48 h, CM-NPs
showed relatively stronger fluorescence retention, which may be
attributable to enhanced particle retention mediated by the chondrocyte
membrane coating. Notably, although RM-NPs exhibited higher fluo-
rescence accumulation in the right hindlimb compared with PLGA-NPs,
no obvious difference in cartilage-region enrichment was observed be-
tween these two groups, indicating that red blood cell membrane
coating alone provided limited benefit for nanoparticle penetration or
retention within cartilage tissue. In contrast, CM-NPs displayed more
evident cartilage enrichment during the middle-to-late stages of circu-
lation, particularly after 24 h (Fig. 4B-E). Ex vivo organ imaging further
demonstrated that all nanoparticle formulations exhibited similar
overall metabolic trends, with fluorescence signals peaking at approxi-
mately 24 h followed by gradual clearance. Moreover, aside from the
unavoidable liver accumulation caused by nonspecific lipid uptake, the
modified nanoparticles exhibited markedly reduced accumulation in the
lung and spleen, while showing enhanced fluorescence distribution in
femoral regions, particularly around the distal femur, at multiple time
points (Fig. S8B and C). To further verify nanoparticle enrichment
within the growth plate, femurs were collected from mice 24 h after
treatment with different nanoparticle formulations, followed by hard-
tissue sectioning and fluorescence analysis of the growth plate region.
The results demonstrated prominent DiR fluorescence accumulation
within the growth plate in the CT-CM-NPs group (Fig. 4F and G).
Collectively, WYRGRL peptide modification primarily enhanced nano-
particle targeting and enrichment around cartilage tissue, whereas
chondrocyte membrane coating mainly contributed to prolonged par-
ticle retention within the target region.

3.4. Penetration and retention of nanoparticles in cartilage

Due to the structural characteristics of the growth plate cartilage,
conventional nutrients must enter and be taken up by chondrocytes
through diffusion. Therefore, an effective nanoparticle delivery system
should not only accumulate in the surrounding regions but also pene-
trate deeply into cartilage tissue. Previous studies have reported that
coating nanoparticles with chondrocyte membranes enables this process
by facilitating direct cell-matrix and cell-cell interactions. To assess the
cartilage penetration of CT-CM-NPs, we employed multicellular spher-
oids (MTS), a three-dimensional (3D) in vitro model that mimics native
cartilage tissue. Five types of DiR-labeled nanoparticles were incubated
with mouse chondrocyte MTS for 6 or 12 h, followed by confocal mi-
croscopy Z-stack imaging at 25-pym intervals (Fig. 5A). As a result,
fluorescence signals from PLGA-NPs, RM-NPs, and Trypsin-CM-NPs
were weak and mostly restricted to the spheroid surface, whereas CM-
NPs and CT-CM-NPs exhibited strong and comparable signals
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penetrating into deeper layers. Moreover, chondrocyte membrane
coating enabled the nanoparticles to progressively penetrate deeper into
the MTS over time, reaching the spheroid core. These findings indicate
that chondrocyte membrane coating markedly enhances nanoparticle
penetration within MTS (Fig. 5B and C).

To further validate these findings, we conducted studies using mouse
cartilage explants, which better replicate the dense native cartilage
structure and present a greater challenge to penetration. Immunofluo-
rescence analysis was used to evaluate nanoparticle retention and
penetration (Fig. 5D). After 48 h of incubation, explants treated with
CM-NPs or CT-CM-NPs displayed markedly greater nanoparticle reten-
tion and deeper penetration than those treated with PLGA-NPs, RM-NPs,
or Trypsin-CM-NPs, indicating that chondrocyte membrane coating
effectively enhances particle localization within cartilage. Notably, after
multiple washes of the explants to remove loosely bound nanoparticles,
fluorescence signals from PLGA-NPs, RM-NPs, or Trypsin-CM-NPs, were
nearly undetectable (Fig. 5E and F). Collectively, this result demon-
strates that chondrocyte membrane modification substantially enhances
nanoparticle retention and penetration in cartilage, providing an effec-
tive strategy for targeted drug delivery to growth plate cartilage. How-
ever, we were also surprised to find that surface peptide modification
conferred minimal additional benefit in penetration and retention.

