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INTRODUCTION
Cartilage diseases affect a large population worldwide and are associated with a significant burden to patients and society. Osteoarthritis (OA) is the most common chronic joint disorder and the fastest growing cause of disability. Cartilage focal defects, predisposing to early OA and degeneration impair the function of many joints, including the articular joint, intervertebral disc and temporomandibular joint. Presently, no effective therapy is available, except for palliative care primarily used to delay invasive and often suboptimal surgical interventions. Regenerative medicine therapies directed at the early stage of osteoarthritis, and tissue engineering approaches to reconstruct cartilage defects provide great potential for cartilage and joint repair in the future. This current research topic represents a collected series of articles in this field. Highlights are summarized below.
RESEARCH TOPIC HIGHLIGHTS
Liu et al. provided a timely review describing the factors that affect cartilage homeostasis and function, and the emerging regenerative approaches that are informing the future treatment options. Tissue engineering approaches combining cell and biomaterial strategies to reconstruct the complex and functional cartilage tissue are still under active research. Two review articles in the current topic have described the use of 3D printing technology in cartilage tissue reconstruction in general (Perera et al.) and for irregularly shaped cartilage in particular (Wang et al.). Electrospun gelatin/polycaprolactone (GT/PCL) nanofiber membranes at optimum GT/PCL ratio were used to support in vivo cartilage regeneration from autologous chondrocytes in a swine model (Zheng et al.). Also xenogeneic acellular cartilage matrix (ACM) materials encapsulated with autologous chondrocytes showed capacity to promote cell proliferation and cartilage formation in goat, with only a minor immune-inflammatory response (Jia et al.). This provides scientific evidence for future clinical application of ACM in cartilage tissue engineering. Next to biomaterials, appropriate cell sources are important for cartilage repair. Combined physioxia and fibronectin adherence have shown to select and propagate a meniscus progenitor population that can potentially be used to treat meniscal tears or defects (Pattappa et al.). Additional stimuli can further enhance the cartilage repair potential of cells. For example, a magnetic field applied to magnetic nanoparticles-loaded cells decreased cellular senescence and enhanced chondrogenic capability of adipose-derived mesenchymal stem cells (Labusca et al.). Senescence can also be targeted using a senolytic peptide, fork head box O transcription factor 4-D-Retro-Inverso (FOXO4-DRI), which removed the senescent cells among chondrocytes (Huang et al.).
Last but not least, appropriate animal models for OA are still lacking and play a pivotal role in the development of regenerative therapies. Bi et al. have established an model combining transection of the anterior and posterior cruciate ligaments, and the meniscus, and a cartilage defect in rhesus macaques, which closely resembled the pathophysiological processes of spontaneous knee OA in humans.
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Autologous chondrocyte implantation (ACI) is a procedure used to treat articular cartilage injuries and prevent the onset of post-traumatic osteoarthritis. In vitro expansion of chondrocytes, a necessary step in ACI, results in the generation of senescent cells that adversely affect the quality and quantity of newly formed cartilage. Recently, a senolytic peptide, fork head box O transcription factor 4-D-Retro-Inverso (FOXO4-DRI), was reported to selectively kill the senescent fibroblasts. In this study, we hypothesized that FOXO4-DRI treatment could remove the senescent cells in the expanded chondrocytes, thus enhancing their potential in generating high-quality cartilage. To simulate the in vitro expansion for ACI, chondrocytes isolated from healthy donors were expanded to population doubling level (PDL) 9, representing chondrocytes ready for implantation. Cells at PDL3 were also used to serve as the minimally expanded control. Results showed that the treatment of FOXO4-DRI removed more than half of the cells in PDL9 but did not significantly affect the cell number of PDL3 chondrocytes. Compared to the untreated control, the senescence level in FOXO4-DRI treated PDL9 chondrocytes was significantly reduced. Based on the result from standard pellet culture, FOXO4-DRI pre-treatment did not enhance the chondrogenic potential of PDL9 chondrocytes. However, the cartilage tissue generated from FOXO4-DRI pretreated PDL9 cells displayed lower expression of senescence-relevant secretory factors than that from the untreated control group. Taken together, FOXO4-DRI is able to remove the senescent cells in PDL9 chondrocytes, but its utility in promoting cartilage formation from the in vitro expanded chondrocytes needs further investigation.

Keywords: chondrocyte, senescence, autologous chondrocyte implantation, senolytic, FOXO4-DRI


INTRODUCTION

Autologous chondrocyte implantation (ACI) is a biomedical treatment that repairs cartilage injury in the knee joint, which has been shown to reduce pain and facilitate mobility recovery (Kreuz et al., 2019). It has also been reported that an ACI procedure may prevent the progression of early osteoarthritis in patients with cartilage injuries (Jungmann et al., 2019). However, it is noted that the clinical outcome of ACI is still variable (Andriolo et al., 2017), and the reasons have not been fully demonstrated. Given that implanted chondrocytes are responsible for the generation of new cartilage in the defect site, it is not surprising that the quality of these cells critically affects the reparative results of ACI treatment (Davies and Kuiper, 2019).

Typically, ACI involves harvesting cartilage, isolating chondrocytes, expanding cells in vitro, and re-implanting over an articular cartilage defect. In order to collect a sufficient number of cells for implantation, isolated chondrocytes usually undergo an extensive expansion from 0.1–0.2 million to 40–60 million (Huang et al., 2016). During this period, cultured chondrocytes gradually lose the proliferative capacity and the potential of generating the cartilage-specific matrix, a phenomenon known as dedifferentiation (Sassi et al., 2014). Moreover, the number of senescent cells also increase with culture time, resulting in a loss of division capabilities, resistance to apoptosis, and the acquisition of a robust proinflammatory secretome known as the senescence-associated secretory phenotype (SASP) (Jeon et al., 2018). The representative SASP factors include pro-inflammatory cytokines, chemokines, and proteases, which can cause an imbalance in cartilage hemostasis, resulting in degradation or other dysfunctions (Li and Pei, 2012). In fact, transplanting senescent cells into mice knee joint has been found to induce an osteoarthritis-like change (Xu et al., 2017).

Thus, selectively removing senescent cells in chondrocytes is crucial to assure the quality of cells for ACI. Currently, several senolytics were reported to kill senescent cells (Di Micco et al., 2021). FOXO4-DRI is a peptide antagonist designed to perturbs the interaction of FOXO4 and p53. Disrupting the p53-FOXO4 interaction causes p53 to be excluded from the nucleus and directed to mitochondria for induction of apoptosis in senescent cells, ultimately eliminating senescent fibroblasts through triggering apoptosis (Baar et al., 2017). Whether this novel senolytic can remove senescent chondrocytes, thus finally enhancing the reparative outcome of ACI has not been reported.

In this study, we tested the hypothesis that FOXO4-DRI treatment can selectively remove senescent cells in expanded human chondrocytes, thus enhancing their potential to generate high-quality cartilage. Specifically, to simulate the in vitro expansion for ACI, human chondrocytes were expanded to a population doubling level (PDL) 9 to represent chondrocytes ready for implantation. Cells at PDL3 were used as the minimally expanded control. The senescent levels of PDL3 and PDL9 chondrocytes were assessed by senescence-associated beta-galactosidase (SA-β-gal) staining and qRT-PCR analysis of senescence-associated marker genes. Then both PDL3 and PDL9 chondrocytes were treated with FOXO4-DRI for 5 days. Afterward, cell phenotype was examined by testing their senescence level and cartilage formation capacity.



MATERIALS AND METHODS


Isolation and in vitro Expansion of Human Chondrocytes

Human chondrocytes were isolated from de-identified knee articular cartilage without signs of osteoarthritis or injury. Tissues were obtained through the National Disease Research Interchange (Philadelphia, PA) with approval from the University of Pittsburgh Committee for Oversight of Research and Clinical Training Involving Decedents (CORID). To isolate chondrocytes, fresh articular cartilage tissues were rinsed with basal medium (BM), consisted of high glucose Dulbecco’s modified Eagle’s medium (DMEM, Gibco/Thermo Fisher Scientific, Waltham, MA, United States), with 2 × Antibiotics-Antimycotics (anti-anti, Life Technologies, Carlsbad, CA, United States) and then cut into ∼1 mm3 pieces. The cartilage particles were digested with collagenase type II (0.2% w/v in BM, Worthington Biochemical, Lakewood, NJ, United States) in a 37°C shaker overnight. After passing through the 70 μm cell strainer (BD Falcon, Bedford, MA, United States), the cell suspension was centrifuged at 300 × g for 5 min. Cells resuspended in the growth medium (GM, DMEM containing 10% fetal bovine serum (FBS, Life Technologies) and 1% anti-anti), and the single cells were seeded in a cell culture flask. GM was replaced every 3 days. After chondrocytes reached 80–90% confluency, the cells were dissociated with Trypsin/EDTA (Gibco/Thermo Fisher Scientific) and passaged. The chondrocytes used in this study were isolated from eight donors (15-, 70-, 73-years-old female, and 42-, 69- and 70-years-old male) without the sign of cartilage degradation. For our studies, chondrocytes were expanded in vitro in GM and incubated at 37°C with 5% CO2. Chondrocytes were passaged at 80–90% confluency.



Population Doubling Level Calculation

To calculate the PDL, a formula was used as follows: n = 3.32 (log UCY −log I) + X, where n is the final PDL at the end of a given subculture, UCY is the cell yield at that point, I is the cell number used as inoculum to begin that subculture, and X is the PDL of the inoculum used to initiate the subculture being quantitated (Pham et al., 2020). According to the formula, both UCY and I are recorded after each passage. Cell number was assessed by hemocytometer counting.



SA-β-Galactosidase Staining

Cells were seeded in 6-well microplates at 4 × 104 cells/well. Cellular senescence was assessed by SA-β-galactosidase staining (SA-β-gal staining) using senescence β-galactosidase Staining Kit (Cell Signaling Technology, Beverly, MA, United States) according to the manufacturer’s instructions. Cells stained blue under an optical microscope were counted as positive cells, and DAPI counterstain was used to count the total cell number. The percentage of SA-β-gal staining-positive cells was calculated in at least 3 random fields.



CCK-8 Assay

Chondrocytes were plated at 3 × 103 cells/cm2 in 24-well microplates with growth medium. The ability of proliferation was assessed by a Cell Counting Kit-8 (CCK-8, Dojindo, Rockville, MD, United States) at different time points post-plating. For counting, each condition was plated in triplicate. At each time point, 1/10 volume of culture medium per well CCK-8 solution reagent was added, incubated at 37°C for 3 h, and the absorbance was measured at 450 nm using a microplate reader.



RNA Extraction and qRT-PCR Detection

Chondrocytes were plated at 3 × 103 cells/cm2 in 6-well microplates (monolayer culture) with GM after treatment. Total RNA was harvested from monolayer and pellet cultures at different time points using Qiazol (Qiagen, Germantown, MD, United States) and purified with RNeasy Plus Universal Mini Kit (Qiagen, Cat. No. 74104) according to the manufacturer’s protocol. Then cDNA was synthesized using SuperScriptTM IV VILOTM Master Mix (Invitrogen, Waltham, MA, United States) and diluted 10–1 by DNase/RNase-Free Distilled Water (Invitrogen). A 20 μl mix, containing 8 μl of cDNA sample, 10 μl of SYBR Green PCR Master Mix (Thermo Fisher Scientific), and 2 μl of 10 mM forward primer and reverse primer mixture was used to performed Quantitative RT-PCR with a StepOne Plus Real-time PCR system (Applied Biosystems, Foster City, CA, United States). The relative gene expression was calculated using the 2–ΔCT method by Ribosomal protein L13a (RPL13α) gene, and the fold change was expressed by 2–ΔΔCT. For all real-time RT-PCR experiments, each condition was in triplicate. Full name and abbreviation of genes and proteins tested in this study are shown in Supplementary Table 1. Sequences of primers for qRT-PCR are listed in Supplementary Table 2.



Drug Treatment

In this study, we used FOXO4 D-Retro-Inverso peptide (FOXO4-DRI, NovoPro, Shanghai, China) and ABT-263 (Apexbio Technology, Houston, TX, United States) to selectively remove the senescent chondrocytes. The final concentration of FOXO4-DRI and ABT-263 was 25 and 1.25 μM in 2% FBS basal medium. The duration of treatment was 5 days. After treatment, cells were maintained in GM for 2–3 days before analysis.



Caspase-3/7 Staining

5 × 103 cells/cm2 chondrocytes were plated in 24-well microplate and cultured with GM. Fluorescent staining for casepase3/7 was done using CellEventTM Caspase-3/7 Green Detection Reagent Kit (Thermo Fisher Scientific). Diluted reagent was added to cells after treatment and incubated for 30 min at 37°C. Cells were viewed under a fluorescence microscope. Apoptotic cells appeared as bright green, while non-apoptotic cells did not show any signal.



Western Blot

Total proteins were extracted in RIPA buffer (Sigma-Aldrich) that was supplemented with protease inhibitor cocktail (100× Sigma-Aldrich). The protein concentration was measured by BCA kit (Thermo ScientificTM PierceTM BCA Protein Assay Kit, Waltham, MA, United States). The samples were diluted in RIPA, mixed with Laemmli buffer (Bio-Rad, Hercules, CA), and then denatured at 95°C for 5 min. Proteins were fractionated electrophoretically on NuPAGETM 4–12% Bis-Tris Polyacrylamide Gel (Invitrogen) and then transferred to a polyvinylidene fluoride (PVDF) membrane using the iBlot Dry Blotting System (Invitrogen). The membrane was blocked with 3% non-fat milk (BioRad, Hercules, CA, United States) at room temperature for 1.5 h, washed, and incubated with primary antibodies (Supplementary Table 3) at 4°C overnight on a rotating shaker. On the next day, after the membrane was washed with TBST for five times, HRP-conjugated secondary antibody (Thermo Scientific) was applied for 1.5 h at room temperature. Finally, the membrane was incubated in SuperSignal West Dura Extended Duration Substrate (Thermo Fisher Scientific Pierce Protein Biology) and imaged with ChemiDocTMTouch Imaging system (BioRad).



Three-Dimensional Pellet Culture of Chondrocytes

For the 3D pellet culture of chondrocytes, 2.5 × 105 cells were used to form one pellet. Cells were seeded in 96-well MicroWell round-bottom plates (Thermo Fisher Scientific). And then the plate was centrifuged at 300 g for 10 min to condense chondrocytes. The medium used to maintain the pellet was full chondrogenic medium (CM) consisted of DMEM (Gibco), 2× anti-anti (Gibco), 10 μg/ml ITS (Thermo Fisher Scientific), 0.1 μM Dexamethasone (Sigma-Aldrich, St. Louis, MO, United States), 40 μg/ml Proline (Sigma-Aldrich), 50 μg/ml ascorbic acid (Sigma-Aldrich) and 10 ng/ml TGF-β1 (Peprotech, Rocky Hill, NJ, United States). Each pellet was cultured in 200 μl full CM and incubated at 37°C with 5% CO2. CM was replaced every 48 h. After 14 days of culture, pellets were harvested for histological analysis.



Safranin O Staining

Pellets were fixed overnight at 4°C in 10% buffered formalin (Fisher Chemical, Hampton, NH, United States), dehydrated in gradient ethanol, cleared in xylene, and then embedded in paraffin. The blocks were sectioned at 6 μm thickness using a Leica microtome (Model RM 2255). For Safranin O/Fast Green staining, slides were stained with hematoxylin (Mayer, Sigma) for 5 min, 0.005% Fast Green (Thermo Fisher Scientific, Pittsburgh, PA, United States) for 1 min, rinsed with 1% acetic acid, and stained with 0.1% Safranin O (Millipore, Billerica, MA, United States) for 20 min. Histological staining was imaged using a microscope equipped with a color digital camera (Nikon Eclipse E800).



Statistical Analysis

Each experiment was repeated three or more times with three experimental replicates, and the results were expressed as the mean ± SD. Graphpad Prism 8 (GraphPad Software, San Diego, CA, United States) was applied for statistical analysis. Significant differences among different groups were determined by two-tailed Student’s t-test for two-group comparisons. One-way or two-way analysis of variance (ANOVA) was used for multiple-group comparisons. Statistical significance was considered at p < 0.05.



RESULTS


Extensive in vitro Chondrocyte Expansion Results in the Generation of Senescence Cells

We first characterized cells in the early passage (PDL3, 0.1 million cells were expanded to ∼0.8 million cells) and late passage (PDL9, 0.1 million cells were expanded to ∼50 million cells), which, respectively, represented the minimally expanded chondrocytes and chondrocytes ready for ACI. As shown in Figures 1A,B, there were more SA-β-gal staining-positive chondrocytes in PDL9 group (>40%) than PDL3 group (<17%). It should be noted that the staining intensity was also higher in the PDL9 group.
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FIGURE 1. Comparison of senescent level between PDL3 and PDL9 chondrocytes. (A) SA-β-gal staining. Bar = 200 μm. (B) Ratios of senescent cells. (C) CCK-8 assay was used to assess cell proliferation potential. (D) Expression levels of senescence-relevant genes. The data was normalized to that in PDL3 group (set as 1). **p < 0.01; ***p < 0.001; ****p < 0.0001.


Level of senescence was further examined by testing the proliferative ability and expression of SASP genes. Initially, PDL3 and PDL9 cells were seeded at the same density. After 2, 4, and 6 days of culture, the cell number in the PDL9 group was significantly lower than that in the PDL3 group (Figure 1C), which indicated that the proliferative ability of senescent chondrocytes was significantly decreased. qRT-PCR analysis revealed the marked upregulation of CDKN2A (encoding p16), CDKN1A (encoding p21), interleukin-8 (IL-8), and matrix metalloproteinase (MMP)-12 expression (Figure 1D). Taken together, PDL9 chondrocytes contained significantly more senescent cells than PDL3 chondrocytes, confirming that extensive in vitro expansion led to chondrocyte senescence.



FOXO4-DRI Treatment Removes Cells in PDL9 Chondrocyte Culture

We next test the efficacy of the previously reported senolytics, including ABT263 and FOXO4-DRI, in removing senescent chondrocytes. As shown in Supplementary Figure 1, we did not observe a significant difference in the cell number between the control and ABT263 treatment group. In contrast, FOXO4-DRI treatment significantly reduced the cell number in the PDL9 group (Supplementary Figures 1, 2). Interestingly, FOXO4-DRI did not affect cell viability in PDL3 group (Supplementary Figures 1, 2). Results from Figure 2A confirmed that FOXO4-DRI killed the cells through inducing apoptosis.
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FIGURE 2. Assessment of senescence level in PDL9 cells after FOXO4-DRI treatment. The samples with (FOXO4-DRI) or without (Control) FOXO4-DRI treatment were analyzed. (A) Detection of activated caspase-3/7. Red arrows indicate apoptotic cells. Bar = 100 μm. (B) SA-β-gal staining. Bar = 100 μm. (C) The relative cell number in PDL3 and PDL9 chondrocytes after FOXO4-DRI treatment was assessed using MTS assay. (D) Western blot. (E) Expression levels of selective genes. The data was normalized to that in Control group (set as 1). *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001.




FOXO4-DRI Treatment Significantly Reduces the Senescence Level in PDL9 Cells

SA-β-gal staining (Figure 2B) indicated that FOXO4-DRI treatment led to a significant decrease in the number of senescent cells in the PDL9 group (<5%). qRT-PCR analysis (Figure 2E) showed that FOXO4-DRI-treated PDL9 cells displayed enhanced SOX9 expression, and reduced MMP12 and MMP13 expression, which however were at the expense of lower expression levels of COL2. We also observed a reduction in IL-6 expression and an increase in IL-8 expression after FOXO4-DRI treatment. Furthermore, western blot was used to analyze the protein levels of representative senescent markers, including p16, p21, and p53. A significant decrease of these marker proteins was observed in FOXO4-DRI treated group compared with the control group (Figure 2D). However, the gene expression levels of these molecules displayed an opposite trend (Figure 2E). Taken together, FOXO4-DRI is capable of selectively removing senescence cells in PDL9 chondrocytes.



