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Abstract

Cartilage cannot self-repair and thus regeneration is a promising approach to its repair. Here we 

developed new electrospun nanofibers, made of poly (ε-caprolactone)/polytetrahydrofuran (PCL-

PTHF urethane) and collagen I from calf skin (termed PC), to trigger the chondrogenic 
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differentiation of mesenchymal stem cells (MSCs) and the cartilage regeneration in vivo. We 

found that the PC nanofibers had a modulus (4.3 Mpa) lower than the PCL-PTHF urethane 

nanofibers without collagen I from calf skin (termed P) (6.8 Mpa) although both values are within 

the range of the modulus of natural cartilage (1–10 MPa). Both P and PC nanofibers did not show 

obvious difference in the morphology and size. Surprisingly, in the absence of the additional 

chondrogenesis inducers, the softer PC nanofibers could induce the chondrogenic differentiation in 
vitro and cartilage regeneration in vivo more efficiently than the stiffer P nanofibers. Using 

mRNA-sequence analysis, we found that the PC nanofibers outperformed P nanofibers in inducing 

chondrogenesis by specifically blocking the NF-kappa B signaling pathway to suppress 

inflammation. Our work shows that the PC nanofibers can serve as building blocks of new 

scaffolds for cartilage regeneration and provides new insights on the effect of the mechanical 

properties of the nanofibers on the cartilage regeneration.
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1. Introduction

Cartilage lacks the ability to self-repair after significant lesions or disease. This problem has 

challenged orthopedic surgeons for decades [1]. As mesenchymal stem cells (MSCs) are 

multipotent with low immunogenicity and self-renewal capability, and can differentiate into 

a variety of cells such as chondrocytes, osteoblasts, cardiomyocytes and etc., they have been 

widely used in cartilage tissue engineering [2,3]. Although stem cells hold promise in 

cartilage regeneration, directed differentiation through cell-scaffold interaction is seldom 

reported. A better understanding of the interaction between MSCs and the matrices is of 

fundamental importance to stem cell-based therapy of cartilage defects.

It is known that mechanical signals from materials have a profound impact on the lineage 

specification of MSCs [4–6]. The matrix stiffness is one of the most important physical 

attributes of the solid extracellular matrix (ECM) and directs the lineage specification of 

naive MSCs [7,8]. For instance, matrix with intermediate stiffness resembling the elasticity 

of muscle tissue induce myogenic commitment, while relatively hard matrix mimicking 

collagenous bone cause commitment to an osteogenic lineage specification [7,9]. For 

chondrogenic differentiation in the presence of growth factors, less stiff substrates, including 

natural, synthetic or hybrid materials, are preferable [10]. MSCs on soft substrates have a 

greater expression of chondrogenic markers COL2A1/ACAN and a lower expression level 

of non-chondrogenic marker COL1A1 [11–13]. However, these scaffolds induced 

chondrogenic differentiation in the presence of growth factors. Currently, the mechanical 

properties of most scaffolds can hardly be tuned to match the stiffness of natural cartilage 

(1–10 MPa) [14,15]. Appropriate substrate that can trigger chondrogenesis in the absence of 

cytokines and growth factors has not been reported yet, not to mention the corresponding 

signaling pathways, probably because the substrates do not have cartilage-like mechanical 

property.
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Poly (ε-caprolactone) (PCL) is one of the most exclusively investigated polymers that has 

been engineered into electrospun nanofibers for cartilage tissue engineering applications. 

PCL is a biodegradable aliphatic linear polyester approved by FDA. It can be made into 

nanofibers by electrospinning [16]. Electrospinning is an established processing method for 

producing nanofibrous structures that mimic the native extra cellular matrix. Compared to 

other tissue engineering scaffolds, electrospun nanofibers exhibit several advantages, such as 

high surface area and high porosity. By adjusting the solution parameters and spinning 

conditions, electrospinning can easily control the fiber properties, including the diameter, 

structure, surface and mechanical properties of the fibers for constructing scaffolds to 

facilitate the differentiation of stem cells into different types of cells including osteoblasts 

[17], neuronal cells [18], chondrocytes [19], and cardiomyocytes [20]. PCL can be easily 

synthesized with polytetrahydrofuran (PTHF) to form PCL-PTHF copolymers [21]. Other 

components such as 1,4-butanediol (1,4-BD) [22] and 2-ureido-4 [1H]-pyrimidinone (UPy) 

[23] were incorporated into PCL-PTHF. One of the most important features of most PCL-

PTHF-based fibers is that they are soft and elastic with the Young’s modulus [22,23] almost 

within the range of natural cartilage (1–10 MPa) [3,14,24]. However, PCL-PTHF has never 

been applied to chondrogenesis and cartilage tissue engineering probably because PCL-

PTHF lacks bioactivity, which is unfavorable for cell differentiation.