3.5. Ciliogenesis defects and hedgehog pathway suppression in
Fgfr3v376D/+ mice

Consistent with our previous report, Fgfr3">7"/* mice modeling
HCH were generated using CRISPR/Cas9 [31] (Fig. 6A and Fig. S9). At 4
weeks of age (prepubertal stage), these mice displayed pronounced
developmental defects compared with Fgfr3™/* (wild-type littermates),
including reduced body length, shortened femurs, and markedly
decreased bone mass (Fig. 6B-H and Fig. S10). Histological analysis of
the growth plate cartilage revealed significant narrowing in Fgfr3"3762/+
mice, as shown by Safranin O/Fast Green and H&E staining (Fig. 61 and
J). Further H&E analysis indicated that this reduction was primarily
attributable to a decrease in the columnar zone (CZ) and hypertrophic
zone (HZ), accompanied by a partial expansion of the resting zone (RZ),
reflecting a pronounced shift toward quiescence in the growth plate
cartilage of HCH mice (Fig. 6K).

To further investigate the underlying mechanisms, cells were iso-
lated from the distal femur and proximal tibia of Fgfr3*/* and
Fafr3V376P/+ mice, followed by digestion, cell sorting, and single-cell
RNA sequencing (Fig. S11). Chondrocyte clusters were extracted for
downstream analysis, revealing significant transcriptional differences
between the two mouse models (Fig. 6L). Notably, genes related to
Hedgehog signaling and ciliogenesis were markedly downregulated in
Fgfr3V376D/+ chondrocytes (Fig. 6M and N). To validate these findings,
chondrocytes from 7-day-old mice were isolated, expanded in vitro, and
subjected to protein analysis (Fig. 60). Western blotting demonstrated
decreased expression of IHH (Hedgehog pathway protein) and Ace
o-tubulin (cilia-associated protein) in Fgfr3"37%?/* chondrocytes,
consistent with the single-cell RNA-seq results (Fig. 6P and Q). Histo-
logical sections and immunofluorescence staining further corroborated
the downregulation of Hedgehog signaling and impaired ciliogenesis in
the HCH mice (Fig. 6R-T). These phenotypes are consistent with prior
observations in ACH, though with relatively attenuated severity. Mod-
ulation of the Hedgehog signaling pathway has been reported to restore
primary ciliary function and alleviate skeletal abnormalities associated
with ACH [15]. Based on these findings, the Hedgehog pathway agonist
Purmorphamine (PM) was selected as a potential therapeutic agent for
the treatment of HCH [37,38]. To investigate the effects of PM on
chondrocytes, primary chondrocytes were isolated from P7 Fgfr3"376P/+
mice, treated with PM in vitro, and subsequently subjected to tran-
scriptomic analysis. The results revealed that PM markedly activated
Hedgehog signaling and multiple proliferation-related pathways,
accompanied by upregulation of genes associated with chondrocyte
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Fig. 4. Targeting ability of CT-CM-NPs to growth plate cartilage regions in vivo. (A) Schematic illustration of the in vivo targeting experiment. (B) Representative
IVIS images showing the biodistribution and retention of DiR-labeled PLGA-NPs, RM-NPs, CM-NPs, and CT-CM-NPs in the hind limbs at 8, 16, 24, 48, and 72 h post-
injection. (C) Quantitative analysis of normalized time-course fluorescent radiant efficiency in the hind limbs (n = 3). (D) Representative ex vivo IVIS images showing
the accumulation of DiR-labeled nanoparticles in the distal femoral cartilage regions of both hind limbs at 8, 16, 24, 48, and 72 h following a single intravenous
injection. (E) Quantitative analysis of normalized fluorescence radiant efficiency in the distal femoral regions over time (n = 6 from 3 mice). (F) Representative
confocal immunofluorescence images of hard-tissue cryosections from growth plate regions following different nanoparticle treatments. Nanoparticles (red, DiR),
nuclei (blue, DAPI). Scale bars, 20 pm. (G) Fluorescence intensity profiles of different nanoparticles across the growth plate region. Statistical analysis was performed
using one-way ANOVA followed by Tukey's post-hoc test. Data are presented as mean + SD, ns: not significant, *P < 0.05, and **P < 0.01.
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Fig. 6. Ciliary defects and Hedgehog pathway suppression in Fgfr3">7"* mice. (A) Schematic diagram of the generation of Fgfr3V>7"/* mice using CRISPR/Cas9.
(B) Representative images showing differences in naso-anal lengths between 4-week-old Fgfr3"/* and Fgfr3"*75?/* mice. Scale bars, 1 cm. (C) Quantification and
statistical analysis of naso-anal length (n = 5). (D) Representative X-ray images of Fgfr3*/* and Fgfr3"375?/*+ mice. Scale bars, 1 cm. (E and F) Representative images
and quantification of femur length in the same mice shown in C (n = 10 from 5 mice). Scale bars, 1 mm. (G) Representative pCT reconstruction images. Scale bars,
1 mm (left) or 250 nm (right). (H) Quantification of bone volume/tissue volume (BV/TV) and cortical thickness (Ct.Th) (n = 5). (I) Representative images of Safranin
O/Fast Green-stained growth plates. Scale bars, 100 pm. (J) H&E-stained sections of distal femoral growth plates. Scale bars, 100 pm. (K) Quantification of growth
plate zone heights (n = 5). (L) Volcano plot of differentially expressed genes (DEGs) in chondrocytes from Fgfr3"37°P/* and Fgfr3"/* mice (Log,FC > 1 and P < 0.05).
(M) Dot plot showing differential expression of cilia-related genes in Fgfr3">7"/* and Fgfr3*/*. (N) GSEA enrichment analysis of Hedgehog signaling in chondrocytes
from Fgfr3"376?/* and Fgfr3*/* mice. (O) Schematic illustration of the chondrocyte isolation procedure. (P) Representative Western blot analysis of IHH and Ace
a-tubulin expression. (Q) Quantitative analysis of the relative protein expression of IHH and Ace a-tubulin (n = 3). (R) Immunofluorescence staining of IHH (green)
and nuclei (DAPI, blue) in growth plates. Scale bars, 20 pm. (S) Quantitative analysis of IHH" area within growth plates relative to control (n = 5). (T) Immuno-
fluorescence staining of Ace a-tubulin (red) and nuclei (blue, DAPI) in growth plates. Scale bars, 20 pm. Statistical analysis was performed using unpaired two-tailed
s‘tudent's t-test. Data are presented as mean + SD, ns: not significant, **P < 0.01, and ***P < 0.001.