FOXO4-DRI Treatment Does Not Markedly Improve the Regenerative Potential of PDL9 Chondrocytes

The regenerative potential of PDL9 chondrocytes after FOXO4-DRI treatment was assessed by 3D pellet culture. As shown in Figure 3A, reduced expression levels of IL-6 and 8 and MMP3, 12 and 13 were observed in the FOXO4-DRI treated group, which however were concomitantly accompanied with reduced expression of SOX9 and COL2, as well as increased expression of CDKN2A, CDKN1A, and TP53 (encoding p53). Western blot analysis further showed that cartilage generated from FOXO4-DRI pre-treated chondrocytes displayed higher protein levels of p16, p21, and p53 (Figure 3B). In addition, we did not observe increased deposition of GAG from FOXO4-DRI pre-treated PDL9 chondrocytes (Figure 3C).
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FIGURE 3. Assessment of senescence level and chondrogenesis in engineered cartilage. PDL9 were pretreated with (FOXO4-DRI) or without (Control) FOXO4-DRI for 5 days and then subjected to 14 days of chondrogenic cultures. (A) Expression levels of selective genes. The data was normalized to that in the Control group (set as 1). (B) Western blot. (C) Safranin O/Fast green staining. Bar = 400, 200, and 100 μm from the left to right. *p < 0.05; **p < 0.01.




DISCUSSION

ACI has been shown to regenerate new tissues, reduce pain, and increase joint function after cartilage injury. However, the clinical outcomes from ACI are not always efficacious or consistent. Given that implanted chondrocytes are major cells that account for creating new tissues, their quality may directly affect the phenotype and function of regenerated cartilage. Surprisingly, no established criteria were available to comprehensively characterize the expanded chondrocytes before they are implanted. In this study, we aimed to analyze senescence during chondrocyte expansion and use senolytics to remove senescent chondrocytes for the enhancement of cartilage formation in ACI.

The loss of the chondrocytic phenotype and proliferative potential during in vitro expansion, termed as “dedifferentiation,” has been well documented. Chondrocyte dedifferentiation was majorly characterized as the reduced expression of COL2 and ACAN and enhanced expression of type I collagen and versican (Charlier et al., 2019). However, the association between reduced chondrocyte quality during expansion and ACI outcome is less studied. Pietschmann et al. (2009) sampled the newly formed cartilage after ACI and suggested that the number of morphologically abnormal cells was correlated with a poor clinical outcome. Niemeyer et al. (2012) moved one step forward by saving some cells from ACI and studying the correlation between chondrocyte phenotype before implantation, and clinical outcome after 6, 12, and 24 months. Results from this study indicated that the postoperative International Knee Documentation Committee (IKDC) score was significantly influenced by COL2 expression, but not ACAN (Niemeyer et al., 2012). Recently, a cell identity assay was employed to assess the contamination of human chondrocytes by human synovial fibroblasts. The results showed a higher cell identity score, meaning less fibroblast contamination, and was significantly correlated with structural repair quality and graft survival after ACI (Ackermann et al., 2019). These results collectively signified the importance of enhancing chondrocyte quality for the improvement of final clinical outcomes.

In addition to dedifferentiation, another consequence of in vitro expansion is replicative senescence, which also significantly influences chondrocyte function. The observation of senescent cells in in vitro expanded chondrocytes have been reported as early as 2002. In this study, articular chondrocytes were expanded to a number that was needed for ACI. These chondrocytes displayed a telomere erosion in the range of 900 bp, which was comparable with 30 years of native aging (Parsch et al., 2002). In our study, significantly more SA-β-gal staining-positive cells were observed in PDL9 chondrocytes. Similar results were reported in a recent study (Ashraf et al., 2016). Interestingly, passage 2 and 6 chondrocytes were used, which were roughly equivalent to the PDL3 and PDL9 cells used in our current study. Our results also indicate that senescent chondrocytes present a larger and flatter cell shape, which is consistent with a previous study (Cha et al., 2013).

The detrimental influence of senescence has been previously demonstrated. They negatively influence neighbor cells by secreting SASP (Borodkina et al., 2018). In fact, it has been shown that the translation of senescence chondrocytes in mice knee joint resulted in OA phenotype, characterized by leg pain, impaired mobility, and radiographic and histological changes (Xu et al., 2017). These studies signify the importance of removing the senescence cells in enhancing reparative outcomes from ACI.

In our study, ABT 263 (or UBX0101) was first tested because of its reported capacity in clearing senescent cells. For example, chondrocytes isolated from OA cartilage displayed significant senescence levels, and ABT263 treatment reduced the expression of inflammatory cytokines and promoted cartilage matrix aggregation in OA chondrocytes (Yang et al., 2020). Similar results were found in the radiation-induced senescent chondrocytes (Jeon et al., 2017). It should be noted that expression of p16 actually increased after 3 days of ABT 263 treatment, indicating the potential stress of senolytics on cells. Moreover, although the expression of p21 decreased after treatment, the protein level was higher in cells treated with ABT 263 than the untreated control. Regarding the chondrogenic potential, results from both studies confirmed that the removal of senescent cells significantly increased the cartilage formation with less production of degrative enzymes. However, similar senolytic potential of ABT 263 was not seen in our study. Of note, the senescence chondrocytes tested here were induced by replication stress. In previous studies, senescence chondrocytes were either from OA cartilage, or induced by other methods.

Next, we tested the potential of FOXO4-DRI in removing senescent chondrocytes, which has not been reported before. Mechanistically, the peptide perturbs the FOXO4 interaction with p53, which selectively causes p53 nuclear exclusion and cell-intrinsic apoptosis (Baar et al., 2017). As demonstrated in Figure 2, this novel senolytic did remove cells from the PDL9 chondrocytes, which was accompanied by significantly reduced levels of SA-β-gal staining. Surprisingly, there was not a noticeable cell loss in the culture of non-senescent PDL3 chondrocytes, suggesting the selective potential of FOXO4-DRI. Since it is suggested that p53, p16, p21 are directly related to the induction of senescence in chondrocytes (Ashraf et al., 2016), we thus used qRT-PCR and western blot analysis to examine their expression levels. We observe the reduction of both protein and RNA levels of all these three molecules. We also analyzed the expression of IL-6 and -8, which however were not detectable due to the low expression level. Again, in the first study using FOXO4-DRI to induce apoptosis in senescent cells, the senescent cells were generated by irradiation or doxorubicin (Baar et al., 2017). In a recent study, FOXO4-DRI decreased levels of p53, p21, and p16 in the testes of aged mice, when compared to young mice (Zhang et al., 2020). Therefore, our study and published work collectively showed that FOXO4-DRI was able to remove senescent cells created by different methods.

As shown in Figure 3, FOXO4-DRI pre-treatment is the dedifferentiation of chondrocytes during the in vitro expansion. Although not all cells in PDL9 were senescent cells, the intrinsic chondrogenic potential has been impaired during the dedifferentiation process. In previous studies that compared the differentiation capacity of chondrocytes from different passages, the results indicated that cells at early passages usually generated more cartilage matrix than those at late passages upon chondroinduction (Schulze-Tanzil et al., 2002; Ma et al., 2013). Therefore, the treatment with senolytics may not be able to reverse the loss of chondrogenic potential in PDL9. However, the new cartilage created by FOXO4-DRI pretreated PDL9 cells indeed displayed reduced expression of several SASP factors, implying the benefit of FOXO4-DRI pre-treatment in enhancing the cartilage quality. Surprisingly, increased p21 level was observed in the FOXO4-DRI pre-treatment groups, suggesting senolytics might be a potential stressor to cells. Similar results were reported in a previous study, which used another type of senolytic, ABT263, to treat chondrocytes isolated from osteoarthritic cartilage (Yang et al., 2020). Therefore, the potential adverse influence of senolytics needs to be further investigated.

There are several limitations in the current study. First, we only examined limited senolytics. Also, we used the doses that were reported in a previous study, which may not be optimal for treating PDL9 chondrocytes. In the future, we will test more senolytics with different doses. Recently, oleuropein, a polyphenol, was shown to have the senolytic potential in OA chondrocytes (Varela-Eirín et al., 2020). Whether it is able to selectively remove senescent chondrocytes created by the in vitro expansion requires additional study. Second, the mechanistic analysis was not performed to explain why removing senescent cells did not result in more cartilage formation. Third, the combination of senolytics with other methods for reducing senescence was not examined. Recently, extracellular matrix derived from mesenchymal stem cells were shown to maintain re-differentiation potential of human chondrocytes (Pei and He, 2012; Yang et al., 2018). Also, the low-oxygen environment has been found to suppress senescence (Moussavi-Harami et al., 2004). These methods can be adapted to the current study to increase the potential of senolytics in enhancing ACI. Lastly, the strategy to augment the chondrogenic potential of senolytics-treated chondrocytes needs to be explored. For example, conventional chondrogenic factors (Jonitz et al., 2012), epigenetic manipulation with specific agents (Duan et al., 2017), or co-culture with mesenchymal stem cells (Lai et al., 2013), have been shown to promote or maintain chondrocytic phenotype. These methods can be used either during or after the senolytic treatment.



CONCLUSION

In vitro expanding human chondrocytes to a number that is required by the ACI results in the generation of senescent cells. Although FOXO4-DRI treatment did remove the senescent cells, the cartilage formation capacity of retained chondrocytes was not improved. Of note, cartilage created by FOXO4-DRI pretreated chondrocytes displays a lower senescence level than that from the untreated counterparts. Our results indicate the utility of FOXO4-DRI for removing senescent chondrocytes. In the future, other methods are needed to restore the chondrogenic potential of retained chondrocytes after FOXO4-DRI treatment.
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The rapid development of tissue engineering and regenerative medicine has introduced a new strategy for ear reconstruction, successfully regenerating human-ear-shaped cartilage and achieving the first clinical breakthrough using a polyglycolic acid/polylactic acid (PGA/PLA) scaffold. However, its clinical repair varies greatly among individuals, and the quality of regenerated cartilage is unstable, which seriously limits further clinical application. Acellular cartilage matrix (ACM), with a cartilage-specific microenvironment, good biocompatibility, and potential to promote cell proliferation, has been used to regenerate homogeneous ear-shaped cartilage in immunocompromised nude mice. However, there is no evidence on whether ACM will regenerate homogeneous cartilage tissue in large animals or has the potential for clinical transformation. In this study, xenogeneic ACM assisted with gelatin (GT) with or without autologous chondrocytes was implanted subcutaneously into goats to establish a xenotransplantation model and compared with a PGA/PLA scaffold to evaluate the immune-inflammatory response and quality of regenerated cartilage. The results confirmed the superiority of the ACM/GT, which has the potential capacity to promote cell proliferation and cartilage formation. Although there is a slight immune-inflammatory response in large animals, it does not affect the quality of the regenerated cartilage and forms homogeneous and mature cartilage. The current study provides detailed insights into the immune-inflammatory response of the xenogeneic ACM/GT and also provides scientific evidence for future clinical application of ACM/GT in cartilage tissue engineering.

Keywords: immune-inflammatory responses, acellular cartilage matrix, biomimetic scaffold, xenotransplantation model, cartilage tissue engineering


INTRODUCTION

Auricular cartilage defects, including congenital auricle malformation–microtia and acquired auricular cartilage injuries caused by various causes are very common, and the most clinical effective treatment is reconstruction using autologous costal cartilage engraving, which can cause serious complications such as surgical trauma and pneumothorax (Brent, 2002; Zhang et al., 2009; Luquetti et al., 2011, 2012; Bly et al., 2016). Fortunately, the rapid development of tissue engineering and regenerative medicine technologies has introduced a new strategy for ear reconstruction, successfully regenerating human-ear-shaped cartilage and achieving the first clinical breakthrough based on a polyglycolic acid/polylactic acid (PGA/PLA) scaffold (Cao et al., 1997; Haisch, 2010; Zhou et al., 2018; Yin et al., 2020). However, the degradation of implanted polymer scaffolds can cause aseptic inflammation and lead to unstable cartilage regeneration, which seriously limits its further clinical application (Ceonzo et al., 2006; Luo et al., 2013; Liu et al., 2016). Therefore, an appropriate scaffold with good biocompatibility and low immunogenicity is required for cartilage regeneration. Recent studies have found that acellular cartilage matrix (ACM) has a cartilage-specific microenvironment, good biocompatibility, and the potential to promote cell proliferation (Xue et al., 2012; Li Y. et al., 2019; Wiggenhauser et al., 2019; Jian et al., 2021). Combined with 3D printing, cast molding, gelatin (GT) assisted crosslinking, and freeze-drying techniques, a human-ear-shaped scaffold based on ACM has been successfully prepared and used to regenerate homogeneous ear-shaped cartilage in immunocompromised nude mice (Jia et al., 2020). Nevertheless, it is still unproven whether ACM/GT scaffolds will trigger immune-inflammatory responses like PGA/PLA scaffolds and whether ACM/GT scaffolds will regenerate homogeneous cartilage tissue in the subcutaneous environment of large animal models.

To address the issues mentioned above, it is necessary to systematically compare the post-implantation reaction and cartilage regeneration of ACM/GT scaffolds and PGA/PLA scaffolds (which were previously applied clinical) in large animals with sound immune function to predict the possible advantages of ACM/GT scaffolds in reducing immune-inflammatory response and enhancing the quality of regenerated cartilage in future clinical translation. Therefore, the main purpose of this current study is to verify whether ACM/GT scaffold can induce serious immune-inflammatory responses in large animals with sound immune function and whether mature homogeneous cartilage can be successfully regenerated in the subcutaneous environment.

To effectively verify the immune-inflammatory response of xenogeneic ACM in large animals with sound immune function, ACM derived from cow scapular cartilage assisted with gelatin was implanted subcutaneously in goats to establish the xenotransplantation model used in this study. A PGA/PLA scaffold was also implanted subcutaneously to compare immune-inflammatory responses. Two groups of scaffold constructs inoculated with autologous auricular chondrocytes were also implanted subcutaneously in goats to explore the quality of cartilage regeneration and long-term stability in vivo. The current study provides detailed insights into the immune-inflammatory responses and cartilage regeneration stability of ACM/GT in the xenotransplantation model and scientific evidence for future clinical application in cartilage tissue engineering.



MATERIALS AND METHODS


Preparation of the Scaffolds

Cartilage pieces obtained from cow scapular cartilage were processed into ACM powder after freeze–grinding and decellularization procedures. The ACM scaffold, using gelatin extracted from bovine Achilles tendon (Gel strength approximately 240 g Bloom, Aladdin) as an auxiliary crosslinker, and PGA/PLA scaffold were fabricated according to our previously reported protocols (Liu et al., 2010; Jia et al., 2020). Briefly, the ACM particles were filtered by 100-mesh (150 ± 10 μm) filtration screens to obtain uniform particles. A certain concentration of gelatin solution (dissolved in deionized water) was first placed at 4°C as a gel for an hour to reduce ACM particles deposition as much as possible before fully mix. Then the suspension was fully frozen at −10°C for 24 h. The specific concentration and proportion of the ACM suspension and GT solution (2% concentrations, ACM: GT = 5:5) optimized in our previous experiment were blended uniformly and freeze-dried to form a porous ACM/GT scaffold. Thirty micrograms of unwoven PGA fibers (National Tissue Engineering Center of China, Shanghai, China) were compressed into cylindrical scaffolds (8 mm in diameter and 2 mm in thickness) and then 1.0% PLA (Sigma, St. Louis, MO, United States) solubilized in dichloromethane was continuously added to form the PGA/PLA scaffold. All scaffolds were sterilized before application using ethylene oxide.



Scanning Electron Microscopy (SEM)

The surface morphology of the two kinds of scaffolds was observed by SEM (Philips XL-30, Amsterdam, Netherlands) at an accelerating voltage of 15 kV. The two kinds of cell–scaffold constructs cultured for 7 days in vitro were washed with PBS and fixed overnight in 0.05% glutaraldehyde at 4°C. After dehydration in a graded ethanol series and critical point drying, the surface morphology and extracellular matrix (ECM) production of these constructs were observed by SEM (Chen et al., 2016).



Porosity Analysis of the Scaffolds

The porosity of the ACM/GT scaffold and PGA/PLA scaffold was tested using the ethanol infiltration method as previously described (Serra et al., 2015). Briefly, V1 and V2 were marked as the volume of ethanol in the measuring cylinder before and after the scaffold was immersed in ethanol, respectively. V3 was marked as the remaining ethanol volume after the scaffold was removed from ethanol. The porosity of the scaffold (n = 5 per group) was calculated using the following formula: Porosity = (V1–V3)/(V2–V3) × 100%.



Biocompatibility of the Scaffolds


Cell Seeding Efficiency

Chondrocytes from the auricular tissue of goats were isolated and cultured in a basic medium that Dulbecco’s modified Eagle medium (DMEM, Gibco) containing 10% fetal bovine serum (FBS, Gibco) at 37°C with 95% humidity and 5% CO2 according to the previously established methods (Zhang et al., 2014). Harvested chondrocytes from the second passage were adjusted to a final concentration of 75 × 106 cells/mL, and 200 μL cell suspension was inoculated into each scaffold (n = 5 per group). After 24 h of incubation, the remaining cells were collected, counted, and the cell seeding efficiencies of the two groups were calculated based on the formula: (total cell number-remaining cell number)/total cell number × 100% (Zheng et al., 2014).



Cellular Viability Assessment

After 1, 4, 7, and 14 days of culture in basic medium, the cellular viability of the seeded chondrocytes on the ACM/GT scaffold and PGA/PLA scaffold (n = 5 per group) was evaluated using the Live and Dead Cell Viability Assay (Invitrogen, Carlsbad, CA, United States) following the manufacturer’s instructions, and examined by confocal microscope (Nikon, Japan) (Xu et al., 2020a).



Cellular Proliferation Assessment

After 1, 7, and 14 days of culture in basic medium, the cellular proliferation capacity of chondrocytes on the ACM/GT scaffold and PGA/PLA scaffold (n = 5 per group) was assessed by the total DNA quantification assay (PicoGreen dsDNA assay, Invitrogen, Carlsbad, CA, United States) following the manufacturer’s protocols (Xia et al., 2018).



In vitro Culture of the Cell–Scaffold Constructs

Chondrocytes were collected and seeded evenly into each scaffold to form cell–scaffold constructs according to a previously described method (Xue et al., 2013). The constructs were incubated for 4 h at 37°C to allow for complete adhesion of the cells to the scaffolds and then cell–constructs were cultured for 2 weeks in the basic medium at 37°C with 95% humidity and 5% CO2.



Subcutaneous Implantation in Goats

Six 3-month-old goats (4 males and 2 females) were purchased from Shanghai Jiagan Biological Technology Co., Shanghai, China. All protocols with animal use were approved by the Animal Care and Experiment Committee of Shanghai Jiao Tong University School of Medicine (Shanghai, China). Six goats were divided into two groups: in three goats, two kinds of scaffolds without cells (PGA/PLA scaffolds and ACM/GT scaffolds, n = 10 scaffolds per group in each goat) were implanted subcutaneously into both sides of the abdomen of each goat. Five samples per group in each goat were harvested after 1 and 2 weeks of implantation for subsequent analysis, respectively. In the other three goats, two kinds of cell–scaffold constructs (cell-PGA/PLA constructs and cell-ACM/GT constructs, n = 15 constructs per group in each goat) cultured for 2 weeks in vitro were implanted subcutaneously into both sides of the abdomen of each donor goat for continue culture in vivo. Five samples per group in each goat were harvested after 1, 2, and 8 weeks of implantation for subsequent analysis, respectively. During surgery, each goat was anesthetized and subcutaneous pockets were created in the abdominal area in which the scaffolds and constructs were implanted. After closure of the incisions, the animals were allowed to recover from the anesthesia.