To fill this gap, here we synthesized novel soft and elastic electrospun nanofiber membranes 

made of PCL-PTHF polyurethane and calf skin derived type I collagen. The resultant 

nanofibers exhibited a stiffness similar to natural cartilage. We then investigated their 

potential in chondrogenesis and cartilage repair (Fig. 1). The PCL-PTHF polyurethane 

without and with type I collagen is termed as PCL-PTHF (P) and PCL-PTHF/collagen (PC), 

respectively. We found that P and PC nanofiber membranes, especially PC, induced 

chondrogenic differentiation and promoted cartilage regeneration efficiently. We also 

explored the signaling mechanisms by which the matrix stiffness induces chondrogenesis.

2. Materials and methods

2.1. Synthesis and characterization of poly(PCL-PTHF urethane)

All reagents were obtained from Sigma-Aldrich (Billerica, MA, USA) without further 

purification. Mn of the poly (ε-caprolactone)-diol (PCL-diol) and poly (tetrahydrofuran 

carbonate) diol (PTHF-diol) was ca. 2000. The nuclear magnetic resonance (NMR) and 

differential scanning calorimetry (DSC) analysis of PCL-diol and PTHF-diol are described 

in Figure S1 and Table S1. Poly (PCL-PTHF urethane) was synthesized from PCL-diol and 

PTHF-diol using hexamethylenediisocyanate (HDI, 98%) as a coupling reagent and a 1/1 

ratio of HDI and the reactive OH groups. The synthesis method is generally similar to those 

reported by our group [25,26]. The yield was greater than 80% after isolation and 

purification. The obtained poly (PCL-PTHF urethane) was characterized by 1H NMR and 

gel permeation chromatography (GPC).

2.2. Electrospinning to form nanofibers

Poly (PCL-PTHF urethane) and calf skin derived collagen type I (Advanced Biomatrix, CA, 

USA) were mixed in 1,1,1,3,3,3-hexafluoro-2-propanol at a mass ratio of 90:10 between 
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poly (PCL-PTHF urethane) and collagen type I. This mass ratio was chosen because the 

poly (PCL-PTHF) already displayed a desired mechanical property and only a small amount 

of collagen was needed to improve its bioactivity. The total concentration of the solution was 

5% (w/v). After 72 h of stirring, the solution was transferred into a 10 ml syringe. 

Electrospinning was conducted at a pumping ratio of 1 ml/h and a voltage of 12 kV. The 

resultant nanofibers (termed PC nanofibers) were collected onto a collector wrapped with an 

aluminum foil (15 cm away from the needle tip) and dried overnight. Neat poly (PCL-PTHF 

urethane) nanofibers, termed P nanofibers, were prepared in the absence of collagen using 

the same parameters.

2.3. Nanofibers characterization

The surface topographies of the electrospun fibers were characterized using scanning 

electron microscopy (SEM, JSM6700F, JEOL, Japan). The mechanical properties, including 

tensile strength (σTS), Young’s modulus (Е) and elongation at break (εb), were measured 

using a uniaxial tensile testing technique with a 10-N load capacity at a rate of 10 mm/min. 

Thermogravimetric analysis (TGA) and DSC were used to determine the thermal properties, 

including enthalpy change (ΔHm) and crystallinity (Xc).

2.4. Cell culture and cell seeding

MSCs were derived from the femoral marrow of 7-day-old Sprague Dawley rats. The 

newborn Sprague Dawley rats were sacrificed by an overdose injection of pentobarbital 

sodium salt (Solarbio, Beijing, China). Bilateral femurs were harvested with the proximal 

and distal ends snipped off. Then, the femoral marrow cavities were washed with alpha-

modified Eagle’s medium (α-MEM, Gibco, Beijing, China) and 1% penicillin-streptomycin 

(Solarbio, Beijing, China). The extracted MSCs were cultured in the culture media 

containing α-MEM, 10% fetal bovine serum, and 1% penicillin/streptomycin. The medium 

was changed every 2 or 3 days.

Passage 3 MSCs were seeded on the P and PC nanofiber membranes that were placed in 24-

well plates (Corning, NY, USA) at a density of 2 × 104 cells/cm2 respectively. The cells 

cultured on glass coverslips (GC) at the same cellular density were used as controls. The 

cell-scaffold composites were cultured in the normal culture medium containing α-MEM, 

10% FBS and 1% penicillin-streptomycin. Samples were harvested after 7, 14 and 21 days, 

respectively, for subsequent analyses.