maturation and function. Consistently, protein-level validation demon- revealed that nanoparticles without membrane coating, or coated only
strated increased expression of the representative Hedgehog pathway with red blood cell membranes, had minimal effects on proliferation
marker GLI1 following PM treatment, further supporting activation of under 3D conditions. In contrast, chondrocyte membrane coating sub-
Hedgehog signaling in chondrocytes and suggesting that PM promotes stantially promoted spheroid growth, while targeted modification pro-
chondrocyte proliferation and maturation primarily through Hedgehog vided only limited additional benefit, likely because penetration was
pathway activation (Fig. S12). primarily dependent on the chondrocyte membrane (Fig. 7H and I).

Encouraged by the regulatory effects of PM on Hedgehog signaling Collectively, these results demonstrate that CT-CM-NPs-PM can effec-
and chondrocyte function, we further incorporated PM into our chon- tively activate the Hedgehog pathway, promote ciliogenesis, and
drocyte membrane-coated nanocarrier system to generate CT-CM-NPs- enhance chondrocyte proliferation in vitro.

PM, aiming to improve its systemic delivery efficiency and therapeutic
efficacy. The resulting biomimetic nanoparticles were subsequently
investigated in both in vitro and in vivo models to assess their thera-
peutic potential for the systemic treatment of HCH.

3.7. CT-CM-NPs-PM safely restores the cartilage phenotype and alleviates
developmental defects in HCH mice

For the in vivo experiments, 3-week-old Fgfr3™/* and Fgfr3"376P/+

3.6. CT-CM-NPs-PM promotes hedgehog pathway activation, ciliogenesis, mice were selected, as the critical developmental window in mice occurs
and chondrocyte proliferation in vitro between 3 and 8 weeks of age. Based on preliminary efficacy studies, the
in vitro release profile of PM, and its pharmacological activity, nano-