Immune-Inflammatory Response Evaluations

After 1 and 2 weeks of implantation, two kinds of constructs and two kinds of scaffolds (n = 5 samples per group in each goat) were harvested with surrounding tissue for analysis of the immune-inflammatory response. After gross observation, all samples were fixed in 4% paraformaldehyde for 48 h, embedded in paraffin, and sectioned in 5-mm slices according to our previously established methods (Liu et al., 2016). The slices were stained with hematoxylin and eosin (H&E), as well as immunohistochemical techniques as previously reported. CD3 was detected using rabbit anti-CD3 monoclonal antibody (ab16669, 1:200, Abcam, Cambridge, United Kingdom), followed by goat anti-rabbit IgG H&L (HRP) (ab205718, 1:2000, Abcam). CD 68 was detected using mouse anti-CD68 monoclonal antibody (ab955, 1:200, Abcam), followed by goat anti-mouse IgG H&L (HRP) (ab205719, 1:2000, Abcam). The quantification of CD3 and CD68 position area (%) was performed with Image J and IHC Profiler Software (n = 5 per group).



Histological and Immunohistochemical Evaluations of Regenerative Tissues

After 8 weeks of culture in vivo, the two kinds of tissue-engineering cartilage tissue (n = 5 samples per group in each goat) were carefully harvested. Part of each sample (the rest of the sample was used for subsequent biochemical and biomechanical analysis) was prepared for histological and immunohistochemical analyses after gross observation and measurement, as described above (Li D. et al., 2019). These slices were stained with H&E, Safranin O, and type II collagen (COL II) to evaluate the histological structure and cartilage ECM deposition of tissue-engineering cartilage tissue. COL II was detected using rabbit anti-collagen II polyclonal antibody (ab34712, 1:100, Abcam), followed by goat anti-rabbit IgG H&L (HRP) (ab205718, 1:2000, Abcam). The quantification of regenerated cartilage area (%) was performed with Image J and IHC Profiler Software (n = 5 per group).



Biochemical and Biomechanical Analysis

Two groups of tissue-engineering cartilage tissue cultured for 8 weeks in vivo were collected, weighed with an electronic balance, and the volume of each sample was measured by the water displacement method (n = 5 per group). Biochemical and biomechanical analysis of both regenerated tissues and native auricular cartilage was performed as described previously (Xu et al., 2020b). All samples were collected and minced to conduct cartilage-related biochemical evaluations (n = 3 per group). Briefly, glycosaminoglycan (GAG), total collagen, and DNA quantifications were quantified by the dimethyl methylene blue assay (DMMB, Sigma-Aldrich, St. Louis, MI, United States), hydroxyproline assay kit (Sigma-Aldrich), and PicoGreen dsDNA assay (Invitrogen, Carlsbad, CA, United States), respectively. The biomechanical analysis was determined using a mechanical testing machine (Instron-5542, Canton, MA, United States). All samples (n = 5 per group) were processed into a cylindrical shape and a constant compressive strain rate of 0.5 mm/min was applied until 80% of the maximal deformation. The Young’s modulus of each sample was calculated based on the slope of the stress–strain curve in the range of 0 to 40%.



Statistical Analysis

All quantitative data were collected from at least three replicate tests, and values were expressed as mean ± standard deviation. After confirmation of the normal data distribution, a one-way analysis of the variance was used to determine the statistical significance among groups using GraphPad Prism 8 software, and a value of p < 0.05 was considered statistically significant.



RESULTS


Characterization of the Scaffolds

Unwoven PGA fibers coated by PLA were compressed to form a cylindrical scaffold for imaging. Both scaffolds exhibited a porous structure and the SEM examination further confirmed the porous surface (Figures 1A,B). The porosity of the ACM/GT scaffold was greater than the PGA/PLA scaffold (Figure 1E). Overall, the two scaffolds met the requirements of cartilage tissue regeneration; however, the ACM/GT scaffold was more suitable because of the greater porosity for cell inoculation.
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FIGURE 1. Characterization and biocompatibility of the scaffolds. Gross and SEM images of PGA/PLA scaffold (A), ACM/GT scaffold (B), as well as cell-scaffold constructs (C,D). (C1,D1) Were the immediate gross images of chondrocytes seeded on scaffolds, while (C2,D2) were the SEM images of cell-scaffold constructs after 7 days of culture in vitro. Characterization analysis of the porosity of two scaffolds (E). Cell seeding efficiency (F) and DNA content (G) of chondrocytes inoculated into the PGA/PLA scaffold and ACM/GT scaffold. Statistical significance: ∗p < 0.05, ∗∗p < 0.01.




Biocompatibility of the Scaffolds

After analyzing the characterization of the scaffolds, the cell biocompatibility was the focus of the next evaluation for cartilage tissue regeneration. Cell seeding efficiency, SEM, DNA content, and cellular viability analyses were performed to evaluate the biocompatibility of the two scaffolds. After cell seeding, the two scaffolds maintained their original shape and size, and gross observation showed that the cell suspension was quickly absorbed by the whole scaffolds (Figures 1C1,D1). After 7 days of culture in vitro, SEM observation revealed that the chondrocytes were well attached to the two scaffolds with a small amount of ECM production (Figures 1C2,D2). The cell seeding efficiency in the ACM/GT scaffold was more than 90%, which was significantly greater than on the PGA/PLA scaffold (Figure 1F). Cellular viability assays showed that chondrocytes grew well on the two scaffolds with significant proliferation over time, and very few dead cells were observed at all observation times (Figure 2). DNA quantitative analysis further indicated that the number of chondrocytes gradually increased with time on the two scaffolds. However, the DNA content of chondrocytes on the ACM/GT scaffold was significantly greater than on the PGA/PLA scaffold (Figure 1G), which indicates that ACM may have the potential to promote cell proliferation. Collectively, these in vitro results indicated that the ACM/GT scaffold was more favorable for cell adhesion and cell proliferation, indicating better biocompatibility of the ACM/GT scaffold when compared with PGA/PLA scaffold.
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FIGURE 2. Evaluation of cell viability on the scaffolds. Live/Dead staining showed the number of chondrocytes gradually increased on the PGA/PLA scaffold (A–D) and ACM/GT scaffold (E–H) as the culture time increased in vitro. Almost all chondrocytes survive well (green cells) and few dead cells (red cells) are observed at all observation points. The linear red color (A2–D2, non-specific staining) is the PGA fibers. Scale bar: 100 μm.




Immune-Inflammatory Response Evaluations of the Scaffolds

To capture the early stage post-implantation inflammatory reaction, the two kinds of scaffolds were evaluated by H&E staining and immunohistochemical staining of lymphocytes (CD3) and macrophages (CD68) after 1 and 2 weeks of subcutaneous implantation. As shown in Figure 3, the contours of the two groups of implants were observed after 1 week of subcutaneous implantation. A large amount of cell infiltration was observed around the PGA/PLA scaffold while much milder infiltration was observed in the ACM/GT scaffold. The immunohistochemical staining results showed homogenous and strong positive staining of CD3 and CD68 around the PGA/PLA scaffold. After 2 weeks of implantation, the cell infiltration, CD3 and CD68 staining, as well as the quantification of CD3 and CD68 position area (%) around the ACM/GT scaffold were significantly reduced, while the degree of cell infiltration around the PGA/PLA scaffold was significantly increased, which may be because of an aseptic inflammatory reaction caused by the acidic degradation products of the PGA/PLA scaffold.
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FIGURE 3. The immune-inflammatory response evaluations of the scaffolds subcutaneously implanted for 1 and 2 weeks. Gross and cross-section observation of the PGA/PLA scaffold and ACM/GT scaffold which subcutaneously implanted for 1 week (A,B) and 2 weeks (E,F). Two groups of implanted samples with surrounding tissue were stained with H&E, CD3, and CD68 for immune-inflammatory response analysis (C,D,G,H) and the quantification of the CD3 (I) and CD68 (J) position area (%). Scale bar: 100 μm. Statistical significance: ∗∗p < 0.01, ∗∗∗p < 0.001.




Immune-Inflammatory Response Evaluations of the Cell–Scaffold Constructs

As shown in Figure 4, a large number of inflammatory cells adhered to the cell–scaffold constructs after 1 week of subcutaneous implantation. The boundary area of the ACM/GT group was clear and immature cartilage tissue, while the area of the PGA/PLA group was infiltrated and enveloped by inflammatory cells. Positive staining of CD3 and CD68 was also observed around the PGA/PLA constructs. After 2 weeks of subcutaneous implantation, the cell infiltration was significantly reduced at the outer edge of the ACM/GT construct and the cartilaginous islands were surrounded by a thin layer of negative staining of CD3 and CD68. The quantification of the CD3 and CD68 position area (%) confirmed the above histological results. Notably, the degree of cell infiltration around the PGA/PLA construct was remarkably increased and no typical cartilaginous island was observed compared with the ACM/GT scaffold. These results indicate that the PGA/PLA scaffold had a more severe inflammatory response to the host organism than the ACM/GT scaffold, potentially because chondrocytes promote the degradation of the PGA/PLA scaffold, triggering a serious aseptic inflammatory response and seriously affecting the formation of cartilage.
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FIGURE 4. The immune-inflammatory response evaluations of the cell-scaffold constructs subcutaneously implanted for 1 and 2 weeks. Gross and cross-section observation of the cell-PGA/PLA construct and cell-ACM/GT construct which subcutaneously implanted for 1 week (A,B) and 2 weeks (E,F). Two groups of implanted samples with surrounding tissue were stained with H&E, CD3, and CD68 for immune-inflammatory response analysis (C,D,G,H) and the quantification of the CD3 (I) and CD68 (J) position area (%). Scale bar: 100 μm. Statistical significance: ∗∗∗p < 0.001.




Histological and Immunohistochemical Evaluations of Regenerative Tissues

After 8 weeks of subcutaneous implantation into autologous goats, the two groups of regenerative tissue were harvested to explore the corresponding status of neo-cartilage formation in vivo. In the gross observation, the regenerative tissue formed by the PGA/PLA construct had a reddish appearance and soft texture (Figure 5A). However, the regenerative tissue formed by the ACM/GT construct also showed a reddish appearance, but with slippery and firmer texture (Figure 5B). Histological examinations further confirmed the results from gross observation, where the regenerative tissue formed by the PGA/PLA construct showed a fibrous tissue structure with abundant scaffold fibers, and no obvious cartilaginous tissue was detected (Figure 5C). The regenerative tissue formed by the ACM/GT construct showed typical cartilage features with abundant lacuna structures as well as positive staining of Safranin-O and collagen II, although the neo-cartilage tissue was not obviously homogenous (Figure 5D). The regenerated cartilage area (%) formed by the ACM/GT constructs were significantly greater than those formed by the PGA/PLA constructs, which supported the above histological results (Figure 5E). These results indicated that the ACM might have the potential to enhance the quality of cartilage regeneration in a subcutaneous environment.
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FIGURE 5. Gross view and histological examination of regenerated cartilage. Gross observation of the cartilage-like tissue regenerated by the cell-PGA/PLA construct (A) and cell-ACM/GT construct (B) which subcutaneously implanted for 8 weeks. Two groups of regenerated cartilage-like tissue were stained with H&E, Safranin-O, and COL II for the assessment of the quality of cartilage formation (C,D) and the quantification of the regenerated cartilage area (%) (E). Scale bar: 100 μm. Statistical significance: ∗∗∗p < 0.001.




Biochemical and Biomechanical Analysis

Naturally, the evaluation of final cartilage formation is the most important criterion to determine whether a scaffold can be suitable for cartilage tissue engineering. The quantitative analysis related to the neo-cartilage formation that is based on the regenerated tissue subcutaneously implanted for 8 weeks further supports the above results. The wet weight and volume of the neo-cartilage tissue formed by the ACM/GT constructs were significantly greater than those formed by the PGA/PLA constructs (Figures 6A,B). Similarly, the DNA content, total collagen, and GAG content in the ACM/GT group were close to native cartilage, though significantly greater than the PGA/PLA group (Figures 6C–E). In addition, Young’s modulus in the two groups was not statistically different, both reaching more than 75% of the native cartilage (Figure 6F). Quantitative analysis results showed that the quality of cartilage regeneration in the ACM/GT group was significantly better than that in the PGA/PLA group, indicating the ACM/GT scaffold was more suitable for cartilage tissue engineering than the PGA/PLA scaffold.
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FIGURE 6. Quantitative analysis of regenerated cartilage. The wet weight and volume of the regenerated cartilage-like tissues by the cell-PGA/PLA construct and cell-ACM/GT construct which subcutaneously implanted for 8 weeks (A,B). The DNA content (C), total collagen (D), GAG content (E), and Young’s modulus (F) of cartilage-like tissue formatted by two cell-scaffold constructs. Statistical significance: ∗p < 0.05, ∗∗p < 0.01, ∗∗∗p < 0.001.




DISCUSSION

The rapid development of tissue engineering and regenerative medicine technology has provided new strategies for auricular reconstruction (Cervantes et al., 2013; Kang et al., 2016; Schroeder and Lloyd, 2017; Wiggenhauser et al., 2017; Jang et al., 2020). Morphological cartilage of human auricular tissue has been successfully regenerated using a PGA/PLA scaffold, and the first clinical breakthrough was achieved (Cao et al., 1997; Zhou et al., 2018). However, its clinical repair varies greatly among individuals, and the quality of regenerated cartilage is unstable, which seriously limits its further clinical application. The poor quality of regenerated cartilage may be related to the acidity of the degradation products of polymer materials, which easily causes an aseptic inflammatory reaction (Asawa et al., 2012; Kanazawa et al., 2013). After PGA/PLA scaffold implantation, acid degradation products accumulate in local tissue, and a large number of inflammatory cells gather and phagocytize the material fibers (Lu et al., 2000; Boland et al., 2004; Pamula and Menaszek, 2008). Concurrently, a series of chemical factors are released, which cause a strong inflammatory response of the host and affect the adhesion of chondrocytes and matrix secretion. The fibrous connective tissue stimulated by inflammation is mixed into the constructed tissue, which weakens the construction quality of the tissue engineered cartilage (Grizzi et al., 1995; Li and McCarthy, 1999). Overall, the engineered cartilage is easily damaged by a severe immune reaction in large animals, causing the implant to not form cartilage tissue well, which limits its transformation to clinical application. However, there are still some problems that need to be addressed for the subcutaneous model of large animals.

Recent studies have found that ACM has a cartilage-specific microenvironment, good biocompatibility, and the potential to promote cell proliferation (Yang et al., 2008, 2010; Utomo et al., 2015; Kim et al., 2020). In the early stage, with the integration of 3D printing, casting molding, and freeze-drying techniques, the human-ear-shaped scaffolds based on ACM have been successfully prepared and further inoculated with chondrocytes to regenerate homogeneous ear-shaped cartilage in immunocompromised nude mice (Jia et al., 2020). However, there is a great difference in the outcome of cartilage regeneration between small animal models and large animal models. That is, the results in small animal models are difficult to be replicated in large animal models, especially in immunocompromised nude mice, which cannot predict the feasibility of clinical application in the future. Therefore, it is necessary to verify the validity and predict the feasibility of clinical translation in pre-clinical large animal models. But so far, there is no specific report on the immune-inflammatory response and cartilage regeneration of ACM in large animal models. So, we specifically conducted current research to systematically compare the post-implantation response and cartilage regeneration of ACM/GT scaffolds and PGA/PLA scaffolds (which were previously applied clinical) in large animal models to predict the potential advantages of ACM/GT scaffolds in reducing immune-inflammatory response and enhancing the quality of regenerated cartilage.

In this study, the cell biocompatibility of ACM derived from cow scapular cartilage was first verified using in vitro experiments. The results showed the superiority of the ACM/GT scaffold compared with the PGA/PLA scaffold, especially in cell proliferation, which indicates that ACM may release soluble growth factors. And our previous studies have identified the presence of some growth factors, such as transforming growth factor-beta (TGF-β), insulin-like growth factor (IGF), and bone morphogenetic protein-2 (BMP-2), which have the potential to promote chondrocyte proliferation (Xue et al., 2012, 2018). This could provide a reasonable explanation for the superior biocompatibility of the ACM/GT scaffold.

To clarify the immune-inflammatory response, xenogeneic ACM/GT with or without autologous chondrocytes was implanted subcutaneously into goats to establish the xenotransplantation model. There was cell infiltration of ACM/GT at an early stage, which was significantly alleviated by 2 weeks, indicating a mild inflammatory response to the host organism. However, the PGA/PLA scaffold showed cell infiltration, which worsened significantly by 2 weeks. This may be induced by the acidic products that are gradually degraded from the PGA/PLA scaffold (Liu et al., 2016). Notably, the immune-inflammatory response of the cell–PGA/PLA scaffolds was more severe, potentially because the chondrocytes promoted degradation of the PGA/PLA scaffold and triggered a severe aseptic inflammatory response.

Furthermore, testing the quality and long-term outcome of tissue-engineered cartilage formatted in vivo is the necessary step of preclinical verification. The evaluation of tissue-engineered cartilage showed the ACM/GT construct formed a typical, mature, and homogeneous cartilage tissue, indicating the mild inflammation does not affect cartilage regeneration and the ACM may have the potential to promote the formation of cartilage tissue. Alternatively, no typical cartilage features were observed in the regenerative tissue by the PGA/PLA scaffolds, potentially because of the aseptic inflammatory response hindering the formation of cartilage.

The current research confirmed the potential of ACM to promote cell proliferation and cartilage formation in vivo and in vitro experiments. Although there is a slight immune-inflammatory response in large animals that have a sound immune system, it does not affect the quality of the regenerated cartilage. The mild immune-inflammatory response may be related to the remaining galactosyl-alpha-(1,3)-galactose (α-Gal), which is immunogenic in most mammalian species including humans and causes glycan-specific IgG and IgE responses with clinical relevance (Jappe et al., 2018; Bernth Jensen et al., 2020). In the next study, α-Gal in ACM will be removed to obtain a lower immunogenic scaffold. The homogeneous and mature cartilage can be regenerated and maintain long-term stability, which suggests that ACM/GT can replace the PGA/PLA scaffold to improve clinical repair. Additionally, as a natural biodegradable material, ACM has more advantages in microenvironment bionics, biocompatibility, and biosafety, for more prospects of future clinical transformation.