2.5. Scanning electron microscope (SEM) detection

Cells on the scaffolds were observed using SEM. After 7, 14 and 21 days of culturing, the 

samples were fixed using 2.5% glutaraldehyde at 4 °C for 2 h after being washed three times 

using PBS. Then, the fixed samples were gradually dehydrated, and freezedried. After being 

sprayed with gold, the samples were observe dusing JEOL (Tokyo, Japan) JSM-6300V at 10 

kV.
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2.6. Cell viability and proliferation assay

After 7, 14 and 21 days of culturing, the cell viability was tested using a LIVE/DEAD® 

Viability/Cytotoxicity Kit (Thermo Fisher, MA, USA). Cell proliferation was assessed using 

a standard DNA content analysis [27].

2.7. Measurement of glycosaminoglycan (GAG) secretion

GAG was quantified using a 1,9-dimethylmethyleneblue (DMMB) spectrophotometric 

assay. Briefly, cells cultured on the scaffolds were suspended in 1 ml PBS, which contained 

proteinase K (0.2 μg), and incubated at 60 °C for 10 h followed by enzymolysis with 0.25% 

trypsin after 7, 14 and 21 days, respectively. Then, the cell pellets were incubated with 16 

mg/L DMMB (Sigma-Aldrich, Billerica, MA, USA). Finally, a microplate reader was used 

to measure the absorbance at 525 nm [28]. The GAG content was normalized to the DNA 

content of the cells.

2.8. Immunofluorescence staining

After 21 days of culture, collagen type II expression was verified by immunohistochemistry 

using a primary antibody against collagen II (Boster, Wuhan, China, 1:100). The samples 

were washed and a secondary antibody (Goat Anti-Rabbit IgG H&L). Cell nuclei was 

stained using DAPI (Solarbio, Beijing, China). Fluorescence images were captured using an 

Olympus fluorescence microscope (BX53, Olympus, Japan).

2.9. Animal procedure

A total of sixty Sprague Dawley rats (200–300 g, aged 8–10 weeks) were used in this study. 

All animal procedures were approved by the Animal Ethics and Welfare Committee of 

Guangxi Medical University. The animals were housed in a controlled environmental (25 

± 3 °C, 40–60% relative humidity) and provided with food and water normally.

Animals were anesthetized by intraperitoneal injection with sodium pentobarbital. The 

patellar tendon was detached, allowing the patellar groove to be exposed on the chondral 

surface. A defect (2 mm × 1.5 mm) at the center of the patella groove was pared on the 

surface using a scalpel. The cartilage defects were covered with the following materials: (1) 

non-treated (Control); (2) P nanofiber membranes (2 mm × 1.5 mm) seeded with MSCs (1 × 

105 cells/mm2); (3) PC nanofiber membranes (2 mm × 1.5 mm) seeded with MSCs (1 × 105 

cells/mm2). After surgery, the patella was repositioned again, followed by suturing of the 

incisions. Intramuscular antibiotics (Cephalexin, 50 mg/kg × 3 for 24 h) were administered 

postoperatively.

2.10. Gross observation and grading

The animals were sacrificed on week 4 and 8 after the surgery. The repaired articular 

cartilage was harvested. The morphological evaluation was based on the ICRS [29].

2.11. Histological staining and analysis

After macroscopic observation, the engineered cartilages were fixed in 4% 

paraformaldehyde for 48 h and then decalcified using EDTA. The tissues were then 
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characterized by standard hematoxylin-eosin staining (HE), Masson’s trichrome, Safranin O/

Fast green staining, and immunohistochemistry. Images were taken using a microscope 

(BX53, Olympus, Japan). ICRS Visual Histological Assessment Scale was adopted to grade 

the repaired tissues [30].

2.12. Transcriptome sequencing (mRNA-seq) and analysis

Total RNA from MSCs after 21 days of culture on the nanofiber scaffolds and glass 

coverslips was purified and then analyzed by Chi Biotech (completed by Chi Biotech, 

Shenzhen, China). Then, 2 μg of RNA was taken to establish database according to 

VAHTSTM mRNA-seq Kit protocol. Briefly, the mRNA separation/fragmentation reaction 

was performed at 94 °C for 5 min, and then a 200–300bp fragment was inserted using the 

hold fragmentation program at 4 °C. After the synthesis and purification of double stranded 

cDNA, the DNA termini were repaired and connected to each other. To perform library 

amplification, the total DNA was screened to isolate 320–420 bp strands after further 

purification. Finally, fragments were amplified through polymerase chain reaction (PCR).