To achieve efficient delivery of PM to the growth plate cartilage of particles were administered via tail vein injection at a dose of 1 mg/kg
HCH mice, we constructed CT-CM-NPs-PM drug-loaded nanoparticles. every two days for five weeks. Body weight and body length were
Using a microemulsion method, the hydrophobic drug PM was suc- continuously monitored throughout the treatment period (Fig. 8A). The

cessfully encapsulated into PLGA. Optimization studies revealed that a results indicated that CT-CM-NPs-PM treatment significantly increased
PLGA:PM mass ratio of 10 yielded the highest encapsulation perfor- body length in Fgfr3"%7"/* mice, with the average body length reaching

mance, achieving an encapsulation efficiency of approximately 72.59% 8.94 cm, showing no significant difference compared with Fgfr3*/*
and a drug loading capacity of 7.73% (Fig. 7A and Figs. S13 and S14). mice. This therapeutic effect is likely attributable to the enhanced
The release profile of PM was sustained and stable, with about 68.18% of accumulation of nanoparticles within vertebral cartilage. In addition,
the drug released within two days. Notably, although sustained drug groups receiving nanoparticles coated with red blood cell membranes
release was not a primary objective in the design of this delivery system, also exhibited some improvement, possibly because vertebrae, which
both membrane coating and PEG modification moderately delayed PM contributes substantially to overall body length, are relatively more
release during in vitro release analysis (Fig. 7B). To evaluate biosafety, accessible to circulating nutrients and systemically delivered agents
PLGA-NPs-PM, RM-NPs-PM, CM-NPs-PM, and CT-CM-NPs-PM were (Fig. 8B and C, and Fig. S16A and B). Unlike the crawling locomotion of
tested in primary chondrocytes, ATDC-5 cells (a chondrocyte cell line), mice, the upright posture and bipedal walking of humans make long
and RAW264.7 cells. The results demonstrated that these nanoparticles bones a critical determinant of body height. Regarding femur length,
exhibited acceptable biocompatibility at the cellular level (Fig. 7C and membrane coating successfully enhanced drug delivery and improved
Fig. S15). long-bone phenotypes, while chondrocyte membrane coating and
Subsequently, we conducted in vitro validation experiments additional targeted modification further strengthened these therapeutic
(Fig. 7D). CT-CM-NPs-PM were co-incubated with chondrocytes to effects (Fig. 8D and E, and Fig. S16C). Histological analysis of femurs,
assess Hedgehog pathway activation. To better distinguish the drug in- including Safranin O & Fast Green, Toluidine Blue, and H&E staining,
duction efficiency under different loading modes, a short incubation revealed that CT-CM-NPs-PM promoted chondrocytes proliferation
protocol was applied, with drug removal after 4 h followed by an within the growth plate, particularly in columnar and hypertrophic
additional 2 days of culture prior to g-PCR analysis. Under these con- chondrocytes (Fig. 8F-I). Immunofluorescence staining of GLI1, PTCH1,
ditions, key Hedgehog target genes, including Ptchl, Glil, and Hhip, and Ace o-tubulin showed that Hedgehog signaling pathway was
were significantly upregulated. Chondrocyte membrane coating effectively activated under CT-CM-NPs-PM treatment, which in turn
conferred higher activation efficiency, and targeted modification further promoted ciliary regeneration in chondrocytes (Fig. 8J and K, and
enhanced this effect (Fig. 7E). We next isolated chondrocytes from Fig. S17). Subsequent Ki67 immunofluorescence further supported this
different mouse sources for in vitro nanoparticle incubation and observation, demonstrating a significant enhancement in the prolifera-
assessment of ciliogenesis, and found that PM alone modestly promoted tive capacity of chondrocytes (Fig. 8L and M).
cilia formation, whereas the combination of chondrocyte membrane The biosafety of this nanoparticle delivery platform was systemati-
coating and targeted modification markedly enhanced this effect, in line cally evaluated. Hemolysis assays and H&E staining of major organs
with Hedgehog pathway activation (Fig. 7F and G). To further mimic in showed no signs of toxicity (Fig. 9A-C and Fig. S18). Subsequent ELISA
vivo chondrocyte proliferation, MTS of uniform size were generated experiments indicated that cell membrane coating effectively reduced
using the hanging-drop method, incubated with nanoparticles for 12 h, the immunogenicity of the nanoparticles, while targeted modification
and subsequently cultured for 3 days. Analysis of spheroid diameters further enhanced their biocompatibility to some extent (Fig. 9D and E).
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Cytotoxicity of PLGA-NPs-PM, RM-NPs-PM, CM-NPs-PM, and CT-CM-NPs-PM against chondrocytes after a 24-h incubation at indicated concentrations (n = 5). (D)
Schematic illustration of the in vitro validation workflow of CT-CM-NPs-PM. (E) Relative expression levels of Hedgehog target genes (Ptchl, Glil, and Hhip) in
chondrocytes treated with different nanoparticles (n = 3). (F) Representative immunofluorescence images of Ace a-tubulin (red) and nuclei (blue, DAPI) in chon-
drocytes after nanoparticle treatment. Scale bars, 20 pm. (G) Quantitative analysis of cilia-positive cells (n = 5). (H) Representative images of MTS treated with
different nanoparticles. Scale bars, 200 pm. (I) Quantitative analysis of MTS diameter variation (n = 6). Statistical analysis was performed using one-way ANOVA
followed by Tukey's post-hoc test. Data are presented as mean + SD, ns: not significant, *P < 0.05, **P < 0.01, and ***P < 0.001.
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Fig. 8. CT-CM-NPs-PM restores cartilage phenotype and alleviates developmental defects in Fgfr3V>75?/* mice. (A) Schematic diagram of the in vivo validation
workflow for CT-CM-NPs-PM. (B) X-rays of mice subjected to different treatments. Scale bars, 1 cm. (C) Quantitative analysis of naso-anal lengths of mice (n = 8). (D)
Representative femur length images of the same mice shown in C. (E) Quantitative analysis of the femur length (n = 16 from 8 mice). (F) Representative images of
Toluidine blue staining of mouse GPs. Scale bars, 100 pm. (G) Representative images of SO&FG staining of GPs. Scale bars, 100 pm. (H) Pictures of H&E-stained
sections of mouse GPs. Scale bars, 100 pm. (I) Quantitative analysis of GP zone heights in mice (n = 5). (J) Immunofluorescence staining of Ace a-tubulin (red) and
nuclei (blue, DAPI) in GPs treated with different nanoparticles. Scale bars, 20 pm. (K) Quantitative analysis of Cilia-positive cells (n = 5). (L) Immunofluorescence
staining of Ki67 (yellow) and nuclei (blue, DAPI) in GPs of mice. Scale bars, 20 pm. (M) Quantitative analysis of Ki67-positive cells within GPs, relative to control (n
= 5). Statistical analysis was performed using one-way ANOVA followed by Tukey's post-hoc test. Data are presented as mean + SD, ns: not significant, *P < 0.05,