CONCLUSION

In summary, the current study confirmed the superiority of the ACM to PGA/PLA scaffolds with the potential to promote cell proliferation and cartilage formation. Although there is a slight immune-inflammatory response in large animals that have a sound immune system, it does not affect the quality of regenerated cartilage and can form homogeneous and mature cartilage. Although further research is needed to obtain the ACM with lower immunogenicity, the current results provide scientific evidence for its future clinical application in cartilage tissue engineering.
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Bone morphogenetic proteins (BMPs) have been widely used as treatment for bone repair. However, clinical trials on fracture repair have challenged the effectiveness of BMPs and suggested that delivery of multipotent bone marrow stromal cells (BMSCs) might be beneficial. During bone remodeling and bone fracture repair, multipotent BMSCs differentiate into osteoblasts or chondrocytes to stimulate bone formation and regeneration. Stem cell-based therapies provide a promising approach for bone formation. Extensive research has attempted to develop adjuvants as specific stimulators of bone formation for therapeutic use in patients with bone resorption. We previously reported for the first time bone-forming peptides (BFPs) that induce osteogenesis and bone formation. BFPs are also a promising osteogenic factor for prompting bone regeneration and formation. Thus, the aim of the present study was to investigate the underlying mechanism of a new BFP-4 (FFKATEVHFRSIRST) in osteogenic differentiation and bone formation. This study reports that BFP-4 induces stronger osteogenic differentiation of BMSCs than BMP-7. BFP-4 also induces ALP activity, calcium concentration, and osteogenic factors (Runx2 and osteocalcin) in a dose dependent manner in BMSCs. Therefore, these results indicate that BFP-4 can induce osteogenic differentiation and bone formation. Thus, treatment of multipotent BMSCs with BFP-4 enhanced osteoblastic differentiation and displayed greater bone-forming ability than BMP-7 treatment. These results suggest that BFP-4-stimulated cell therapy may be an efficient and cost-effective complement to BMP-7-based clinical therapy for bone regeneration and formation.
Keywords: bone morphogenetic proteins, bone-forming peptides, osteogenic differentiation, bone formation, VEGF
INTRODUCTION
Bone is a constantly renewing tissue by a process that is exquisitely balanced by bone-forming cells, bone-resorbing cells, osteoblasts, and osteoclasts (Douglas et al., 2018; Hamamura et al., 2019; Vesela et al., 2019). Therefore, achieving the proper balance between osteoclastic bone resorption and osteoblastic bone formation is important to prevent osteoporosis (Lerner et al., 2019; Yin et al., 2019). Moreover, bone remodeling is strongly regulated by interactions among cytokines, hormones, and other molecules that affect communication between osteoclasts and osteoblasts. Any disruption in this network may result in abnormal bone mass, including osteoporosis (Florencio-Silva et al., 2015; Han et al., 2018; Owen and Reilly, 2018; Kumar and Roger, 2019).
Various materials for osteogenesis and bone formation have been studied for a long time, and bone morphogenetic proteins (BMPs) is a representative factor with good efficacy in bone formation. Osteogenesis is controlled by multiple factors, including BMPs, and stromal cell-derived factors (SDFs) (Yang F. et al., 2018; Kim et al., 2018). BMPs are the key proteins mediating the differentiation, recruitment, and maturation of mesenchymal stromal cells (MSCs) into osteoblasts via osteogenesis (Sangadala et al., 2019). BMP-7 has been permitted for clinical use in the regeneration of bone in vertebral arthrodesis and fracture healing (Shen et al., 2010). According to previous reports, BMP-7 demonstrated a synergistic effect with microfractures to stimulate cartilage repair in vivo. However, some reports induced adipogenesis instead of bone/cartilage differentiation. Therefore, it is still required to find a more stable and economical inducer than BMP-7 as a factor inducing bone formation.
Several signaling pathways play important roles in regulating osteogenesis. BMPs, as a group, are considered one of the strongest osteoinductive factors. The biological activity of BMP-7 is active in the mature region of BMP-7. In contrast, bone-forming peptides (BFPs) is peptide found in the immature precursor of BMP-7. BFPs has a smaller molecular size and is more economical than BMP-7, suggesting the possibility of using it as a new therapeutic agent for bone formation. We previously reported that BFPs, including BFP-1, BFP-2, and BFP-3, are some of the most potent BMPs in inducing osteogenic differentiation (Kim et al., 2012; Kim et al., 2017; Lee et al., 2018). They have been shown to effectively induce osteogenic differentiation of multipotent bone marrow stromal cells (BMSCs) by regulating a panel of important downstream targets and through cross-talk with other important signaling pathways. In the case of BFP-1, we not only found the first reported peptide sequence with osteogenesis effect from the prodomain region of BMP-7, but also confirmed, through animal experiments, that BFP-1 induced bone formation by osteogenic differentiation more strongly than BMP-7. Furthermore, BFP-2 and BFP-3, both found in the prodomain region of BMP-7, have also been shown to have an osteogenic effect. It was reported that BFPs can replace BMP-7 and can be used for economically superior bone resorption-related disease therapies.
Therefore, we investigate to find a new BFP peptide that has more osteogenic effects than BMP-7. We isolated a new peptide sequences with osteogenic activity form the immature region of BMP-7 and investigated its osteogenic effects in multipotent BMSCs.
MATERIALS AND METHODS
Chemical and Reagents
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT), phosphate-buffered saline (PBS), dimethylsulfoxide, ethanol, Alizarin red Staining solution, Triton X-100, bovine serum albumin, and paraformaldehyde were purchased from Sigma-Aldrich (St. Louis, MO, United States).
Synthesis and Purification of BFP-4
BFP-4 (FFKATEVHFRSIRST) was synthesized by Fmoc solid-phase peptide synthesis using an ASP48S automated peptide synthesizer (Peptron, Daejeon, South Korea) and purified by reverse-phase high-performance liquid chromatography using a Vydac Everest C18 column (250 mm × 22 mm, 10 μm) (UVISON, Sevenoaks, United Kingdom). Elution was conducted with a water-acetonitrile linear gradient (3–40% (v/v) acetonitrile) containing 0.1% (v/v) trifluoroacetic acid. The molecular mass of the purified peptide was confirmed by liquid chromatography/mass spectroscopy using an Agilent HP1100 series HPLC system (Santa Clara, CA, United States).
Osteogenic Differentiation
Mouse multipotent bone marrow stromal cells were purchased from the American Type Culture Collection (ATCC, Manassas, VA, United States) and maintained in Dulbecco’s Modified Eagle Medium (DMEM) containing 10% fetal bovine serum (FBS) (Life Technologies, Grand Island, NY, United States). The multipotent BMSCs were seeded at a density of 1 × 104 cells/well and maintained in culture for 3 days in a humidified atmosphere of 5% CO2 at 37°C. Experiments were performed after the cells had reached approximately 80% confluency. The culture medium was changed at day 3 to osteogenic differentiation medium (ODM; DMEM supplemented with 50 μg/ml ascorbic acid, 10 nM dexamethasone, and 10 mM β-glycerophosphate; all from Sigma-Aldrich, St. Louis, MO, United States) to induce osteogenic differentiation. After culture for 3 more days, one group of cells was cultured in ODM alone and a second group was cultured in ODM containing BFP-4 (0.01 and 0.1 μg/ml) and BMP-7 (0.01 and 0.1 μg/ml) (Kim et al., 2017; Geng et al., 2019).
Cell Viability Assay
Surviving cells were counted using an MTT assay. Final concentration of 0.5 mg/ml MTT (17.2 mM phosphate-buffered saline (PBS), pH 6.5) was added to each well, and the plates were incubated for an additional 3 h. The solution was removed from the wells, and dimethylsulfoxide/ethanol (1:1 ratio) was added to dissolve the formazan products. The plates were shaken for 20 min, and the absorbance at 570 nm was recorded on a microplate spectrophotometer.
Alizarin Red S Staining
Cell cultures were washed twice with distilled water, fixed for 1 h in ice-cold 70% ethanol, and rinsed twice with deionized water. Cultures were stained for 10 min with 1% Alizarin red S, and excess dye was removed by gently flushing with running water. Calcium deposits, which appeared bright red, were identified by light microscopy and photographed. Osteogenic differentiation was quantified by determining the density and area of Alizarin red S-stained regions with an image analysis program (Multi Gauge V3.0, Fujifilm, Tokyo, Japan).
Calcium Assays
Calcium was assayed with the QuantiChrom Calcium Assay Kit (Gentaur, Voortstraat, Belgium). The calcium concentration was determined based on the formation of a stable blue complex between the phenolsulfonphthalein dye and free calcium, whereby color intensity was directly proportional to the concentration of free calcium in the sample. The cell layers were washed twice with PBS. Calcium in the matrix was dissolved with 0.5 M HCL, assay reagent was added. The color intensity was measured at 612 nm using an Infinite M200 microplate reader (Tecan, Männedorf, Switzerland).
Reverse Transcription-Polymerase Chain Reaction
Total RNA was extracted from harvested BFP-4 treated BMSCs using PicoPure™ RNA Isolation Kit (ThermoFisher, USA) according to the manufacturer’s instruction. After isolation of RNA, reverse transcription was carried out using the SMARTer PCR cDNA synthesis Kit (Takara, Japan). One microgram RNA was used for the first-strand cDNA synthesis in a total volume of 20 μl according to the manufacturer’s instruction. RT-PCR was performed to assess the effects of BFP-4 on the transcription of the genes encoding alkaline phosphatase (ALP), osteocalcin, RUNX2, and the internal control housekeeping enzyme glyceraldehyde-3-phosphate dehydrogenase (GAPDH). The primers used were as follows: ALP, (forward) 5′-ACA CCT TGA CTG TGG TTA CTG CTG A-3′ and (reverse) 5′-CCT TGT AGC CAG GCC CGT TA-3′; osteocalcin (forward) 5ʹ-GAG GGC AAT AAG GTA GTG AAC AGA-3ʹ and (reverse) 5ʹ-AAG CCA TAC TGG TCT GAT AGC TCG-3ʹ; Runx2, (forward) 5ʹ-ACA AAC CAC AGA ACC ACA AGT-3ʹ and (reverse) 5ʹ-GTC TCG GTG GCT GGT AGT GA-3ʹ; and GAPDH, (forward) 5′-AAA TGG TGA AGG TCG GTG TG-3′ and (reverse) 5′-TGA AGG GGT CGT TGA TGG-3′ (Bioneer, Daejeon, South Korea). MSCs grown to 70% confluency on plates in the presence and absence of BFP-4 were homogenized in TRIzol reagent (Life Technologies). Total RNA was isolated and used to synthesize cDNA. To determine relative mRNA expression, house-keeping gene (GAPDH) and osteogenic differentiation marker gene with SYBR green I (SYBR advantage qPCR premix, Takara, Japan) were used.
Immunofluorescence Analysis
In brief, a total of 1 × 104 cells/well were seeded in an 6 well cell culture chamber slide containing completed medium for 3 days. The control group was assessed in the absence of osteogenic differentiation medium. At the end of 3 days incubation, the cells were treated by BFP-4 for 24 h. After 24 h incubation, cells were fixed with 4% paraformaldehyde prepared in PBS for 15 min, permeabilized with 0.1% Triton X-100 for 15 min, and blocked with 5% bovine serum albumin in PBS for 30 min. Coverslips were then incubated with a primary antibody against mouse CD44 and CD51 (eBioscience, San Diego, CA, United States) at a dilution of 1:200 followed by incubation with a secondary antibody at a dilution of 1:400, both at room temperature for 1 h. Cells were washed with PBS, and nuclei were counterstained with 4,6-diamidino-2-phenylindole. Coverslips were mounted in 70% glycerol, and micrographs were obtained with an Olympus BX50 fluorescence microscope (Tokyo, Japan).
Flow Cytometry Analysis
A total of 1 × 104 cells/well were seeded in an 6 well containing completed medium for 3 days. At the end of 3 days incubation, the cells were treated by BFP-4 for 24 h. After 24 h incubation, Cells (5 × 105/ml) were incubated in staining buffer (PBS containing 0.5% FBS and 0.1% sodium azide) containing an anti-CD44 and anti-CD51 fluorescein isothiocyanate (FITC) antibody for 30 min on ice. Cells stained with the appropriate isotype-matched were used as negative controls. After staining, cells were fixed with 2% paraformaldehyde and analyzed with an FC500 instrument equipped with Flow ver. 10 (Biosciences, San Diego, CA, United States).
Western Blot Analysis
Multipotent BMSCs (2 × 106 cells/well) were seeded in a 60Φ cell culture dish and starved by incubation in serum-free DMEM for 6 h. Treated cells were washed with cold PBS and lysed with RIPA lysis buffer (Thermo Scientific, PA, United States) at 4°C for 30 min. The lysates were centrifuged at 13,000×g for 15 min, and the supernatants were used as protein samples. The protein concentration was measured using a colorimetric bicinchoninic acid kit (Thermo Scientific, PA, United States) according to the manufacturer’s instructions. Twenty microgram of each cell protein sample was electrophoresed on 10% or 12% SDS-polyacrylamide gel electrophoresis (PAGE) and transferred to polyvinylidene fluoride (PVDF) membranes (Millipore, MA, United States). The membranes were incubated with blocking solution (5% skim milk prepared in Tris-buffered saline) for 1 h. After blocking, membranes were probed with anti-osteocalcin and anti-GAPDH antibodies (Santa Cruz Biotechnology, CA, United States), and then with a horseradish peroxidase-conjugated anti-rabbit or anti-mouse secondary antibody (Santa Cruz Biotechnology) for 2 h. Bands were visualized using an enhanced chemiluminescence detection system (Bio-Rad, CA, United States) and exposed to radiographic film.
Animal Study
All the animal procedures were carried out in accordance with the guidelines of the Animal Care and Use Committee of Chonnam National University. The animal study was approved by Animal Care and Use Committee of Chonnam National University (Permission number: CNN IACUC-20032). Osteogenically differentiated BFP-4–treated and BMP-7–treated BMSCs were suspended in DMEM at a concentration of 1 × 106 cells/200 µl. Cells were implanted subcutaneously into the right flank of 6-week old male C57BL/6 mice and subjected to point projection digital radiography at 26kV for 3 s using a MX-20 digital microradiography system (Faxitron Bioptics, Lincolnshire, IL, United States). X-ray images were processed using Dicom Works software.
Statistical Analysis
Results are presented as means and standard deviation (SD). Data were analyzed by a one-way analysis of variance (ANOVA) followed by Duncan’s post-hoc test using SPSS version 11.0 (Chicago, IL, United States). p < 0.05 was considered statistically significant.
RESULTS
Synthesis of BFP-4
We previously reported that the BFP series, which is derived from the immature region of BMP-7, is capable of osteogenic differentiation and bone-regeneration activity. Based on this finding, we focused on other potentially osteogenic peptide sequences in the immature region of BMP-7. We identified a new peptide with the sequence FFKATEVHFRSIRST (Figure 1A), which we called BFP-4. Therefore, we piloted various experiments to determine the osteogenic efficacy of BFP-4.
[image: Figure 1]FIGURE 1 | Synthesis of BFP-4 peptide and cell viability. The peptide was synthesized by Fmoc solid-phase peptide synthesis using an automated peptide synthesizer and was purified by reverse-phase high-performance liquid chromatography. The molecular mass of the purified peptide was measured by liquid chromatography/mass spectroscopy (A). BSCs were treated with BFP-4 (0.01 to 1 μg/ml) during the initial phase of osteogenic differentiation. The percentage of viable cells was analyzed by the MTT assay (B). The result is representative of repeated three independent experiments.
BFP-4 Induces Stronger Osteogenic Differentiation of BMSCs Than BMP-7
In the first experiment, we assessed the cytotoxicity of BFP-4 (Figure 1B) on multipotent BMSCs by an MTT assay. BFP-4 was not cytotoxic until 1 μg/ml. We next investigated how BFP-4 influences osteogenic differentiation of BMSCs compared with BMP-7. As shown in Figure 2, BFP-4 treatment induced greater osteogenic differentiation of BMSCs than BMP-7 treatment as observed by an Alizarin red S staining assay. Interestingly, treatment with 0.01 and 0.1 μg/ml BPF-4 showed a significantly higher osteogenic differentiation effect than the treatment with 0.01 and 0.1 μg/ml BMP-7. This suggests that BFP-4 could be used as an adjuvant in osteoporotic disease therapy instead of BMP-7.
[image: Figure 2]FIGURE 2 | BFP-4 induces osteogenic differentiation BMSCs were treated with a range of concentrations (0.01 and 0.1 μg/ml) of BFP-4 and BMP-7 during the initial phase of osteogenic differentiation and assessed by Alizarin red S staining. Images represent four independent experiments. The result is representative of repeated four independent experiments. Data are mean ± SD of three independent experiments. **p<0.01 compared with the ODM control. Magnification, 20×.
BFP-4 Induces Biomarkers of Osteogenic Activity
Increased ALP activity and calcium concentration are important biomarkers during osteogenic differentiation. Therefore, we investigated whether BFP-4 induces these osteogenic activity biomarkers in BMSCs. ALP activity and Ca2+ concentration were significantly increased by BFP-4 treatment in BMSCs (Figures 3A,B). We also determined the effect of BFP-4 on the expression of several genes involved in osteogenesis. Gene expression analysis showed that ALP, osteocalcin, and Runx2 mRNA expression increased during osteogenic differentiation in BFP-4-stimulated cells compared with BMP-7-stimulated cells (Figure 4).
[image: Figure 3]FIGURE 3 | Effect of ALP activity and Ca2+ concentration by BFP-4 treatment in BMSCs. Cells were treated with 0.01 or 0.1 μg/ml BFP-4, and 0.1 μg/ml BMP-7 for 24 h. ALP activity (A) and Ca2+ concentration (B) were quantitatively analyzed using a LabAssay™ ALP Assay kit and a calcium detection kit, respectively. Data are mean ± SD of four independent experiments. **p < 0.01 compared with the ODM control.
[image: Figure 4]FIGURE 4 | Effect of ALP, Runx2, and osteocalcin expression by BFP-4 treatment in BMSCs. BMSCs were treated with 0.01–0.1 μg/ml of BFP-4 or 0.1 μg/ml of BMP-7 during osteogenic differentiation. Total RNA was isolated from media only (control) and from cells treated with ODM alone, ODM plus BMP-7, and ODM plus BFP-4. Expression levels were measured by Real-time PCR analysis. The result is representative of repeated three independent experiments. Experimental results were indicated as mean (± SD). **p < 0.01 compared with the ODM control.
BFP-4 Induces CD44 and CD51 Expression in During Osteogenic Differentiation
Transmembrane proteins CD44 and CD51 play important roles in various stages of osteogenesis such as osteoblast proliferation and mineralization. To investigate whether BFP-4 induces expression of CD44 and CD51, we measured CD44 and CD51 expression in BFP-4-stimulated multipotent BMSCs by FACS and immunofluorescence analysis. As shown in Figures 5A,B, we found that BFP-4 significantly induced CD44 and CD51 expression in BMSCs. Taken together, these results suggest that the potential osteogenic effects of BFP-4 were manifested through the induction of osteogenic differentiation biomarkers including ALP activity, Ca2+ concentration, and the expression of Runx2, osteocalcin, ALP, CD44, and CD51.
[image: Figure 5]FIGURE 5 | Effect of CD44 and CD51 expression levels by BFP-4 treatment in BMSCs. BMSCs were treated with 0.1 μg/ml BFP-4. After 24 h, CD44 and CD51 expression were measured by flow cytometry (green arrow, ODM only; blue arrow, ODM plus BMP-7; pink arrow, ODM plus BFP4) (A). Immunofluorescence analysis was conducted using anti-CD44 and anti-CD51 antibodies (B). Data represent four independent experiments. Magnification, 400×.
BFP-4 Enhances Bone Formation in BFP-4-Treated BMSCs Transplanted Into Mice
VEGF is not only a factor regulating angiogenesis, but also plays critical roles in bone formation and repair (Hu and Olsen, 2016). BMPs have recently been reported to have angiogenic effects, which are important factors in osteogenesis and bone formation. For this reason, we determined the expression of vascular endothelial growth factor (VEGF) to verify that BFP-4 has an angiogenic effect. As shown in Figure 6A, BFP-4 induced VEGF expression in a dose-dependent manner.
[image: Figure 6]FIGURE 6 | BFP-4 induces VEGF expression and animal bone formation. BFP4-treated cells were lysed, and equal amounts of proteins were separated by SDS-PAGE and transferred to PVDF membranes. Membranes were probed with anti-VEGF and anti-GAPDH antibodies. GAPDH was used as the internal control (A). BMP-7-stimulated and BFP-4-stimulated BMSCs were injected into the left and right flanks of 6-week-old male mice (n = 4 mice for each group). The concentrations of BMP-7 and BFP-4 were 0.1 μg/ml. All mice were examined by radiography at 4 and 8 weeks (B). Data represent four independent experiments. **p < 0.01 compared with the ODM control.
Moreover, to determine the potential of BFP-4 for treatment of osteoporotic disease as a therapeutic adjuvant, we next investigated the comparative in vivo bone-forming activity of BFP-4 and BMP-7. As shown in Figures 6A,B slight bone formation within approximately 4 weeks was observed in the mice transplanted with the BFP-4-stimulated BMSCs, but not the BMP-7-stimulated BMSCs. In a radiography assay conducted 8 weeks after transplantation, BFP-4-stimulated BMSCs in mice had strongly increased bone formation compared with BMP-7-stimulated BMSCs. Therefore, these results provide new evidence that BFP-4 may be more useful than BMP-7 as an inducer of osteogenesis for bone-related diseases.
DISCUSSION
BMP was revealed in the 1970s, and demonstrating that these proteins play an important role in osteogenesis and bone formation (Aluganti Narasimhulu and Singla, 2020). Various types of BMPs have been discovered, and each BMP has been reported to have various functions. For example, BMP-2, −4, and −7 have the ability to induces osteogenesis and bone formation, whereas BMP-9 strongly inhibits angiogenesis. In general, BMP-7 is the most commonly known and used for bone formation and regeneration (Li et al., 2010). However, the development of materials related to bone formation and regeneration that are still excellent in efficacy and economical is still required.