Data quality control was performed using Fastqc. Quantitative mapping was performed 

using fanse2 algorithm (parameter: -E 5%, -I 0, -S 13) with Rat_rn6_refMrnaas a reference 

library. The edge R (Version: 3.12.0) software was used to screen out the different genes. 

The screening threshold was 2 times the difference multiple. p < 0.05 was considered 

significant. Finally, the KEGG pathway analysis was performed using David (https://

david.ncifcrf.gov/).

2.13. Real-time fluorescent quantitative polymerase chain reaction (RT-qPCR)

In each PCR reaction, 1 μL cDNA was used to PCR by mixing with 10 μL of Mastermix 

(Life Technologies, USA), 1.4 μL of forward primer, 1.4 μL of reverse primer and 6.2 μL of 

DNase/RNase-free H2O in a total volume of 20 μL at the annealing temperature. β-actin 

(Actb) was chosen as an internal reference. The primers included the following genes (Table 

S2): SRY (sex determining region Y)-box 9 (Sox9), collagen type II (Col2a1), collagen type 

I (Col1a1), aggrecan (Acan), lymphotoxin beta (Ltb), tumor necrosis factor receptor 

associated factor 1 (Traf1) vascular cell adhesion molecule 1(Vcam1), matrix 

metallopeptidase (Mmp)-13 and Actb.

2.14. Aomic force microscope (AFM) characterization

AFM characterization was performed on a BL-AC40TS model (Asylum Research, Oxford 

Instruments Company, Santa Barbara, CA, USA). According to the manufacturer’s 

instruction, the cantilevers have a Force Constant of 0.05–1.2 N/m, a Resonant Frequency of 

50–350 kHz and a Radius of Curvature of 9 nm. Cantilevers were pre-incubated in integrin 

β1 (Sino Biological Inc., Shanghai, China) at a concentration of 10 μg/ml 10 μM PF-573228 

(MedChem Express, NJ, USA) was used for focal adhesion blocking. Young’s modulus was 

detected and calculated.
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2.15. Statistical analysis

The results are expressed as the mean ± standard deviation. The data were evaluated by a 

one-way ANOVA and Tukey’s t-test using SPSS 16.0 (IBM, USA) with p < 0.05 as a 

significance level.

3. Results and discussion

3.1. Fabrication of the electrospun nanofibers

The synthesis route of poly (PCL-PTHF urethane) is shown in Fig. 2A. The successful 

synthesis of the copolymer was confirmed using 1H NMR. As shown in Fig. 2B, the 

appearance of a strong signal was detected at 1.35 ppm (Fig. 2B–a), 1.62 ppm (Fig. 2B–b), 

2.30 ppm (Fig. 2B–c) and 4.05 ppm (Fig. 2B–e) corresponding to the α-, β-, γ-, and ε-

methylene protons in PCL chains, respectively. The characteristic chemical shifts of PTHF 

were observed at 1.50 ppm (Fig. 2B-a’) and 3.41 ppm (Fig. 2B–d) corresponding to the 

methylene protons. Based on the integrated areas of peak a’ and b’, the poly (PCL-PTHF 

urethane) was made of PCL (91.4%) and PTHF (8.6%). The Mn and Mw of the polymer 

were determined to be 60.6 kDa and 195.0 kDa, respectively, by gel permeation 

chromatography (GPC).

The solution concentration and electrospinning parameters were optimized to obtain bead-

free nanofibers. As shown in Fig. 2C and Table 1, 5% poly (PCL-PTHF urethane) in HPF 

generated randomly oriented P nanofibers with a fiber diameter of 523 ± 129 nm while the 

addition of collagen resulted in the formation of PC nanofibers with a diameter 444 ± 67 nm. 

Small particles were observed on the PC nanofibers probably due to the deposition of 

collagen. Such collagen particles could increase the surface roughness and favor cell 

attachment. More importantly, collagen could prevent MSCs transformation and mimicked 

triplehelices similar to hyaline cartilage and therefore promote MSCs differentiation into 

chondrocytes [31,32].

The DSC curves (Table 1 and Fig. 2D) showed that P nanofibers had a Tm of 34 °C and Xc 

of 28.8%, and the addition of collagen to form PC did not alter the Tm but decreased their 

Xc. The PC nanofibers had the lower Xc of 24.3%. The results indicated that the 

incorporation of collagen interfered the crystallization of PCL segments. Collagen is a 

structural protein composed of polypeptide chains and self-organized in a unique 3D 

architecture (triple helix). Unlike PCL-PTHF, collagen does not have a specific melting 

temperature but only displays a denaturing temperature of ~40 °C. The polypeptide chains in 

the triple helix of collagen are rigid and hard to move. Therefore the addition of such 

biopolymer reduced the ability of molecular chains to move in the fiber system. Also 

collagen is a big biomolecule with a relatively high molecular weight, which may decrease 

the nucleation ability of PCL segments.