**p < 0.01, and ***P < 0.001.

Additional biochemical parameters were all within normal ranges,
providing further evidence for the safety of this delivery system
(Fig. 9F-I). Collectively, these findings demonstrate that the CT-CM-
NPs-PM platform enables safe and efficient drug delivery, activates
Hedgehog signaling, promotes ciliogenesis, and restores growth plate
function, thereby mitigating developmental defects in HCH mice.

4. Discussion

Systemic cartilage disorders are characterized by widespread carti-
lage lesions, which significantly limit the applicability of current ther-
apeutic approaches. Among them, the growth plate cartilage region
represents one of the most challenging targets for systemic therapy due
to its limited nutrient supply. At present, most cartilage-related studies
and therapeutic strategies focus on localized repair of articular cartilage,
whereas systemic treatment strategies targeting the entire cartilage
system remain underdeveloped, resulting in the absence of effective and
standardized therapeutic options for such diseases. In our previous
work, we reported the human HCH phenotype caused by the
FGFR3%%82D/* mutation and established a corresponding Fgfr3"3760/+
mouse model [31,39]. This mutation induces severe cartilage abnor-
malities, including defects in bone mass, bone length and, body length.
Further studies revealed that FGFR3 mediates disease progression by
impairing chondrocyte autophagy and promoting HSPB6-mediated
cuproptosis, providing potential therapeutic targets. However, in vivo
validation of these strategies has been hampered by the inability to
efficiently deliver drugs to growth plate cartilage, leading to unsatis-
factory therapeutic outcomes.