The search for new substances that are more economical and effective than BMP-7 and elucidating the mechanisms by which they operate, are important for the development of new therapeutic adjuvants. Previous findings have indicated that mature BMPs are known to have osteogenic effects, but we discovered that BFP peptides of immature regions of BMPs have osteogenic and bone-formation potency. We previously reported on the osteogenic and bone formation efficacy of BFP-1, BFP-2, and BFP-3. The reason for finding these new peptides is to increase the efficiency of bone regeneration-related treatments as well as economic benefits. In the present study, we not only demonstrated the osteogenic efficacy of the newly-discovered BFP-4, but also provided evidence that it has greater bone-forming activity than BMP-7. Furthermore, BFPs, including BFP-4, induce greater osteogenic differentiation and bone formation at the same concentration as BMP-7. As shown in Figure 6, BFP-4-stimulated MSCs have been shown to significantly increase bone formation compared with BMP-7-stimulated BMSCs. Thus it has been demonstrated that BFP-4 is both more effective and more than BMP7.
BMSCs stimulated by BFP-1 and BFP-2 increased levels of ALP, CD44, and CD51 expression as well as Ca2+ concentration during osteogenic differentiation (Kim et al., 2012; Kim et al., 2017). Moreover, in the case of BFP-3, the efficacy and molecular mechanism of osteogenic differentiation were elucidated (Lee et al., 2018). It was previously confirmed that BFP-3 not only significantly increased the expression of osterix and Runx2, which are the major factors of osteogenesis, but also showed osteogenic effect in BMSCs through the regulation of the MAPK signaling pathway. In the present study, we found that BFP-4 induces ALP activity and increases Ca2+ concentration in BMSCs (Figure 2). We also determined that the expression of osteogenic factors such as RUNX2, osteocalcin, and ALP expressions were increased by BFP-4 treatment in BMSCs (Figure 4). In our previous studies as well as our present results, we found that activation of MAPK and NF-κB are important to osteogenesis by BFPs. From these results, bone formation effects on BFPs were confirmed, and specifics of each were identified. Moreover, it was confirmed that the efficacy of BFP-4 found in this study was also excellent. However, little is known about their target receptor or ligand, and that should be the subject of future research.
Moreover, in recent years, the demand for bone growth factors or accelerators to seed 3D scaffolds has increased, because they are used for tissue regeneration in various therapeutic fields. The regeneration of tissue such as cartilage and bone involves seeding cells into a customized polymer scaffold that provides a 3D environment to promote matrix production. Thus, tissue engineering offers the potential to grow osteoblasts quickly in an injectable form, and these injected cell-polymer constructs can ultimately result in the formation of bone-like structures (Chang et al., 2009). The development of various bone growth inducers such as BFP-4 is important because the differentiation efficacy of BMSCs (stimulated by the inducers) can be demonstrated and applied in 3D scaffold tissue engineering technology to help treat various bone-related diseases. Angiogenesis is also important in bone formation, and the angiogenic effect of BMPs has recently been reported. For example, BMP-2 induces angiogenesis in human endothelial progenitor cells (Chen et al., 2018) and bone regeneration (Yang L. et al., 2018). As described above, various BMP proteins have been reported to have angiogenic effects, and are therefore potentially important therapeutic agents. As shown in Figure 6, we found that BFP-4 induces VEGF expression in a dose-dependent manner. Therefore, our results indicated that BFP-4 is an optimal factor for inducing bone formation. In this respect, we believe that the use of peptides is efficient because their synthesis is simple, easy to manipulate, and economical compared to proteins. Although BFPs suggests the possibility of use as a material for bone formation in terms of efficiency and economy, studies on their affinity with receptors or other proteins are needed.
In conclusion, the present study demonstrates that BFP-4 induced greater osteogenic differentiation of BMSCs than BMP-7, both in vitro and in vivo, and stimulated greater expression of biological markers of osteogenesis than BMP-7. Also, we found that BFP-4 markedly promoted bone formation and also increased the expression of VEGF. Therefore, these results provide new insights into the possible use of BFP-4 as an osteogenic stimulator instead of BMP-7 in clinical trials of bone-related tissue engineering.
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Purpose: Iron oxide based magnetic nanoparticles (MNP) are versatile tools in biology and medicine. Adipose derived mesenchymal stem cells (ADSC) and Wharton Jelly mesenchymal stem cells (WJMSC) are currently tested in different strategies for regenerative regenerative medicine (RM) purposes. Their superiority compared to other mesenchymal stem cell consists in larger availability, and superior proliferative and differentiation potential. Magnetic field (MF) exposure of MNP-loaded ADSC has been proposed as a method to deliver mechanical stimulation for increasing conversion to musculoskeletal lineages. In this study, we investigated comparatively chondrogenic conversion of ADSC-MNP and WJMSC with or without MF exposure in order to identify the most appropriate cell source and differentiation protocol for future cartilage engineering strategies.
Methods: Human primary ADSC and WJMSC from various donors were loaded with proprietary uncoated MNP. The in vitro effect on proliferation and cellular senescence (beta galactosidase assay) in long term culture was assessed. In vitro chondrogenic differentiation in pellet culture system, with or without MF exposure, was assessed using pellet histology (Safranin O staining) as well as quantitative evaluation of glycosaminoglycan (GAG) deposition per cell.
Results: ADSC-MNP complexes displayed superior proliferative capability and decreased senescence after long term (28 days) culture in vitro compared to non-loaded ADSC and to WJMSC-MNP. Significant increase in chondrogenesis conversion in terms of GAG/cell ratio could be observed in ADSC-MNP. MF exposure increased glycosaminoglycan deposition in MNP-loaded ADSC, but not in WJMSC.
Conclusion: ADSC-MNP display decreased cellular senescence and superior chondrogenic capability in vitro compared to non-loaded cells as well as to WJMSC-MNP. MF exposure further increases ADSC-MNP chondrogenesis in ADSC, but not in WJMSC. Loading ADSC with MNP can derive a successful procedure for obtaining improved chondrogenesis in ADSC. Further in vivo studies are needed to confirm the utility of ADSC-MNP complexes for cartilage engineering.
Keywords: adipose derived stem cells, wharton jelly mesenchymal stem cells, magnetic nanoparticles, magnetic field, chondrogenesis, adipose derived mesenchymal stem cell
INTRODUCTION
Musculoskeletal diseases are an increasing burden worldwide and a principal cause of persistent pain and disability. Among them, the incidence of degenerative joint diseases (DJD), mainly of osteochondral defects (OD) and osteoarthritis (OA) is on the rise, affecting hundreds of millions of people worldwide (Kloppenburg and Berenbaum, 2020). Ageing population, sedentary life style but as well increased occurrence of traumatic injuries due to traffic accidents, war casualties or natural disasters have been implicated in DJD. Their impact is even more dramatic due to the fact that such lesions do not heal and have as consequences permanent disabilities and reduced quality of life. In addition, DJD is getting “younger”, 16–17% of adults below 40 and up to 60% of adults of 40–65 years of age are reported to having various forms of the disease (Merkely et al., 2018). Current therapies are mainly symptomatic, failing to offer effective joint anatomical and functional rehabilitation. Total joint replacement still represents the ultimate method for treating DJD-induced joint deterioration. Regenerative therapies promise to deliver biological restauration of joint surface and to offer permanent and durable anatomical and functional recovery. Despite more than 30 years of basic and translational research in the field, current available products for joint resurfacing are failing to deliver consistent disease modifying therapeutic solutions. The most appropriate cell source for cartilage bioengineering is still under debate. ADSC are extensively investigated for their use as cell sources in regenerative medicine (RM) (Zizhen et al., 2019; Lima et al., 2015). ADSC are relatively easy to extract by means of enzymatic or mechanical methods from the adipose tissue derived from elective cosmetic procedures. ADSC are available as both autologous and allogeneic sources, can derive larger number of elements per tissue volume (Si et al., 2019) and possess superior proliferative and immunomodulatory capabilities compared with other mesenchymal stem cell sources (Ceccarelli et al., 2020) and could be an attractive modality to generate functional implantable tissue for the treatment of cartilage defects (Rahbar Saadat et al., 2020). However, the efficiency of chondrogenic conversion has proved not to equalize other ADSC sources (such as bone marrow or cord blood) (Wei et al., 2007). Derived from perinatal tissues (namely umbilical cord), Wharton Jelly is as a rich source of allogeneic MSCs with superior proliferative and immunomodulatory capabilities (Esposito et al., 2013). Chondrogenic conversion of Wharton jelly-derived mesenchymal stem cells (WJMSC) was shown to be superior to bone marrow mesenchymal stem cells (BM ADSC). Mechanic stimulation of ADSC was shown to increases differentiation to musculoskeletal lineages (bone, cartilage, skeletal muscle) and efficiently increased ADSC as well as WJMSC chondrogenic potential in vitro and in vivo (Zha et al., 2021). Previous studies have shown that different types of mechanical loading (such as compression, perfusion, vibration, stretching) are effective in increasing ADSC differentiation (Yong et al., 2020). Delivering the appropriate micro-mechanical stimulation that closely mimic the intensity, duration and orientation of mechanical cues in the developmental niche, at cellular level, has proved to be a challenge for musculoskeletal tissue engineering. Mechanical stem cell preconditioning using biophysical stimulation by applying various types of mechanical stress within dynamic bioreactors (compression, shear stress, and hydrostatic pressure) requires ancillary equipment and often a direct contact with the cells or cell media. This introduces supplementary steps in the process of cell manufacturing when intending clinical application. Moreover, at a cellular level, the distribution of applied forces might be uneven with consequences on quality and reproducibility of chondrogenic conversion (Fahy et al., 2018). Alongside with the perspective of introducing a method that waves the need of supplementary equipment, magneto-mechanical stimulation delivers biomechanical cues at a cellular level, more closely reproducing the natural biomechanics. In plus, the enhancement of the chondrogenic differentiation obtained within a magnetic field has also been demonstrated to having a synergistic effect with biochemical factors delivered by differentiation media resulting in an enhanced chondrogenic differentiation (Amin et al., 2014). The use of MNPs of various structures and coatings has been previously found appealing for regenerative medicine purposes when sought as drug and small molecule delivery vehicles as they have the potential to support regenerative processes in vitro and in vivo as well as for cell tracking and targeting purposes. Nanoparticle-based manipulation of cell and stem cell fate are recognized as the breakout technology capable to consistently contribute to advancement of biological joint resurfacing toward clinical application (Eftekhari et al., 2020). MNP are particularly appealing for manipulating cell fate due to their excellent biocompatibility, versatility and magnetic proprieties (Wimpenny et al., 2012). Of particular interest when using MNP is the ability to use magnetic actuation as a modality to deliver micromechanical stimulation to differentiating cells (Zhang et al., 2020). Mechanical stimulation consistently increase chondrogenic conversion in ADSC. However, the modality to deliver mechanical preconditioning are difficult to translate for potential clinical applications (O’Conor et al., 2013). Iron oxide MNP internalized by ADSC preserve their proliferative and differentiation capability while inducing cell magnetization. This is opening fascinating possibilities for remote cell manipulation under magnetic field (MF) aiming for MNP mediated cell actuation. Such particularity can be used as a modality to deliver remote micromechanical stimulation to stem cells differentiating to musculoskeletal lineages—osteoblasts and chondrocytes (Lima et al., 2015).
Due to their magnetic responsiveness, cells loaded with MNP can be traced within living systems using clinically available MRI imagistic equipment or incoming magnetic particle imaging technologies. The magneto-mechanical effect adds to this already versatile stem cell-MNP functionality the ability to potentially control cell fate by improving differentiation to mechanosensitive lineages, especially those required for musculoskeletal regeneration. In our previous studies we have tested the effect of proprietary uncoated MNP in influencing osteogenesis and adipogenesis and found that magneto-mechanical stimulation increase osteogenesis and decrease adipogenesis in primary ADSC. Here we aimed to test comparatively the effect of magneto-mechanical stimulation in human primary ADSC and WJMSC chondrogenesis. The purpose was to test if MNP we are manufacturing can be used as a modality to deliver magneto-mechanical stimulation to stem cells undergoing chondrogenic differentiation in vitro and to identify the most appropriate cell source aiming future cartilage engineering strategies.
Remote magnetic actuation of ADSC and WJMSC, with or without MNP, in alternating magnetic field (MF) was investigated as a modality to deliver mechanical stimulation. Its effect on chondrogenic conversion was assessed quantitatively in order to detect the most appropriate cell source for cartilage engineering purposes.
METHODS
MNP Manufacturing and Characterization
MNP. Reagents used for obtaining Fe3O4 magnetite MNP were ferrous chloride tetra hydrate (FeCl2·4H2O, 98%), ferric chloride hexahydrate (FeCl3·6H2O, 98%), sodium hydroxide (NaOH, 98%) and hydrochloric acid (HCl, 37%) (Sigma-Aldrich). The reagents were used as purchased, without any further purification.
The MNP synthesis followed an in-house modified hydrothermal approach as previously reported for this study. 2.2 g FeCl2·4H2O were dissolved in 4 ml deionized water (DW) and mixed with 6 g FeCl3·6H2O. After filtering through a 220 nm filter, the iron salt solution was mixed with 1 ml HCl and added into 200 ml boiling DW. After mixing with solid NaOH (15 g) under magnetic stirring (1,300 rpm), the solution turned immediately black. The solution was further mixed for 30 min (1,000 rpm), whereas the heating was turned off. MNP were magnetically separated and submitted to several washing steps until the pH of the suspension reached 6.5.
Magnetic characterization. The magnetization data were acquired using vibrating sample magnetometer (VSM) (LakeShore 7410) in magnetic fields ranging between −20 and 20 kOe for both bare MNP and WJMSC/ADSC MNP. The morphology and size of MNP was determined through transmission electron microscopy (TEM) (Libra 200 UHR-TEM, Carl Zeiss, Germany). Assessment of the Zeta potential was performed with Malvern Zetasizer NS (Malvern Instruments).
Human Primary Adipose Derived Stem Cells
Human primary ADSC were obtained from healthy donors undergoing elective cosmetic liposuction procedures after institutional ethical approval and informed patient consent. Lipoaspirate was processed within maximum 24 h after surgical procedure (average 3 h) as previously described (Labusca et al., 2018). Briefly, lipoaspirate was washed with PBS, digested with collagenase type I (0.01 mg/ml) for 2 h at 37.5°C, and centrifuged at 300 g for 5 min at room temperature. The supernatant was removed and the medium further centrifuged at 300 g for 5 min. Pelleted cells were re-suspended in complete culture media (CCM) (DMEM, 10% FBS, 2% Antibiotic/antimycotic). Cells were automated counted (TC20™ Automated Cell Counter, Bio-Rad Hungary Ltd.) and plated at 1 × 106 cells/cm2 in tissue culture flasks (CellBIND surface, Corning). Passage three to four cells were used for experiments. For morphology evaluation, the cells were observed under a fluorescent inverted microscope (EVOS Fl Life Technologies).
Human Primary Wharton Jelly Mesenchymal Stem Cells
Umbilical cord from healthy parturient at term birth was collected after signed informed consent and transported to the laboratory in the first 4 h after delivery. Wharton Jelly was carefully dissected from blood vessels, washed with antibiotic solution, minced with a scalpel in pieces of 1–1.5 mm width, placed in six well plates in complete culture media and kept in the incubator. After 5–7 days, the explanted cells were removed using Trypsin/EDTA and re-plated in appropriate tissue culture flasks. Cells passage two to four were used in the experiments for this study.
ADSC and WJMSC Loading With MNP, Viability and Proliferation
For cytotoxicity assays, ADSC and WJMSC were plated in 96 well plates, at 2 × 104 cells/well and incubated for 48 h. MNP in concentration of 40 μg/ml were added to complete culture media and further incubated for 24 h. MNP suspension was delivered once for all cell types and all experiments without any further addition. Cell viability tests were performed using MTT (5-dimethylthiazol-2-yl-2, 5-diphenyltetrazolium bromide-Vibrant ®TermoFisher Scientific) assay according to supplier’s instructions. Absorbance was read at 570 nm. Cell viability (CV) as expressed by MTT optical density (OD) was calculated using the formula CV = 100 × (ODs-ODb)/(ODc-ODb), where ODs = OD of particle treated cells; ODb = OD of blank (media only); ODc = OD of untreated cells. Cell viability and proliferation was investigated at three time points (2, 5 and 10 days) using MTT as well as cell counting after fixation with 80% ethanol and nuclear staining with 4′,6-diamidino-2-phenylindole (DAPI) Termofisher Scientific) 0.1 μg/ml for 5 min, washed twice. Cell count/well 10) was performed using a fluorescent microscope and a grid using the formula X = 2*A/(L*L)*N where A is the surface of the well, L is the size of one square in the grid, N the number of cells per field of view (FOV). Averaged count for at least five FOV were counted/experiment. Cell proliferation expressed as population doubling (PD) was calculated using the formula PDn= [LOG (Nn)-LOG (N0)]/LOG (2) where, N is the number of cells counted at the end of each interval, n represent the time point (day 2, 7 and 14 of cell culture) and N0 number of viable plated cells.
Quantitative Assessment of MNP Content - Ferrozine Assay
ADSC and WJMSC were plated in 24 well plates at 1 × 105 cells/well. MNP were added after 24 h, and the experiments were performed in four replicates. At 1, 7, 14 and 28 days of cell-particle interaction, respectively, the cells were double washed with PBS to remove any extracellular MNP, fixed with 70% ethanol for 15 min and double washed with PBS. 500 μL of 50 nM NaOH were added to three wells per experiment for 2 h on a shaking plate. Aliquots of cell lysates were then transferred to 1.5 ml Eppendorf tubes and mixed with 500 μL of 10 mM HCl, and 500 μL of iron-releasing reagent (a freshly mixed solution of equal volumes of 1.4 M HCl and 4.5% (w/v) KMnO4 (Merck, Germany) in distilled H2O. These mixtures were incubated for 2 h at 60°C within a fume hood. 150 μL of iron-detection reagent (6.5 mM ferrozine (Sigma-Aldrich, St Louis, United States), 6.5 mM neocuproine (Sigma-Aldrich), 2.5 M ammonium acetate and 1 M ascorbic acid (Sigma-Aldrich) dissolved in water) were added to each tube. After 30 min, 500 μL of the solution obtained in each tube was transferred into a well of a 24-well plate, and absorbance was measured at 570 nm with a spectrophotometer. A calibration curve was set up using FeCl3 standards (0–300 µM) in 10 mM HCl to allow calculation of iron content per sample.
Cell Senescence
ADSC, WJMSC, ADSC-MNP and WJMSC were seeded in 24 well plates at 4 × 105cells/well. Beta galactosidase enzyme activity was assessed using β-galactosidase (B-Gal) Detection Kit (Fluorometric) (Abcam) accordingly to manufacturer instructions. Briefly, cells at 14 and 28 days of culture were lysed using lysis buffer, afterwards Fluorescein di-β-D-Galactopyranoside (FDG) stock solution was added to each well and incubated for 1 hour at 37°C, treated with stop buffer solution to increased FDG fluorescence intensity and read using a microplate reader (490–550 nm excitation/emission). Cell number was calculated at each time point as described for ferrozine assay.
Assessment of ADSC and WJMSC Cytoskeleton Fibers in Magnetic Field
2 × 105 cells (passage 3–5) were plated in 35 mm Petri dishes in DMEM with 10% FBS. After 24 h, cells were treated with 40 μg/ml MNP and further cultivated for 24 h. For generation of magnetic field, we used an in house-built system based on four crossed coils programmed to generate a rotating magnetic field (MF) as previously described (Chiriac et al., 2018). ADSC and WJMSC with or without MNP were exposed to MF for 20 min; cells were fixed with 2% paraformaldehide for 15 min, stained with phalloidin (Texas Red™-X PhalloidinTermo Fischer Scientific) and counterstained with DAPI Images were taken using a fluorescent inverted microscope (EVOS Life Technologies).
Chondrogenesis
For chondrogenesis assays, 9 × 105 ADSC, WJMSC, ADSC-MNP and WJMSC-MNP were pelleted in incomplete chondrogenic media (ICM) composed of - DMEM (high glucose -HG), Dexamethasone 1mM, Ascorbic acid 2-P: 5 mg/ml L-Proline: 4 mg/ml ITS + supplement Sodium pyruvate). After pelleting, ICM was changed with complete chondrogenic media (ICM plus TGFβ-3 10 ng/ml). Chondrogenic pellets were kept in 15 ml polypropylene tubes in incubator and fed twice/week for 21 days.
Assessment of chondrogenesis. After 21 days, pellets were fixed in 10% formaline solution for 30 min, washed twice with PBS and embedded in paraffin for histological evaluation. Sections were stained with Safranine O 0.1 ml/L. For quantitative chondrogenesis evaluation, pellets were digested using papain and total amount of GAG glycozaminoglycans content was assessed using chondroitin-6-sulphate DMMB (1, 9 Dimethylmethylene blue) method. DMMB absorbance was read using a microplate reader. The results were normalized against pellet total DNA content obtained QuantiTPico Green dsDNA kit (Invitrogen).