The tensile test (Table 1 and Fig. 2E) showed that the P nanofibers presented a typical stress-

strain curve of an elastic material with σTS of 7.4 ± 1.1 MPa, Е of 6.8 ± 1.5 MPa and εb of 

138 ± 18%. Comparing to P nanofibers, the PC nanofibers had a lower value of σTS (5.8 

± 0.9 MPa) and Е (4.3 ± 0.7 MPa). Namely, PC nanofibers are softer than the P nanofibers 

and both have a modulus within the range of natural cartilage. The degree of polymer’s 
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crystallinity is highly related to its mechanical properties. A highly-crystalized polymer 

always exhibits a high stiffness and strength, while a material with a low degree of 

crystallinity is commonly soft and weak. The reason is that the crystallinity reduces the 

degree of freedom for the molecular chains to move. Here, the addition of collagen reduced 

the movement capability of the molecular chains and decreased the crystallinity degree of 

the system, which weakened the mechanical strength of PC nanofibers. In addition, PCL-

PTHF and collagen have a low binding energy between each other. Under the deformation, 

cracks tended to form at the interface, therefore leading to the softer behavior of PC 

nanofibers.

3.2. Regulating chondrogenesis in vitro by P and PC nanofiber membranes

The morphology of MSCs on the scaffolds was analyzed using SEM (Fig. 3). On the glass 

coverslips (GC) control, cells exhibited a stretched, long, spindle-shaped, fibroblast-like 

morphology during the culture period. On Day 21, a portion of the cells on P nanofiber 

membranes became round on day 21, while they were flat and spindle-like on day 7 and 14. 

However, on the PC nanofiber membranes, the MSCs gradually became more spherical and 

displayed chondrocyte-like morphology on day 21. The results indicate that the topography 

of P and PC nanofibers, especially PC, may better support cell aggregation and thus promote 

chondrogenic phenotype of MSCs [33].

Viable and dead cells were assessed by a calcium AM/PI staining kit (Fig. 4A) and 

quantified (Fig. 4B). In each group, cells proliferated over time. The results demonstrated 

that PC nanofiber membranes supported the survival of more MSCs than the P nanofibers 

mem-branes and GC because more live cells and fewer dead cells were found on the PC 

nanofiber membranes. Clumps of cells were also observed on day 14 and 21 on the PC 

nanofiber membranes. PC nanofibers enhanced MSC proliferation, which may be due to the 

increase of cell-adhesive properties by collagen that contains various amino acids and forms 

triple-helices [32]. As shown in Fig. 4C, DNA contents increased in a time-dependent 

manner among all the groups. At each time point, the DNA content was decreased in the 

order of PC, P and GC. Among all the groups, the DNA content was the greatest in the PC 

groups. The glycosaminoglycan (GAG) content was assessed to quantify cartilaginous 

matrix production by MSCs on the scaffolds. The GAG expression increased significantly 

over time in all groups (Fig. 4D). Among the groups, GAG content was increased in the 

order of GC, P and PC at each time point. The increase on the PC nanofiber membranes was 

201.82%, 412.03% and 271.36% compared with GC on day 7, 14 and 21, respectively.

Immunofluorescent staining (Fig. 4E) for collagen type II, which is specific for cartilage, 

also showed a significantly increased accumulation of collagen type II on the P and PC 

nanofiber mem-branes after 21 days of culture with PC showing more accumulation than P. 

Namely, among all the groups, MSCs on PC produced the most abundant extracellular 

matrix that was rich in collagen type II.

Expressions of Acan, Col2a1, Sox9 and Col1a1 gene were measured using RT-qPCR to 

assess the chondrogenic differentiation of MSCs on the scaffolds. As shown in Fig. 4F, the P 

and PC nanofiber membranes promoted the expression of cartilage specific genes (Acan, 
Col2a1 and Sox9) during the culture time compared with GC. For each time point, the 
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expression of these genes was increased in the order of GC, P and PC, suggesting that PC 

nanofibers increased the expression of cartilage-specific genes the most prominently among 

all groups over the time. In addition, the expression of Col1a1, which is a fibrocartilage 

marker, was downregulated in contrast to the expression of cartilage specific genes by the 

nanofibers, with the PC nanofibers downregulated the expression of the fibrocartilage 

marker most. The results indicate that the cell aggregation induced by a soft matrix similar 

to the cartilage matrix may recapitulate the in vivo scenario during the chondrogenesis. This 

confirmed the earlier hypothesis that a cell fate towards the chondrogenic lineage is more 

favored on the softer substrates [34].