An ideal delivery system for growth plate cartilage should, following
administration, traverse the complex systemic circulation, reach target
tissues, and achieve sufficient penetration to enable effective drug
release deep within the cartilage. Such a nanoplatform must simulta-
neously ensure circulation stability, low immunogenicity, and specific
targeting and penetration of cartilage. Cell membrane-based biomimetic
technology provides a promising solution by coating nanoparticles with
natural membranes, thereby reducing immunogenicity and enhancing
circulation stability [40]. To date, this approach has primarily employed
circulating cell membranes including erythrocytes, neutrophils and
macrophages, with relatively little focus on resident cells [41-43]. Even
in cases where resident cell membranes have been used, most studies
have aimed at crossing biological barriers, without fully considering the
intricate interactions between resident cells and their microenvironment
shaped by long-term evolution [19]. These interactions may offer sig-
nificant value and application potential for drug delivery. Given its
specialized extracellular matrix and unique cellular microenvironment,
cartilage presents a particularly promising target for exploration in this
context [44,45]. Unlike conventional delivery systems, exemplified by
liposomes [46], which are generally designed as standardized and
broadly applicable platforms, cell membrane-based delivery systems are
inherently more adaptable and can be tailored to specific diseases and
biological contexts. Leveraging these distinctive features may open up
new possibilities for cartilage-targeted therapies.

In the present study, we have fully considered the relationship be-
tween chondrocytes and their matrix and sought to address develop-
mental abnormalities in Fgfr3"37%?’* mice by constructing a growth
plate-targeted delivery system based on cell membrane coating and
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surface modification, generating CT-CM-NPs. We systematically char-
acterized their physicochemical properties, validated their targeting
capacity both in vitro and in vivo, and assessed cartilage penetration
using MTS and cartilage explant. Single-cell transcriptomic analysis of
Fafr3V376P/+ mice revealed downregulation of the Hedgehog signaling
pathway and abnormal ciliogenesis. To overcome these defects, we
encapsulated the Hedgehog pathway agonist PM within CT-CM-NPs,
obtaining CT-CM-NPs-PM. Using this system, we successfully upregu-
lated Hedgehog pathway activity of growth plate chondrocytes, pro-
moted ciliogenesis, and improved both cartilage phenotypes and overall
development in mutant mice.

Despite these promising findings, several limitations should be
noted. First, this systemic cartilage-targeted delivery platform was
validated in a single disease model of HCH. Given the heterogeneous
etiologies of systemic cartilage disorders, further studies are needed to
confirm its applicability across different disease models. Second, our in
vivo analyses primarily focused on the distal femoral growth plate,
while HCH also involves multiple regions, including craniofacial and
oral bone development, which require more comprehensive evaluation
in future work. Third, although -cartilage-targeting modifications
improved delivery, some accumulation of nanoparticles in non-target
organs was observed. In addition, resident cell membrane coatings
may pose a higher risk of immunogenicity due to the potential incom-
plete removal of intracellular components, particularly genetic mate-
rials [47]. These findings highlight the need for improved targeting
strategies to enhance specificity and reduce off-target distribution, such
as the incorporation of peptides with higher cartilage affinity. Finally,
due to the difficulty of obtaining human growth plate cartilage samples
in clinical practice, we were unable to validate the functionality of the
nanoparticles in human-derived samples during in vitro studies, which
limits translational extension. Encouragingly, recent advances in carti-
lage organoid technology may provide a promising human-relevant
platform for evaluating targeting efficiency and therapeutic efficacy in
future studies, thereby facilitating subsequent clinical translation [48].

5. Conclusion

In conclusion, we developed a systemic cartilage-targeted delivery
system in which WYRGRL modification enabled selective targeting of
cartilage tissue during systemic administration, while the primary
chondrocyte membrane coating endowed the nanoparticles with
enhanced retention and penetration within the cartilage, including the
avascular and alymphatic growth plate cartilage. By integrating the
complementary functions of peptide modification and membrane cam-
ouflage, the platform achieved efficient delivery to cartilage tissue.
While maintaining a favorable safety profile, the system is capable of
delivering the Hedgehog pathway agonist PM to growth plate cartilage,
thereby partially rescuing cartilage defects in Fgfr3"37%P/* mice.
Collectively, this work provides new insights for the clinical manage-
ment of HCH. Further optimization and expansion of this platform may
offer a reliable and versatile option for systemic drug delivery in carti-
lage diseases.

Ethics approval and consent to participate

All animal experiments were conducted in compliance with
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