ADSC and WJMSC Differentiation in Magnetic Field
Test tubes with chondrogenic pellets were positioned in the center of the coil and subjected to alternating MF for 10 min every 2 h in the first 7 days after chondrogenic induction, Temperature of the samples was measured using an optical fiber thermometer. Non exposed controls were kept in the incubator.
Statistical analysis. Cells from four donors were used in this study. At least 5 technical replicates were used in each experiment per donor. One way analysis of variance (ANOVA) was performed using OriginLab PRO version 9.0 followed by Bonferroni post hoc analysis; between-group and within group differences that were considered significant at p ≤ 0.05 (n = 5).
RESULTS
Magnetic Nanoparticle Characterization
High-resolution TEM (HRTEM) imaging have shown MNP with dimensions ranging between 10 and 15 nm with a fine size distribution. MNP are shown to having different shapes such as cubic, octahedral, or spherical (Figure 1A).
[image: Figure 1]FIGURE 1 | Ultra-high resolution transmission electron microscopy (UHR-TEM) demonstrating the size of Fe3O4 nanoparticles (A); magnetization loop of bare magnetite nanoparticles [(B)-inset: details from the low-field region]; magnetization loops of WJMSC and ADSC loaded with magnetite nanoparticles (C).
Zeta potential of the MNP was found to be −32.72 (±1.27), pointing out an excellent stability in aqueous solutions. The strong electrostatic repulsion most probably overcome the remanent magnetization of the MNP. An excellent stability was empirically observed for the MNP aqueous suspensions which remained stable for about 2 months. However, following a short ultrasonication, MNP disperse very well, recovering their initial stability. The hysteresis loop of bare magnetite, obtained for magnetic fields up to 2 T, followed a profile specific to ferromagnetic materials. The relatively low remanent magnetization, Mr, and coercive field, Hc, allow the MNP to diminish the agglomeration induced by magnetic attraction (Figure 1B).
Short and Medium Term ADSC-MNP and WJMSC Viability
ADSC and WJMSC were adherent to tissue culture plastic, displayed volume positivity for CD 105, 76 and 90 and negative for CD 34 and 45 (Supplementary Charts S1, S2). All cells underwent three lineage differentiation (chondrogenesis as below, adipogenesis and osteogenesis–Figures 1, 2 Supplementary Material) (Dominici et al., 2006).
[image: Figure 2]FIGURE 2 | Long term viability in culture MTT assay for cells exposed to 40 μm/ml Fe3O4 bare MNP added in the cell culture media; ADSC demonstrate significant increase in MTT activity at 7 days (168 h) compared to 24 h: at all time points viability is more than 100% of non-loaded cells demonstrating good overall viability and lack of MNP cytotoxicity (A) WJMSC viability has a minimum at 24 h cell particle interaction increase at 72 h compared to 24 h, slightly decreases at 7 days demonstrating acceptable viability and MNP toxicity (B); morphological evaluation of ADSC-MNP compared to ADSC and WJMSC compared to WJMSC-MNP after 48 h cell particle interaction demonstrating maintenance of cell shape, apparent membrane integrity and even distribution of MNP inside cell body without penetrating nuclei with visible higher amount of incorporated MNP for ADSC-MNP than WJMSC-MNP (C); logarithmic growth curve of MNP loaded and non -loaded ADSC and WJMSC Cell proliferate, with lower, non-significant PD values for WJMSC-MNP and higher, non-significant PD for ADSC-MNP compared to ADSC and WJMSC up to 7 days and plateau afterwards in order to displayed a slight descendent trend at day 14 compared to day 7 most probably due to reaching confluence in the culture dish (D). PD = population doublings.
Viability of ADSC and WJMSC loaded with MNP, starting 24 h after cell-particle exposure, was tested against non-loaded cells using the MTT assay. This specific assay is based on the quantitative colorimetric assessment of tetrazolium reduction to formazan salt by the mitochondrial dehydrogenase activity in viable and non-quiescent cells, an indirect estimate of mitochondrial metabolic activity and cell viability. Excellent viability was recorded for ADSC-MNP after short and medium term ADSC-MNP interaction (24, 72 h and 7 days–164 h) (Figure 2A). A significant time dependent increase in relative dehydrogenase activity between 24 h and 7 days can be attributed to increased ADSC-MNP proliferation compared to non-loaded cells. WJMSC-MNP displayed satisfactory viability after exposure to MNP. The maximum WJSC-MNP viability (91.9% from non-loaded cells) was recorded at 72 h. Unlikely ADSC-MNP, whose relative viability continued to increase in time, WJMSC-MNP viability decreased non-significantly at 7 days and 14 days (Figure 2). No visible morphological changes regarding cell shape or membrane integrity could be observed for both cell types after exposure to MNP (Figure 2C). ADSC-MNP displayed good to excellent viability over extended time in culture (up to 7 days) and continued to proliferate, displaying more than 100% viability at all time points. WJMSC displayed reduced viability in same culture conditions with a minimum at 24 h (83% viability of non-loaded WJMSC), suggesting MNP presence influence their viability, increasing at 72 h.
ADSC-MNP Proliferation and Senescence
Since MTT results suggested an increase in cell number per well in ADSC-MNP, we further tested the comparative proliferative activity of ADSC-MNP and WJMSC. Logarithmic cell growth was calculated based on number of cells counted after fixation with ethanol 80% and nuclear staining with DAPI. Cells were counted using an inverted fluorescent microscope, the number of cells from at least 5 FOV were averaged and the results were used to determine the number of cells/well (see the methods). ADSC-MNP displayed slightly increased population doubling (PD) compared to non-loaded cells up to 14 days in culture while WJSC-MNP showed decreased proliferation at 7 days compared to non-loaded cells. All cell types continued to proliferate, with lower, non-significant PD values for WJMSC-MNP and higher, non-significant for ADSC-MNP compared to their respective non-loaded counterparts up to 7 days and starting to plateau afterwards most probably reaching confluence in the culture dish. All growth curves displayed a slight descendent trend at day 14 compared to day 7. (Figure 2D).
For detection of cell senescence in culture we used quantitative assessment of β-galactosidase (B-Gal) activity calculated per cell. Results revealed lower enzyme expression in ADSC-MNP at 14 days as well as significant lower B-Gal activity in ADSC-MNP after 28 days in culture compared to non-loaded ADSC (Figure 3A). WJMSC-MNP however displayed increased B-Gal activity at both time points in culture compared to WJMSC at similar time points (Figure 3B).
[image: Figure 3]FIGURE 3 | Beta galactosidase activity (B-Gal) in ADSC (A) and WJMSC (B) demonstrating significant less enzymatic activity in ADSC-MNP at 28 days in culture compared to ADSC at same time point (C); iron content/cell (in picograms) at 1, 7, 14 and 28 days cell-particle interaction; after 24 h cell particle interaction ADSC aquire enough iron content to become remote controllable within MF (14, 0 pg/cell).
Iron Content per Cell
The quantity of iron load represented by the up-taken MNP was calculated by subtracting iron content of non-loaded cells from ADSC-MNP and WJSC-MNP respectively. Iron content was determined spectrophotometrically using the ferrozine assay. After 24 h of cell particle interaction, ADSC acquire an average amount of 14.9 pg iron/cell (3.67 × 106 MNP/cell), decreasing to 6.64 (1.63 × 106 MNP/cell) at 7 days in culture. Interestingly, at 14 days the amount of iron/cell was found to be increased to 10.8 pg (1.63 × 106 MNP) in order to reach 14.75 pg/cell (3.62 × 106 MNP) at 28 days, almost similar with content at 24 h. WJMSC-MNP iron load was significantly lower at 24 h (0.4 pg/cell; 9.8 × 104 MNP/cell) and 7 days (0.36 pg/cell; 8.8 × 104 MNP/cell) compared to ADSC-MNP at same time point and reached 3.6 pg/cell after at 14 days and 3.81 at 28 days in culture, respectively (Figure 3C).
ADSC-MNP and WJSC-MNP Magnetization
For ADSC and WJMSC loaded with MNP, a marked difference is underlined by the hysteresis loops (Figure 1C). The amount of MNP uploaded by WJMSC is very low compared to ADSC, as already confirmed by quantitative evaluation of iron content (see above). ADSC-MNP upload an increased amount of MNP in similar condition (14.95 pg iron/cell) within 24 h of cell particle interaction and culture media preconditioning of MNPcompared to WJMSC (0.4 pg iron/cell). ADSC-MNP become responsive to applied magnetic field while WJMSC display low MF responsiveness and magnetization in similar culture conditions and duration of cell particle interaction.
Qualitative Assessment of ADSC Cytoskeleton Fibers in MF
Both loaded and non-loaded ADSC and WJMSC exposed to 6 mT alternating MF for 20 min displayed distortion of actin fibers. Cell body became edgy and uneven compared to non-exposed cells. Furthermore, in ADSC-MNP exposed to MF, the cytoskeletal fibers became shrunk with multiple edges, while for the WJMSC-MNP this effect was not visible. No obvious distortion of cell nuclei could be observed. (Figure 4).
[image: Figure 4]FIGURE 4 | Cytoskeletal fibbers in loaded and non-loaded ADSC and WJMSC demonstrating qualitatively actin fibbers shrinkage in cells exposed to MF, especially for MNP loaded cells. Texas Red™-X Phalloidin staining, nuclei stained with DAPI; EVOS inverted fluorescent microscope 20 × magnification.
Chondrogenic Conversion
Pelleted ADSC, ADSC-MNP, WJMSC and WJMSC-MNP were treated with chondrogenic differentiation media for 21 days. MF exposure was performed by exposing test tubes to MF for 10 min every 2 h during the first 7 days after chondrogenic induction. Pellets formed from MNP-loaded and MF-exposed cells are more compact, dense and rounded (Figures 5A,B) compared to non-loaded (Figures 5C,D). Iron presence inferred brownish overall aspect of the pellet, still the characteristic pink color represented by acidic proteoglycan staining could be detected with higher magnification (Figures 5E,F). Chondrogenic differentiation was investigated using quantitative colorimetric GAG assay and the results were normalized to cell number/pellet. Cell number/pellet was obtained by dividing DNA content/pellet expressed in pg to 6, the approximated quantity of cellular DNA (Gillooly et al., 2015). In order to exclude a potential interference in colorimetric evaluation of GAG content, for the case of MNP-loaded cells, calculation of GAG content was performed using a standard curve raised for chondroitin sulfate mixed with MNP. The amount of MNP added to each CS dilution was calculated as the iron content per cell resulted from ferrozine assay multiplied by the number of cells/pellet. ADSC-MNP displayed significant increase in GAG content per cells compared to ADSC. Furthermore, ADSC-MNP exposed to MF displayed significant increased GAG/cell ratio compared to non-loaded cells. (Figure 5I,J). MF exposed WJMSC and non-exposed WJMSC generated significantly higher amount of GAG/cell compared to WJMSC-MNP and to WJMSC-MNP in MF. Remarkably, the maximum amount of GAG/cell generated by ADSC-MNP-MF (5.55 pg) was almost five times higher compared to maximum amount generated by WJMSC-MF (1.33 pg).
[image: Figure 5]FIGURE 5 | Chondrogensis assay: qualitative: representative histological images of Safranin O stained pellets formed by ADSC-MNP-MF (A); ADSC-MNP (B); ADSC-MF (C); ADSC (D) A-D Nikon Eclipse E600 inverted microscope ×4 magnification; ADSC-MNP-MF (E); ADSC-MNP (F); ADSC-MF (G); ADSC (H) (E–G) Nikon Eclipse E600 inverted microscope ×20 magnification; quantitative evaluation of glycosaminoglycan (GAG) deposition/cell/pellet in ADSC demonstrating significant increase in GAG deposition in MNP loaded cells as well as in MNP loaded cells submitted to magnetomechanical stimulation within MF compared to non loaded cells (I); WJMSC quantitative evaluation of GAG deposition/cell/pellet demonstrating significant increased GAG deposition in non loaded WJMSC; to note, the maximum amount of GAG deposition is displayed by ADSC-MNP-MF in similar experimental conditions (J).
DISCUSSIONS
The ability to produce bioengineered tissues and organs relies on abundant cell sources that have the capability to convert to the desired lineage under appropriate biochemical and mechanical cues. Mesenchymal stem cells have been intensively sought for tissue engineering of cartilage and a large number of research groups are reporting promising in vitro and in vivo results. The importance of mechanical stimulation for obtaining functional engineered bio equivalents especially in the case of musculoskeletal tissues has been stressed out (Athanasiou et al., 2015). Various methods for mechanical stimulation and dynamic bioreactors have been designed for this specific purpose. However, the ancillary equipment for delivering mechanical load is in many cases bulky, resource consuming and difficult to scale up for translational purposes. We have previously reported good results using magneto-mechanical stimulation for osteogenic and chondrogenic conversion of human primary ADSC using incorporated proprietary MNP and MF exposure. ADSC and WJMSC are considered efficient cell sources for tissue engineering due to their good proliferative and differentiation capabilities, easiness of access and lack of ethical issues with their procurement. WJMSC of allogeneic origin are reportedly non-immunogenic, can generate clinically relevant number of mesenchymal progenitors and are already the object of clinical trials (Liang et al., 2020). In this study we focused on comparing the two cell sources in respect to their capability to undergo chondrogenic lineage differentiation under magnetically delivered mechanical stimulation.
Proprietary bare magnetite MNP are prepared by co-precipitation of iron salts, method that enables production of relatively homogenous nanoparticles (Perlstein et al., 2010). MNP used in this study have average size of 20 nm and display ferromagnetic proprieties and characteristic magnetization curve under MF exposure. Due to their reduced size, sterilization by autoclave induce particle aggregation (data not shown). Therefore, we used for sterilization UV exposure in the biosafety hood. MNP, in fixed concentration of 40 μg/ml, were first diluted in complete culture media in order to allow formation of a protein corona. Since the protein corona is the major factor that determines MNP biological identity, “presentation” to cell membrane and their internalization (Nierenblerg et al., 2018), one single batch of FBS was used for all experiments in this study for consistency. Simple addition in culture media resulted in different behavior of MNP in relation to the two cell types investigated here. In the first 24 h of cell-particle interaction, MNP were observed to agglomerate around WJMCSs without being internalized. With increasing time in culture, particles were observed in the pericellular area as well as inside cytoplasm. Conversely, MNP could be detected inside ADSC cytoplasm as soon as 24–48 h and further on through all duration of observation (maximum 28 days).
The particularity of WJMSC-MNP interaction could be probably explained by the presence of a dense pericellular mesh (Wang et al., 2018) that interfere with initiation of endocytosis. At the initial contact with the cells, MNP are firstly interacting with pericellular matrix and plasma membrane and uploaded by endocytotic mechanisms that vary with their size, coating, and electric charge. MNP are included within intracellular vesicles and finally degraded in the acidic environment of the endo-lysosomal compartment (Kolosnjaj-Tabi, 2013). Bare and as well Fe3O4 MNP coated with biocompatible shells are known to be nontoxic, non-genotoxic and not to induce hemolytic processes in contact with blood (Fan et al., 2020). Previous reports have shown good viability in many stem cell types upon internalization of commercially available MNP with different coatings (Wimpenny et al., 2012). Our group has reported good viability in various human stem cells (bone marrow, trabecular bone, adipose derived) with proprietary bare, chitosan and palmitic acid coated Fe3O4 MNP. A particularity of MNP that distinguish them from other nanoparticles is the existence of a cellular mechanism for iron storage and metabolism. Ferritin-dependent iron homeostasis is an endogenous mechanism ubiquitous and evolutionary preserved in mammalian cells. Ferritin protein cages accommodate MNP degradation products while concomitantly slowing down the degradation process due to the colloidal behavior in acidic medium (Volatron et al., 2017). A dose dependent reduction in WJMSC viability and proliferation after exposure to commercially available MNP as assessed using MTT was reported (Ohki et al., 2020) suggesting that the maximum iron load the preserves phenotype is cell type dependent. The correlation between maximum iron load that preserves viability and specific cytosolic ferritin activity in various cell type would warrant further investigation. We found that viability of WJMSCs exposed to MNPs after 24 h was only 83,5% compared to non-loaded control as assessed by cell mitochondrial activity. While this is not obligatory a proof that MNPs are cytotoxic to WJMSCs, it is revealing limited mitochondrial activity compared to non-loaded. This could be possible explained by the fact than iron handling enzymatic equipment (especially mitochondrial ferritin) as well as iron overload threshold is cell specific. Mammalian cells response to similar amounts of iron traffic and load is known to not only dependent on cell type but as well on cell status and activity (Ward and Cloonan, 2018). Further investigatings are needed to explore this particularity.
As resulting from population doublings, both cell types, loaded and non-loaded, continue to proliferate up to 14 days when they reach a plateau, most probably due to culture conditions (reaching over confluence). ADSC-MNP display slightly higher PD compared to non-loaded while ADSC-MNP slight decrease proliferation upon MNP exposure. Iron is known to play a crucial role in energy metabolism, being constituent of mitochondrial enzymes of the electron transport chain, involved in ATP production, oxygen consumption, cell cycle progression and proliferation. Excess of iron, however, generate Fenton reaction producing reactive oxygen species (ROS), especially hydroxyl radicals which can have destructive effects on cellular lipids and DNA (Wessling-Resnick, 2017). The delicate balance between promoting mitochondrial activity and cell proliferation and inducing ROS formation that arrest cell cycle is dependent on complex factors of which free iron ions formation, and availability of intracellular ferritin. Expression of iron transport and metabolism proteins in ADSC, as well as activation of ROS-stimulated pathways are likely to be dependent on tissue of origin, donor age, presence or absence of associated disease (diabetes mellitus, obesity) (Mehta, 2021). Here we found that even if the amount of iron accumulated per cell in the first days in WJMSC is significant lower compared to ADSC-MNP, their growth rate is non-significantly decreased. WJMSC are isolated from WJ, a tissue originating from extraembryonic mesoderm that functions as the very first hematopoietic niche in the developing embryo. WJMSC were shown to support hematopoiesis in vitro (Lo Iacono et al., 2018) and to possess a particular transcriptome compared to other ADSC (Jeong et al., 2021), possibly being less equipped for iron internalization. Adenoviral-mediated ferritin overexpression for WJMSC performed as a method to induce their traceability using magnetic resonance imaging (MRI) equipment was found to significantly decrease cell proliferation. (Dai et al., 2017). Further investigation of WJMSC particularities regarding iron transport and metabolism would be necessary.
Bare MNP could be uploaded by ADSC, but not by WJMSC within first 24 h. The average amount of 14.9 pg iron load per cell unit induced efficient cell magnetization in ADSC-MNP suspension as demonstrated by VSM. In WJMSC, the amount of up-loaded iron was significantly lower; however, cells still displayed a magnetic behavior, demonstrating they could respond to an applied MF. This finding was further supported by the configuration of cytoskeletal fibers in loaded and non-loaded cells exposed to MF. After brief exposure (10 min) to a relatively low intensity MF (6 mT), F actin fibers showed the tendency to disorganize and to distort cell contour. Static field exposure (1 mT) of dental pulp stem cells (DPSCs) was shown to rearrange cytoskeleton and to increase their migration proliferation and differentiation by recruiting YAP/TAZ to the nucleus, inhibiting its phosphorylation and upregulating two YAP/TAZ-regulated genes, CTGF and ANKRD1. MF induced YAP/TAZ nuclear localization was inhibited by cytoskeleton inhibitor, cytochalasin D (Zheng et al., 2018). In our study ADSC-MNP and, at a lower extent, WJMSC-MNP displayed increased cytoskeletal fiber rearrangement under MF (Figure 4). MNP are known to be trafficked inside cell cytoplasm along cytoskeletal fibbers. It is possible their proximity to actin fibbers during MF exposure to generate micro movements that act as internal mechanical stimulation, influencing YAP/TAZ nuclear translocation and possible other mechano-responsive pathways.
An interesting observation is the particularity of iron load dynamic on the duration of 28 days in ADSC-MNP. After 24 h cell-MNP interaction, cells were found to accumulate the maximum amount of iron/cell (14.9 pg/cell), quantity that was found to decrease to almost one third (6.64 pg/cell) at 7 days, then increased again to reach approximatively the initial amount at 28 days (14.71 pg/cell). The initial decrease in iron content at 7 days can be partly explained by proliferation and consequent distribution of MNP in the dividing cells. Other possible explanations such as particle biodegradation and re-synthesis could be involved. Using magnetism as a modality to demonstrate the MNP presence inside cells, a possible mechanism of biodegradation and “re-biosynthesis” was demonstrated to occur in human ADSC. Cells were found to be “re-magnetized” after degradation of nanoparticles that took place at 7–10 days after particle internalization (Van de Walle et al., 2019). This finding was interpreted as a direct demonstration of a possible neo synthesis of magnetic nanoparticles inside endosomes, a process H-ferritin dependent that could explain, at least in part, the gradual increase in iron content/cell at 14 and 28 days for ADSC-MNP. WJMSC increased iron/cell gradually up to 28 days probably as a result of slow internalization of the MNP due to rich fibronectin pericellular matrix and a possible low expression of transferrin or other iron transporters, fact that needs to be further investigated.