3.3. P and PC nanofiber membranes promoted cartilage regeneration in vivo

The above results show that PC nanofiber membranes might better support cartilage repair 

than the P nanofibers membranes. To evaluate the cartilage repair capacity in vivo, P and PC 

nanofiber membranes were used to repair 2 mm × 1.5 μm defects on the surface of the 

patellar groove of rat femurs. No inflammation and synovial hyperplasia were detected after 

4 and 8 weeks by gross examination of knee joints (Fig. 5A). After 4 weeks, the non-treated 

group exhibited only a few neo-tissues in the defect, and these tissues had a distinct 

boundary with the surrounding cartilage. The defects in the P groups contained neo-tissue 

that was connected with the surrounding tissue. In contrast, repaired tissues that were glossy 

white were almost connected with the neighboring tissue in the PC group. However, only 

small fissures were found in the defect center.

After the scaffolds were transplanted for eight weeks, we still could find defects in the center 

with a loose boundary in the control untreated group. White neo-tissue was connected with 

the neighboring tissue in the P group. Moreover, the defects in the PC group were improved 

by filling of cartilage-like tissue. We deter-mined the International Cartilage Repair Society 

(ICRS) scores from macroscopic observations. The PC group presented the highest overall 

scores, 8.67 ± 0.57 and 11.3 ± 0.58 at 4 weeks and 8 weeks, respectively. The scores were 

decreased in the order of PC, P and non-treated group (Fig. 5B).

Histological evaluation was performed 4 and 8 weeks after the surgery (Fig. 5C-E). After 4 

weeks of therapy, severe erosion was observed in the non-treated group (Fig. 5CeD and 

Figure S1). In contrast, newly formed tissues were present in the both P and PC groups with 

minor inflammatory cells indicating the favorable biocompatibility of the scaffolds. The 

newly formed tissues were primarily composed of fibrous tissue with a loose and detached 

interface in the P group. In the PC group, the tissue was fibrocartilage-like and was 

integrated with the surrounding tissue more tightly than other groups. After 8 weeks, the 

neo-tissue was primarily composed of fibrous tissue with a loose and detached interface in 

the untreated group. However, the tissues repaired using P and PC nanofiber membranes 

were hyaline cartilage with round cells in the lacuna and were well integrated with the sur-

rounding tissues. Specifically, the PC engineered cartilage exhibited a more uniform and 

compact tissue with more round cells in the lacuna than the other groups.

These results were also confirmed by the histological scores (Fig. 5E). At postoperative 

week 4 and 8, the mean score of the defect treated using the PC nanofiber membranes was 

greater than that treated using the P nanofiber scaffolds, which was greater than when the 
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defect was left untreated. The mean scores in the PC group were determined to be 11.33 

± 1.53 and 14.33 ± 0.58 on week 4 and 8, respectively (Fig. 5E). Immunohistochemistry 

assays were performed to evaluate the protein levels of collagen type II (Fig. 5F).

The results showed almost negative staining in the repaired tissue of the untreated groups. 

Weakly positive staining of the repaired tissues was present in the P group after 4 weeks of 

therapy. How-ever, after 8 weeks, strong positive staining was shown in P group. Stronger 

positive immunohistochemical staining of collagen (type could be noted in the tissue 

repaired using the PC nanofiber membranes after 4 and 8 weeks than the other groups. The 

results indicated that PC nanofiber membranes with moderate stiffness and favorable 

biocompatibility are ideal scaffolds for cartilage regeneration.

3.4. P and PC nanofiber membranes directed chondrogenesis through a series of 
signaling pathways associated with stem cell differentiation

An mRNA-seq analysis was performed after 21 days of culture in vitro. As shown in Fig. 

6A, there were 1085 and 1927 differentially expressed mRNAs in the P and PC groups, 

respectively, whereas the GC group had 104 intersectional genes. We carried out the analysis 

of the KEGG pathways where the intersectional target genes were involved. The analysis 

was done by the DAVID tool using 2 gene counts as a threshold under a p-value less than 

0.05. By this approach, we found 7 high-degreed signaling pathways associated with 

chondrogenesis induced by P and PC membranes (Table 2, Fig. 6B) including cytokine-

cytokine receptor, NF-kappa B, Toll-like receptor, TNF, Jak-STAT, Fc gamma R-mediated 

phagocytosis and phagosome. These pathways are involved with stem cell differentiation 

[35–37]. A heat map of the predicted target genes that were highly enriched in the 7 

signaling pathways is shown in Fig. 6C. As shown in Fig. 6D, among the 7 signaling 

pathways, the most genes were found in the cytokine-cytokine receptor pathway, indicating 

its pivotal role in chondrogenesis induced by P and PC membranes. The results indicate that 

P and PC nanofibers may play a role similar as growth factors in triggering the signaling 

cascades from cell-to-cell interactions during chondrogenic differentiation.