We used assessment of B-Gal activity as a modality to detect culture induced senescence. Not surprisingly, B-Gal expression was found to increase at 28 days in all cell types, loaded and non-loaded, compared to 14 days. However, ADSC-MNP showed less B-Gal activity compared to non-loaded at both time points whereas WJMSC-MNP were found to express increased enzyme activity compared to non-loaded. The presumptive lower activity of cytosolic ferritin and increased ROS formation in WJMSC could be involved. Culture-induced senescence is a well-known phenomenon that impedes in vitro cell expansion and negatively influences MSC therapeutic potential (Liu et al., 2020). No significant ROS increase and cell ageing could be observed in human myoblasts loaded with different amounts of superparamagnetic iron oxide nanoparticles (SPIOS) that retained their phenotype in vitro and in vivo (Wierzbinski et al., 2018). Here we found that non coated MNP internalization decreased B-Gal activity during extended culture in ADSC but not in WJMSC. Further studies focusing on ROS expression as well as on investigating senescence associated phenotype are needed to determine if MNP loading could function as a modality of preventing culture induced senescence in ADSC populations.
Based on quantification of GAG deposition per cell, we found that condrogenic conversion of MF-exposed and non-exposed ADSC-MNP was significantly increased compared to non-loaded. Furthermore, MF exposure increased GAG deposition in ADSC-MNP compared to non-exposed ones, albeit non-significantly. Iron is an essential factor for cartilage formation and its internalization is required for ECM synthesis. Reduced iron is a catalyst of proline and lysine hydroxylation reactions that are essential to the formation of mature collagen molecules (Pacifici and Iozzo, 1988). MNP can provide slow release of reduced iron ions supporting chondrogenic ECM deposition. Stem cells were found to handle iron transport differently depending on differentiation pathways even in the absence of MNP. In MSC chondrogenesis, transferrin is down regulated while ferroportin is significantly higher expressed compared to osteo and adipogenesis. Moreover, ADSC loaded with MNP, overexpressed L-Ferritin (involved in iron storage as nonmagnetic ferrihydrite in the ferritin cage) during chondrogenesis. Conversely, H-Ferritin, possible involved in de novo MNP biosynthesis, was found to be higher expressed during osteogenesis and adipogenesis (Van de Walle et al., 2019). Iron availability and supplementation has been recently confirmed as a modality to increase chondrogenesis in vitro and in vivo in Guineea pigs. Ascorbic acid and iron supplementation in the form of commercially available ferumoxytol was found to significantly increase chondrogenesis in bone marrow ADSC in vitro as well as in vivo in Guinea minipig model of cartilage defect (Theruvath et al., 2021). Ferrumoxytol, is used as iron supplement for intravenous administration and occasionally off label as a MRI contrast agent for vascular and nodal metastasis. It consists of carbohydrate-coated ultra-small SPIOs (Vasanawala et al., 2016). Their hydrodynamic size (average 25 nm) and iron oxide composition are similar with particles used in our study. Here we used non-coated MNP, fact that could increase intracellular iron availability and decrease the time of MNP processing by the cells. The fact that WJMSC iron handling mechanisms cannot provide similar amounts of intracellular iron compared to ADSC (as resulting from the quantitative assessment of intracellular iron content) can possible interfere with chondrogenic conversion. Profiling comparatively the cellular iron enzymatic equipment in loaded and non-loaded ADSC and WJMSC during chondrogenic conversion could reveal very useful insights potentially offering molecular targets to enabling future cartilage engineering procedures. ADSC chondrogenesis was previously found inferior to other stem cell sources (Fellows et al., 2016). In this study, significant higher amounts of GAG/cell obtained from non-loaded WJMSC compared to non-loaded ADSC, confirming the fact that non-modified ADSC are not the best source when considering cartilage engineering. However, MNP presence clearly increased GAG deposition in ADSC, especially after MF exposure. Actin cytoskeleton was shown to modulate COL2/aggrecan fragment generation; the factors that control actin dynamic decisively control the chondrocyte phenotype (Lauer et al., 2021). MNP presence, in close relation to actin fibbers (Orynbayeva et al., 2015), can induce the necessary actin dynamics to initiate and promote chondrogenesis. In this study, we showed that MF exposure influences the cytoskeletal fiber organization. GAG deposition in magnetically stimulated ADSC-MNP was almost 5 times higher compared to non-loaded WJMSC, pointing to a possible modality for manipulating ADSC for improved chondrogenic conversion in vitro and, possibly, future methods for improving cartilage-repair pulsed magnetic field exposure (PEMF) of BM-ADSC in combination with magnetic hydrogels which were shown to increase repair in rabbit model of cartilage defects (Huang et al., 2019). Further studies are needed to more precisely clarify the molecular mechanism governing the correlation between MNP positioning, MF exposure and increased chondrogenesis in ADSC. Chondrogenic induction of WJMSC was previously shown to result in increased upregulation of cartilage-specific type II collagen synthesis compared to BM-ADSC and decreased osteoinductive Runx2 and collagen X in similar culture conditions (Reppel et al., 2015), suggesting their use could avoid hypertrophic cartilage formation and graft ossification. Previous studies have used human BM ADSC loaded with homogenous sized MNP derived from bacteria (Magnetospirillium sp) for inducing cell aggregation in pellets and for delivering magnetic mediated shear stress during initial stages of chondrogenic conversion. Increased levels of GAGs and collagen production as well as the absence of hypertrophic conversion was observed in the MNP loaded cells (Son et al., 2015).
In our experience, MNP mediated aggregation in spheroid culture under MF was not efficient in increasing the amount of GAG production compared to simple pellet procedure, probably due to increase compaction of three dimensional structure and decreased nutrient availability (Labusca et al., 2021).
A limitation of this study is that we have not investigated hypertrophic markers. However, previous evidence supports the fact that significant GAG increase in ADSC-MNP at protein level is an indicator of normal articular cartilage, being correlated with collagen type expression II and absence of hypertrophy (Kamisan et al., 2013). Further studies will be needed as well to address donor variability especially for the case of ADSC. WJMSC donor population is more likely to being homogenous as it involves processing umbilical cord sample from women of fertile age and with healthy pregnancies. ADSC donors, however, could be more heterogeneous, especially if the use of autologous cells is envisaged for a future therapeutic purpose. A comparative study including a larger number of donors stratified based on age, gender and BMI as well as profiling ADSC characteristics relative to their chondrogenic conversion capability will to enable further donor selection for cartilage regeneration purposes.
CONCLUSION
ADSC upload proprietary MNP by simple addition in culture media after 24 h in quantities that endows the cells with magnetic properties. ADSC-MNP, submitted to low-frequency MF during initial stages of chondrogenic induction, generated the highest amount of chondrogenic conversion at protein level as assessed by GAG/cell deposition after 21 days pellet culture. WJSC displayed low MNP internalization and significant lower amount of GAG deposition in similar conditions. B-Gal activity, after extended culture in vitro, was significantly decreased in ADSC-MNP compared to non-loaded, but not in WJMSC, suggesting a possible senescent protective mechanism that needs further investigation. Magneto-mechanical stimulation of MNP-loaded cells could be an efficient modality to increase the efficiency of ADSC, but not of WJMSC for cartilage engineering. Further studies are necessary to confirm the feasibility of this method in animal models of cartilage defects and to detect the molecular basis of MNP mediated magneto-mechanical stimulation.
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Cartilage defects pose a significant clinical challenge as they can lead to joint pain, swelling and stiffness, which reduces mobility and function thereby significantly affecting the quality of life of patients. More than 250,000 cartilage repair surgeries are performed in the United States every year. The current gold standard is the treatment of focal cartilage defects and bone damage with nonflexible metal or plastic prosthetics. However, these prosthetics are often made from hard and stiff materials that limits mobility and flexibility, and results in leaching of metal particles into the body, degeneration of adjacent soft bone tissues and possible failure of the implant with time. As a result, the patients may require revision surgeries to replace the worn implants or adjacent vertebrae. More recently, autograft – and allograft-based repair strategies have been studied, however these too are limited by donor site morbidity and the limited availability of tissues for surgery. There has been increasing interest in the past two decades in the area of cartilage tissue engineering where methods like 3D bioprinting may be implemented to generate functional constructs using a combination of cells, growth factors (GF) and biocompatible materials. 3D bioprinting allows for the modulation of mechanical properties of the developed constructs to maintain the required flexibility following implantation while also providing the stiffness needed to support body weight. In this review, we will provide a comprehensive overview of current advances in 3D bioprinting for cartilage tissue engineering for knee menisci and intervertebral disc repair. We will also discuss promising medical-grade materials and techniques that can be used for printing, and the future outlook of this emerging field.
Keywords: cartilage, bone repair, tissue engineering, 3D printing, bioprinting
INTRODUCTION
Treatment of cartilage injuries presents a significant challenge in modern orthopedics. Damage to the articular cartilage due to trauma, degenerative diseases or normal wear and tear affects everyone from children to the elderly. Poorly-healed cartilage defects cause serious and degenerative morbidities like osteoarthritis, which is the predominant cause of joint pain worldwide, affecting nearly 303 million people globally (Wei et al., 2021). The limited self-repair capabilities of the cartilage due to absence of vascularization, in which nutrients only reach chondrocytes via diffusion from the surrounding environment, and low chondrocyte density (comprising 1–5% of total cartilage) attributed to the high matrix to cell volume ratio, and the lack of operative and medical therapies that can significantly facilitate the healing process has led to an urgent need for new and durable treatments and grafting strategies to regenerate and repair these defects (Zhang et al., 2009; Akkiraju and Nohe, 2015; Dai and Gao, 2016).
Metal and plastic prosthetics that can recapitulate the surface of joints are currently the gold standard in cartilage and bone replacement. However, these are often rigid, limiting patient flexibility and mobility. Friction can lead to rapid wear of these implants, leading to damage and inflammation in adjacent tissues. Furthermore, the leaching of metal particles from the implants into the body can lead to adverse effects including tissue damage and poisoning (Prezyna, 2000; Sansone, 2013). Although current strategies to repair cartilage defects exist, including microfracture surgery, autologous chondrocyte implantation and osteochondral transplantation, these procedures have drawbacks such as high failure rates (25–50% within 10 years) and reduced effectiveness among elderly patients (Lansdown et al., 2018). Furthermore, autologous chondrocyte transplantation is marred by shortage of chondrocyte sources, while microfracture surgery is limited by the development of fibrocartilage instead of natural hyaline cartilage in the region, which can worsen joint function (Zhang et al., 2019; Yang et al., 2020a; Wei et al., 2021). Other methods such as debridement and spongialization have been hindered by their clinical invasiveness and the high inherent risk of developing osteoarthritis (Zhang et al., 2019).
As an alternative to existing strategies, cartilage tissue engineering is being increasingly explored as a method of fabricating functional constructs that can facilitate the regeneration of joint cartilage. Among the many strategies under consideration, 3D bioprinting has emerged as a promising method that allows precise control over the properties of the construct including shape, architecture, mechanical strength and placement of cells and bioactive cues, to mimic native cartilage. In this review, we will explore in detail current technologies being developed for the repair of joint cartilage as well as 3D printing strategies and materials being used to improve the properties and functionality of 3D bioprinted constructs for the development of functional and durable implants. In particular, we will focus on high-risk, high-load bearing and motion-critical cartilage: namely, intervertebral discs and knee menisci, for which current treatment options (e.g., implants) do not offer satisfactory biological functionality.
BIOMECHANICS OF JOINT CARTILAGE
In the human body, the three main types of cartilage produced include hyaline cartilage, elastic cartilage, and fibrocartilage. Hyaline cartilage, the most common cartilage found in the body, functions to provide lubrication and load-bearing support for the articulating surfaces of bones in synovial joints, essential for joint movement, in addition to playing a key role in skeletal growth and development (Krishnan, 2018). Hyaline cartilage is comprised primarily of different types of collagen, as well as proteoglycans such as aggrecan, which provides compressive strength and load-bearing support for tissues due to intermolecular repulsive interactions (Ng et al., 2003). Similar to hyaline cartilage, elastic cartilage is comprised mainly of collagen (type II) and proteoglycans. However elastic cartilage, which can be found in the ear and larynx also contains elastin fibers, allowing for increased flexibility while maintaining structural support (Chizhik et al., 2010). Knee menisci and intervertebral discs (IVDs) are comprised predominately of fibrocartilage, which exhibits high tensile strength due to the presence of thick, bundled, and highly ordered collagen (type I) fibers (Murphy et al., 2015).
Knee Menisci
The menisci are critical for maintaining the health and performance of the knee joint, providing nutrition, lubrication, shock absorption, load distribution, and stability of the joint (Fox et al., 2012; Kester et al., 2021). The semicircular medial- and circular lateral menisci are fibrocartilaginous wedges that are attached to the femur via multiple ligaments, as shown in Figure 1B. The menisci are concave at the femoral surface for articulation with the condyles and flat on the tibial surface to connect with the plateau. The outer border is thick and vascular allowing for firm attachment to the joint capsule, while the inner border is thin and avascular, allowing for correct orientation within the joint. The fibrochondrocytes (meniscal cells) maintain the dense extracellular matrix (ECM) and synthesize the collagen, proteoglycans, and other proteins embedded within (Makris et al., 2011). Tissue fluid comprises 65–70% of the total weight of menisci as most of the water is sequestered within proteoglycans (Herwig et al., 1984). The orientation of the collagen bundles in the center third region are primarily radially oriented suggesting that they function in compression, while those in the outer two-thirds are circumferentially oriented suggesting a tensile function (McDermott et al., 2008). In contrast, the collagen bundles are randomly oriented in the surface layer suggesting they function to decrease friction (McDermott et al., 2008).
[image: Figure 1]FIGURE 1 | Anatomical composition of the (A) human knee (including menisci) and (B) human intervertebral disc (IVD). Figure 1A reprinted with minor alterations from (Guo et al., 2015) under Creative Commons Public Domain Dedication waiver (creativecommons.org/publicdomain/zero/1.0).
Material properties of the shaped human meniscus is challenging due to the complexity of the structure. Three regions (anterior, middle, posterior) of fresh-frozen human meniscus were tested in compression at four strain rates (3, 6, 9, and 12%) at a physiologically relevant walking strain rate of 32%−s (Chia and Hull, 2008). Young’s Modulus increased with greater strain and was higher in the anterior region (1,048 kPa at 12%) than the posterior region (329 kPa at 12% strain), which is 8x larger than at physiological equilibrium (Chia and Hull, 2008). Stiffness in the circumferential direction is greater than that in the axial and radial direction, which are similar, while thickness varies inversely with modulus (Lechner et al., 2000; Chia and Hull, 2008; Norberg et al., 2021). Meniscal biomechanics show that the lateral meniscus demonstrates greater mobility than the medial meniscus as the lateral meniscus has 9–11 mm of anteroposterior displacement and 11.2 mm of mediolateral displacement, while the medial meniscus exhibits only 2–3 mm of anteroposterior displacement and 5.1 mm of mediolateral displacement (Thompson et al., 1991).
Intervertebral Discs
The repair and regeneration of the cartilage of the human spine, which functions as the body’s central support system and key to movement, has been the subject of intensive research and the results have been extensively described and summarized (Panjabi and White, 1980; Oxland, 2016). The human IVD functions to give a bipedal upright human spine motion, stability, and durability. The human IVD, shown in Figure 1A, consists of three components, including a multilayered outer ring of elastic collagen tissue fibers [annulus fibrosus (AF)], which is oriented at alternating angles (50–60 + degrees) that provides stability in torsion, compression and tension (Panjabi and White, 1980; Oxland, 2016). The concentric rings do not fully form complete circles in the posterior and posterolateral regions, which make these areas susceptible to herniation, fissures and failure (Panjabi and White, 1980; Oxland, 2016). The gelatinous elastic center (nucleus pulposus (NuP)) transmits stress and weight between vertebrae (Panjabi and White, 1980; Oxland, 2016). The NuP has semi-solid-like properties and therefore expands outward when compressed, which also expands the elastic fibers of the AF. This structure is connected to adjacent vertebrae by the Sharpey’s fibers of the relatively flat cartilaginous end plates (CEP) of the vertebral bodies (Panjabi and White, 1980; Oxland, 2016). These three components, the AF, the NuP and the CEP are intimately integrated to function as a unit with the vertebrae above and below forming a spinal unit or motion unit that allows combinations of flexion, extension, lateral bending, and rotation of the spine at varying degrees depending on the location in the spine.
Mechanical properties of the human IVD are the topic of interest in many studies, and for good reason, given the debilitating results of their malfunction/degeneration (Markolf, 1974; Yoganandan et al., 1989; Iida et al., 2002; Stemper, 2010). While it had been believed that the NuP is mainly responsible for the elastic properties of the IVD, all components contribute significantly (Markolf, 1974). The compressive stiffness (E modulus: 19.5 ± 4.1 MPa in 28 ± 8 year old persons and 10.6 ± 3.4 MPa in 70 ± 7 year old persons) of the healthy IVD is 6–7 times higher than the tensile stiffness (E modulus: 2.9 ± 0.8 MPa in 28 ± 8 year old persons and 1.7 ± 1 MPa in 70 ± 7 year old persons 3.3 ± 2.1 MPa) (Iida et al., 2002; Stemper, 2010). Stiffness of the spine can vary depending on the spinal region (Shea et al., 1991). The loading of the IVD measured during normal activities was 0.1–0.5 MPa and increased up to 2.3 MPa during lifting 20 kg weight (Wilke et al., 1999). Studies on sheep IVDs showed increased stiffness of IVD after cycled loading, which fully recovered after a period of unloading (Johannessen et al., 2004).
CURRENT TECHNOLOGIES FOR JOINT CARTILAGE REPAIR
Damage to- or degeneration of joint cartilage can lead to the development of debilitating arthritis, thereby impairing joint function (Abrams et al., 2013). In response to this, the number of research papers published on cartilage repair have nearly doubled in recent years, with the main focus being on replacement or regeneration of the knee meniscus and replacement of intervertebral discs (Abrams et al., 2013).
Knee Cartilage
The critical role of the meniscus in knee biomechanics and joint health is well known (Kester et al., 2021). Preservation of knee meniscus by repair, allograft transplantation and partial meniscectomy in the US is the current standard of care (Abrams et al., 2013; Kester et al., 2021). Over a 7 year period, the number of meniscectomies increased by 14% while the number of meniscus repairs increased by 100% (Abrams et al., 2013). Failure rates for meniscal repair were relatively low: 12% up to 1 year, 15% up to 2–3 years, and 16.5–19% up to 4–6 years post-repair (Ow, 2021). Meniscal repairs typically result in more revision surgeries, but remain a more effective long-term treatment than meniscectomies. Accordingly, while total meniscectomy can provide short-term relief and improve function, there remains a high risk of developing osteoarthritis over the long term (Abrams et al., 2013; Kester et al., 2021; Veronesi et al., 2021). The chondroprotective effects as well as the stabilizing and load-distributing function of the meniscus are thought to have led to the increase in the choice of repair over removal (Abrams et al., 2013). Advances in arthroscopic techniques, instrumentation, and postoperative care have also likely contributed to the rise in repairs (Abrams et al., 2013).