3.5. PC nanofiber membranes specifically suppressed NK-kappa B signaling pathway to 
promote chondrogenic differentiation

Further mRNA-seq analysis was performed to investigate the difference between the P and 

PC nanofiber membranes. As shown in Fig. 7A, 863 differentially expressed mRNAs were 

present in the MSCs cultured on PC vs. P. There were 4 signaling pathways that were highly 

enriched in the PC group (Fig. 7B). Specifically, the enrichment score of the NK-kappa B 

signaling pathway were 3.25 in the PC group. The associated molecules in these pathways 

were analyzed using a cluster assay (Fig. 7C). Most of the genes in the heatmap were 

enriched in the NK-kappa B signaling pathway. To verify the results of mRNA-seq analysis, 

the mRNA levels of Ltb, Traf1, Vcam1 and Mmp13 were validated using RT-qPCR. As 

shown in Fig. 7D, expression of Ltb, Traf1, Vcam1 and Mmp13 was significantly lower in 

the PC group than in the P group. The down-regulation of the non-specific genes correlates 

with the upregulation of the cartilage-specific genes Col2a1, Acan and Sox9 on day 21 (Fig. 

4D).
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The suppression of chondrogenesis by IL-1 beta and TNF alpha has been reported to be 

associated with a marked activation of NF-kappa B, which was suppressed by the delivery of 

NF-kappa B inhibitor [38]. NF-kappa B can block the expression of Sox9 [39] and down 

regulate the expression of the TGF-β receptor II, both of which are essential for 

chondrogenesis [40]. In the NF-kappa B signaling pathway, lymphotoxin beta (Ltb), tumor 

necrosis factor receptor associated factor 1 (Traf1), vascular cell adhesion molecule 1 

(Vcam1), and matrix metallopeptidase (Mmp)-13 are down-regulated while cartilage 

specific markers Sox9, Col2a1 and Acan are upregulated by PC compared with P. It has been 

reported that Ltb is an inducer of the inflammatory response system, which induces the 

expression of Vcam1 [41] or Traf1 [42] or Mmp13, [43] contributing to inflammation and 

prevention of Sox9-based chondrogenesis [44]. Findings from Anghelina et al. [45] and 

Futosi et al. [46] support our explanation and suggest that a physiologically low level of 

mechanical loading has anti-inflammatory effects through the downregulation of Ltb, Traf1, 
Vcam1 and Mmp13 and simultaneously enhances matrix synthesis (Acan and Col2a1) in the 

cartilage/chondrocyte microenvironment. Il-17 is reported as a downstream molecule of 

Traf1, and both are pro-inflammatory mediators [47]. As shown in Fig. 7E, a lower amount 

of Il-17 is expressed in the engineered cartilage of PC group than in that of P group, 

demonstrating that PC enhanced chondrogenesis by suppressing pro-inflammatory 

mediators.

As indicated by the AFM studies (Fig. 7F), the cells cultured on both the P and PC 

membranes were stimulated by integrin β1 modified cantilevers, similar to normal 

chondrocytes [48]. Specifically, the stiffness of the cells on the PC nanofibers was closer to 

normal chondrocytes than that on the P nanofibers. However, those non-stimulated cells 

were shown on GC, close to normal MSCs [49]. After the cells cultured on the GC, P and 

PC nanofibers were blocked by a Focal adhesion inhibitor (PF-573228), their Young’s 

modulus did not present significant differences determined using cantilevers with or without 

integrin β1 modified. The results indicated that PC nanofibers promoted the chondrogenic 

differentiation by activating the mechanotransduction via integrin β1-FAK pathway to 

suppress inflammation (Fig. 8).

4. Conclusion

In conclusion, our study provides compelling evidence that cartilage-mimicking electrospun 

PC nanofiber membranes have the potential to induce the chondrogenic differentiation of 

MSCs and are favorable scaffolds for cartilage resurfacing. We also identified the differential 

expression transcript profiles during chondrogenic differentiation. Specifically, the softer PC 

nanofibers show the better chondrogenic potential than the stiffer P nanofibers because of 

the suppression of the NF–kappa B signaling pathway to suppress inflammation. Our studies 

provide a reference for under-standing the precise role and mechanism of the mechanical 

cues controlling differentiation of MSCs.
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Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. 
Schematic description of cartilage-mimicking electrospun PC nanofiber membranes for 

inducing chondrogenic differentiation and cartilage regeneration.
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Fig. 2. 
Synthesis and characterization of the electrospun nanofibers. (A)The synthesis route of poly 

(PCL/PTHF urethane). (B) 1H NMR spectrum of poly (PCL/PTHF urethane). (C) SEM of P 

and PC nanofibers. Scale bar: 5 μm. (D) Heat flow of P and PC nanofibers. (E) Tensile test 

of P and PC nanofibers.
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Fig. 3. 
The morphology of MSCs on the electrospun P and PC nanofiber membranes for different 

periods of time was analyzed using SEM. GC is used as control. Scale bar: 10 μm.
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Fig. 4. 
P and PC nanofiber membranes induced chondrogenesis of MSCs in vitro. (A) Cell viability 

of MSCs cultured on the scaffolds. (B) Quantification of cell viability of (A), n = 3. (C) 

DNA content of MSCs cultured on the scaffolds. (D) GAG content of MSCs cultured on the 

scaffolds. (E) Immunofluorescent staining for collagen type II in MSCs cultured on the 

scaffolds. Scale bar: 150 μm (F) mRNA expression of Acan, Col2a1, Sox9 and Col1a1 of 

MSCs cultured on the scaffolds. Mean ± SD; n = 3; *,# indicate p < 0.05, **, ## indicate p < 

0.01, ***, ### indicate p < 0.001.
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Fig. 5. 
P and PC nanofiber membranes with seeded MSCs for repairing cartilage defects in vivo. 

(A) Gross graphics of engineered cartilage. (B) Gross score of the engineered cartilage. (C) 

HE staining of the engineered cartilage. (D) Safranin O/Fast Green staining of the 

engineered cartilage. (E) Histological score of the engineered cartilage. Scale bar: 150 μm. 

(F) Immunohistochemical staining for collagen type II of the engineered cartilage. Scale bar: 

150 μm. The black arrows in (C) (D) and (E) indicate the interface between the repaired 

tissues and the original cartilage. Mean ± SD; n = 5; * and # indicate p < 0.05, ** and ## 
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indicate p < 0.01, *** and ### indicate p < 0.001. (For interpretation of the references to 

colour in this figure legend, the reader is referred to the Web version of this article.)
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Fig. 6. 
Transcriptome profiles of chondrogenic differentiation of MSCs driven by P or PC nanofiber 

membranes. (A) Volcano plots of MSCs on P or PC membranes vs. MSCs on GC. (B) 

KEGG Enrichment Score of MSCs on P or PC membranes vs. MSCs on GC. (C) Heatmap 

of MSCs on P or PC membranes vs. MSCs on GC. (D) Gene counts of the 7 signaling 

pathways associated with P and PC membranes.
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Fig. 7. 
Enhanced chondrogenic differentiation of MSCs by PC nanofiber membranes. (A) Volcano 

plots of gene expression significantly influenced by PC on day 21. (B) KEGG Enrichment 

Score of PC vs. P on day 21. (C) Heatmap of PC vs. P on day 21. (D) mRNA expressions of 

Ltb, Traf1, Vcam1 and Mmp13 in both P and PC groups on day 21 using RT-PCR analysis. 

Mean ± SD; n = 3; *** indicate p < 0.001. (E) Immunohistochemical staining for Il-17 of 

the engineered cartilage. Scale bar: 150 μm. The black arrows indicate the interface between 

the repaired tissues and the original cartilage. (F) The histograms of Young’s modulus 

obtained from AFM characterization of (a) untreated MSCs, (b) PF-573228 blocked MSCs 

after 6 h, (c) MSCs with AFM cantilever was functionalized by integrin β1, and (d) 

PF-573228 blocked MSCs after 6 h and with AFM cantilever was functionalized by integrin 

β1. The cells were cultured on the GC, P and PC nanofibers.
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Fig. 8. 
The schematic graphic of the mechanism underlying chondrogenesis driven by PC nanofiber 

membranes. PC induced chondrogenic differentiation through several possible pathways, 

including cytokine-cytokine receptor interaction (dominant), Toll-like receptor, TNF, Jak-

STAT, Fc gamma R-mediated phagocytosis signaling and phagosome. Particularly, inhibition 

of the NF–kappa B signaling pathway to suppress inflammation is specific for PC induced 

chondrogenesis.
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