Allograft transplants and implants show promise for restoring meniscal function. Transplant of meniscal allograft tissue to replace removed meniscus has shown encouraging results, however the availability of such tissue is limited, and can be subject to strict regulation in some countries (Veronesi et al., 2021). Meniscal scaffolds can stimulate repair and even regeneration of meniscal tissue, and is therefore an area of increasing research interest (Veronesi et al., 2021). Two acellular scaffolds are currently in clinical use, including Actifit (polyurethane-based) and collagen meniscus implant (CMI) (collagen-based). Both have demonstrated promising results in terms of moderate-to significant pain relief (measured on multiple scales) and improved movement/joint functionality over the mid-to long term (study durations lasting <10 years post-implantation) although regeneration is limited (Veronesi et al., 2021). These scaffolds remained biocompatible, while promoting limited meniscal healing, and therefore chondroprotection, which in turn decreased patient pain (Veronesi et al., 2021). Despite these early achievements, there has been a distinct lack of new meniscal implants (of any kind) approved for clinical use over the last decade.
Intervertebral Discs
Total disc replacement (TDR) and fusion of the spinal column have been used to treat degenerative disc disease for several years (Punt et al., 2008). Despite rising rates of fusion, procedures still come with concerns regarding failure to achieve a solid fusion mass (pseudarthrosis) and adjacent segment degeneration (Salzmann et al., 2017). TDR implantation rates have remained steady in the U.S. over the last decade, possibly due to issues with correct sizing and placement of the implant, the difficult nature of the surgery, lack of device selection, or fear of postoperative complications (Punt et al., 2008; Salzmann et al., 2017). The only TDR implants currently approved by the Food and Drug Administration (FDA) are metal based (U.S. Food and Drug Administration, 2020). THE PRODISC L TOTAL DISC REPLACEMENT -P050010/S020; U.S Food and Drug Administration (2015) activL® Artificial DiscPatient Information -P120024. A006; Geisler, 2006).
Damaged IVDs of the spine can be fixed by replacing the disc with non-flexible material and then fusing the adjacent vertebrae using titanium plates, which results in reduced joint mobility (Rajaee et al., 2012). The number of patients having spinal fusion surgery increased from 203,053 to 442,776 annually from 1998 to 2014 (Sheikh et al., 2020). Despite providing temporary relief, adjacent spinal discs are often damaged due to increased stresses imposed on them as a result of lack of flexibility of fused vertebrae (Rajaee et al., 2012).
Artificial disc replacement has recently emerged as an alternative to fusion due to safer surgical procedures and better preservation of joint mobility (Park, 2015; Salzmann et al., 2017). However, total disc replacement (TDR) rates for intervertebral discs are low due to strict regulations for implant surgeries, demanding surgical techniques, low implant selection, and complications, requiring further surgery (Salzmann et al., 2017). Current TDR devices are composed of metal alloy plates sandwiching a plastic core, or a titanium mesh cage for bone infiltration that replaces the intervertebral disc, both of which can leach metal particles into the body and cause degeneration of relatively softer adjacent vertebrae and facets (FDA clears “first ever” 3D printed spine implant to treat of multiple injuries, 2018; Salzmann et al., 2017). One solution to preventing the development of adjacent segment disease is to preserve native biomechanics by replacing fusion techniques with motion sparing artificial discs. A new artificial cervical (SECURE-C TDR) metal disc has recently been developed to maintain physiologic motion, thereby reducing the risk of adjacent segment degeneration (McConnll, 2016).
There are currently three implants approved by the FDA for total disc replacement in the spine, including the Charité III Artificial Disc (DePuy Spine Inc., Raynham, MA), ProDisc-L (Synthes Spine, Paoli, PA) and the activL Artificial Disc (Aesculap Implant Systems, LLC), which are shown in Figures 2A,B, respectively (Salzmann et al., 2017). The Charité Artificial Disc consists of an ultra-high molecular weight polyethylene core that slides between the metallic alloy (containing cobalt, chromium, and molybdenum) endplates, with anchoring teeth on both top and bottom for attachment (Putzier et al., 2006). ProDisc-L consists of two metallic (containing cobalt and chromium) endplates and a plastic (ultra-high molecular weight polyethylene) ball-and-socket style center, with corrugated metal teeth on the top and bottom plates for attachment (U.S. Food and Drug Administration, 2020). THE PRODISC L TOTAL DISC REPLACEMENT-P050010/S020). The activL Artificial Disc is made of two cobalt-chromium alloy endplates and one polyethylene inlay. The plastic center is attached to the bottom endplate, and the top plate is designed to move over the center, allowing motion in all directions (U.S Food and Drug Administration, 2015) activL® Artificial DiscPatient Information-P120024. A006; Miller et al., 2016). There are three anchoring spikes on each of the top and bottom end plates. Additional materials used in intervertebral disc implants may include other cobalt-chromium alloys, stainless steel, titanium alloys, polyurethanes, and titanium alloy-ceramic composites (Pham et al., 2015).
[image: Figure 2]FIGURE 2 | Three intervertebral disc implants currently approved for use by the FDA including: (A) Charité III disc replacement (Depuy Spine) and (B) Prodisc-L (Centinel Spine) and (C) ActivL® artificial disc (Aesculap Implant Systems). Figures 2A,B reprinted with no alterations from (Kaner and Ozer, 2013) under Creative Commons Public Domain Dedication waiver (creativecommons.org/publicdomain/zero/1.0). Figure 2C (Aesculap’s activL® Artificial Disc product image) used with permission from Aesculap Implant Systems, LLC, Center Valley, PA.
Despite the successful use of metallic implants, there are still biomechanical-and toxicity concerns regarding wear debris (Salzmann et al., 2017). Wear reduces the lifetime of a prosthetic and leaves potentially harmful debris, potentially requiring the need for additional surgeries (Shankar and Kesavan, 2016). Several researchers have reported elevated levels of metal ions in the blood and urine of patients with metal-on-metal devices (Jacobs et al., 1996; Massè et al., 2003; Savarino et al., 2003). Postmortem studies have also found significant metal ion bioaccumulation in the liver, kidney, spleen, heart, and lymphatics of those patients outfitted with metallic implants (Urban et al., 2000). This metallosis is suspected to be an underreported or underdiagnosed issue, and has been shown to result in chronic inflammation, causing a host of unpleasant symptoms (nausea, cognitive impairment, hematological aberrations etc.) and more serious complications such as osteolysis or pseudotumors (Vaz et al., 2019). Further, more systemic and long-term impacts of circulating or accumulated metal ions is not completely understood, making their avoidance desirable. The AcroFlex lumbar disc replacement is one example of a metallic implant that was discontinued after poor clinical outcomes (mechanical failures, osteolysis, etc.) (Germain and Tumialan, 2012; Meir et al., 2013). There is a need to fill this gap in available synthetic and non-metallic implants that exhibit some degree of flexibility and can conserve motion while providing sufficient load-bearing support.
Overcoming Wear: The Evolution of Traditional Cartilage Repair
Some attempts have been made to improve upon the wear-resistance of materials used for the repair of cartilage injury. These encompass various nanocomposites, metal-on-polymer arrangements, ceramics and their composites, as well as woven materials, all with the goal of increasing wear resistance and decreasing wear debris and their physiological effects. One such example is oxidized zirconium (oxinium, possessing ceramic-like properties) with cross-linked polyethylene. Originally utilized for hip replacements, this technology has recently found its way to knee replacements, wherein the ends of the femur and tibia are capped with oxinium, with a polyethylene-based disc acting as the meniscus (Bhandari et al., 2012). The expected end-result is less metal-on-metal friction and wear. While touted as a replacement to older cobalt-containing setups, long-term studies have shown almost comparable (low) rates of wear, and no reduction in revision rates (Kim et al., 2012; Zou et al., 2020). Polymer through-wear followed by wear debris release has also been documented in some patients (Frye et al., 2021). Moreover, this technology involves surgery of even greater invasiveness owing to the complicated capping process. Oxinium debris has, however, shown lower inflammation elicitation than older cobalt counterparts (Rose et al., 2012). Other ceramics have also been used in this area, although mostly for hip arthroplasty. Ceramics have a low coefficient of friction and excellent wear resistance but are generally poor in terms of fracture-resistance owing to their brittleness, and sub-optimal load-bearing and flexibility capabilities (Yup Lee and Kim, 2010). Frequent squeaking of the joints during movement is a common patient complaint when using ceramic-on-ceramic joint replacements (Jarrett et al., 2009). A quite recent development has been the exploration of woven materials: being made of polymeric or hybrid polymer-natural fiber composites, these would have less harmful wear debris. Rodts et al. presented some interesting early work in this area, using laser welding to impart high wear-resistance to their constructs, but–focusing entirely on wear resistance–did not provide any notable data with regard to mechanical properties or in vivo performance (Rodts et al., 2019). With no load-bearing substructure, it is difficult to envision these being applied successfully in cartilage or other constructs by themselves.
3D PRINTING FOR CARTILAGE ENGINEERING
As a result of the limitations of current treatment options, there has been increased attention focused on cartilage and tissue engineering to overcome these limitations and facilitate joint regeneration. 3D printing is a popular type of additive manufacturing (AM) technology in which constructs are built in a layer-by-layer fashion, allowing for the design and production of patient-centric implants. 3D printing technology can be used to produce patient-personalized constructs (e.g., IVD’s) in a time- and cost-effective manner, allowing for greater flexibility in terms of material selection, typically resulting in the production of more biocompatible constructs compared to metallic implants produced via traditional manufacturing methods (Lim et al., 2019). Various computer aided design (CAD) programs can be used to construct digital models, typically based on patient centric data obtained via computer tomography (CT) and magnetic resonance imaging (MRI) scans. These models can then be imported into software capable of editing and segmenting files, retaining only particular regions of interest. Lastly, files can be uploaded into a slicing software, where printing parameters such as number of layers and layer height are determined. This process can greatly improve the accuracy and translational potential of printed constructs.
Bioprinting is a subtype of 3D printing, in which the materials used in the 3D printing process contain cells and other biomaterials to produce a final construct. It is an emerging manufacturing technique used to develop tissue engineered constructs with very precise size and shape attributes, while maintaining excellent cell adhesion and proliferation abilities. Conventionally used metallic implants for meniscus and IVD repair fail to recapitulate the complex biological environment and mechanical structure of native tissue, while also presenting potential toxicity concerns via metal particle leaching in the body (Tavakoli et al., 2020). Overall biocompatibility of printed implants is intimately linked to the materials used in the printing process, which has been the focus of many review papers in recent years (Tappa and Jammalamadaka, 2018). In addition, traditional cartilage tissue engineering approaches result in scaffolds with a homogeneous distribution of chondrocytes or cartilage progenitor cells, and fail to recapitulate the complexity of native cartilage tissue (Daly and Kelly, 2019). Through meticulous material and printing parameter optimization, bioprinting allows for the fabrication of printed constructs demonstrating precise spatial and temporal control on the placement of cells and other bioactive substances (such as growth factors) while exhibiting similar chemical and mechanical properties as native tissue to better guide tissue formation, ideal for cartilage and tissue regeneration applications (Buj-Corral et al., 2018).
To produce 3D printed implants for cartilage repair, available 3D bioprinting techniques include inkjet bioprinting, extrusion-based bioprinting, vat polymerization (VP), and laser assisted bioprinting (LAB). Currently, inkjet and extrusion-based printers remain the most common types of printers used for cartilage tissue engineering applications.
Inkjet Bioprinting
Inkjet printing is a type of powder bed printing technology in which binder droplets, containing cells and other biomaterials (such as growth factors) are dispensed through overhead printheads and deposited onto a substrate, as shown in Figure 3A (Shirazi et al., 2015). Inkjet printing is advantageous compared to other traditional bioprinting techniques due to the capability to produce constructs in a cost-effective and high throughput manner (Li et al., 2020). For example, Daly et al. used an inkjet printing approach to produce stratified cartilage tissue by developing a bioink consisting of mesenchymal stem cells (MSC), chondrocytes and either pluronic or gelatin methacrylate (GelMA) and injecting this bioink into polymeric microchambers to guide cell growth and more representatively mimic native cartilage tissue (Daly and Kelly, 2019). However, the droplet ejection process, which can be achieved either via thermal or piezoelectric actuation, can be detrimental to maintaining adequate cell viability in printed constructs due to incurred shear and thermal stresses leading to cell death (Li et al., 2016). In addition, depending on bioink viscosity, nozzle clogging can occur, preventing a smooth print from being achieved. Cui et al. (2014) modified an HP Deskjet 500 thermal inkjet printer, allowing it to print a photopolymerizable bioink containing human chondrocytes suspended in poly (ethylene glycol) diacrylate (PEGDA), suitable for cartilage tissue engineering applications.
[image: Figure 3]FIGURE 3 | Schematic diagram of the most common 3D bioprinting techniques in cartilage tissue engineering, including (A) inkjet bioprinting, (B) extrusion-based bioprinting, (C) vat polymerization, and (D) laser-assisted bioprinting.
Extrusion-Based Bioprinting
Traditionally, extrusion-based 3D printing, including fused deposition modeling (FDM) is accomplished by feeding a solid, thermoplastic filament through a high temperature nozzle, in which the material is then continuously extruded and deposited onto a lower temperature build plate, facilitating material solidification (Long et al., 2016). Despite allowing for rapid and efficient prototyping, FDM is not suitable for thermolabile components, including cell and proteins which can degrade under high temperatures. In addition, this method is only suitable for printing using solid filaments and is not capable of printing liquid cell suspensions. Thus, commercial bioprinters have been developed in recent years to overcome these obstacles. Extrusion-based commercial bioprinters rely on either pneumatic, piston, or screw-driven configurations to achieve continuous bioink extrusion, as shown in Figure 3B. In pneumatic-based extrusion, air pressure provides the main driving force for bioink dispensing, whereas in piston and screw-driven extrusion, vertical rotational forces are exerted on the bioink resulting in extrusion (Derakhshanfar et al., 2018). It is important to note that certain configurations, such as screw-driven extrusion, may negatively impact cell viability due to large pressure drops that occur along the nozzle (Ozbolat and Hospodiuk, 2016). Commercial bioprinters are typically considerably more expensive than traditional 3D printers, which may present a significant barrier to entry for some researchers interested in bioprinting, although more cost-effective options have become available. Thus, some researchers have modified existing extrusion-based printers, enabling them to print liquid bioinks. For example, Gantumur et al. (2020) developed an alginate-based bioink containing fibroblast cells that can be printed at room temperature using a modified Prusi i3 3D printer via an enzyme-mediated hydrogelation method. Cell viability was similar in printed and non-printed hydrogels (54.1% in printed vs 50.4% in non-printed after 1 day of culture), showing that this printing process did not adversely impact the fate of the cells and demonstrating the feasibility of this technique for bioprinting applications.
Vat Polymerization Bioprinting
Unlike extrusion-based printing, VP techniques rely on the layer-by-layer solidification of liquid photopolymerizable resin, containing photopolymerizable monomer(s) and photoinitiator(s), as shown in Figure 3C. A build plate moves along the z-axis inside a resin-containing vat. Upon exposure to a specific wavelength of light (dependent on resin components), the resin polymerizes and solidifies (Martinez et al., 2017). Layer adherence/formation is facilitated by unreacted monomers in the previous layer polymerizing upon light exposure. Stereolithography (SLA) and digital light processing (DLP) are the two main types of VP techniques, with the former using a laser beam and the latter using UV light from a projector to cure the resin. VP printing can overcome limitations inherent to other printing techniques, such as avoiding physical stresses imposed on bioinks (e.g., extrusion-based printing), which can ultimately lead to improved cell viability while maintaining high print resolution of final constructs (Kadry et al., 2019). Grogan et al. (2020) developed scaffold-free cartilage tissue constructs via a Regenova bioprinter in which microspheroids, held in place by a microneedle array, eventually fuse together to form neotissues. Li et al. (2017) combined 3D scanning technology with VP-based 3D printing (modified Bio-Architect, Regenovo) to more accurately replicate bone and cartilage defects, using either an alginate- or a hyaluronic acid (HA) based photopolymerizable hydrogel platform. Despite the advantages, concerns regarding photopolymer biocompatibility remains an issue, as unreacted resin components can present cytotoxicity issues at certain concentrations (Sabnis, 2010; Choi and Cha, 2019; Nguyen et al., 2019).
Laser Assisted Bioprinting
LAB is a technique in which a pulsed laser source (UV or near-UV wavelengths) is focused through a donor slide onto an absorbing layer, causing immediate vaporization and resulting in an area of high vapor pressure, facilitating droplet formation of the bioink layer underneath, which then deposits onto a substrate below (Figure 3D; Li et al., 2016). Printing via LAB circumvents issues typically encountered in traditional bioprinting processes, such as thermal and shear stresses that often lead to lowered cell viability in printed constructs. In addition, high resolution constructs and enhanced cellular organization can be achieved via LAB through optimization of ink droplet characteristics, such as ink viscosity and laser energy (Guillotin et al., 2013). However, LAB is a relatively time-consuming and expensive bioprinting method compared to conventional bioprinting techniques. Keriquel et al. (2017) developed a clinically feasible in situ forming collagen-nano hydroxyapatite (HAp) composite bioink containing mesenchymal stromal cells suitable for bone defect repair applications using a LAB technique. The LAB setup consisted of a near-infrared pulsed laser beam coupled to a scanning mirror, which focused the laser beam onto the absorbing layer (containing a thin layer of bioink), leading to droplet generation and deposition.
BIOINKS
Materials used to successfully produce bioprinted knee menisci and IVD’s need to exhibit certain characteristics, such as biocompatibility to minimize immune response in the body; similar mechanical properties as native cartilage tissue to provide support to high load bearing regions such as in meniscus repair; and capability of promoting cell adhesion and proliferation, leading to cartilage tissue regeneration (Ahmed et al., 2019). Bioink components such as transforming growth factor beta-3 (TGF-β3) and bone morphogenetic protein-6 (BMP-6), can bind to cellular receptors, leading to cell differentiation and proliferation (Roseti et al., 2018). Daly et al. (2016) investigated properties of extrusion-based printing and the in vitro cartilage development achievable via the use of common bioinks, containing MSC and TGF-β3, including agarose, alginate, GelMA and polyethylene glycol methacrylate (PEGMA, BioINK™). Results demonstrated that agarose and alginate (which lack cell binding motifs) better supported the development of hyaline-like cartilage, while GelMA and PEGMA-based bioinks (which exhibit natural cell binding motifs and can promote cell spreading) were more suitable for fibrocartilaginous tissue development, illustrating that bioink composition plays a key role in determining cell phenotype. In addition, incorporation of polycaprolactone (PCL) fibers allowed for tailored mechanical properties to make printed constructs more suitable for load-bearing applications (e.g., articular cartilage designed for joint movement) and improve their translational potential. Examples of cartilage tissue constructs fabricated via different bioprinting techniques with various types of bioinks are shown in Table 1.
TABLE 1 | Examples of cartilage tissue constructs printed using different bioprinting techniques.
[image: Table 1]Natural Polymers
Natural polymers with excellent biocompatibility and biological activity are an ideal class (relative to synthetic polymers) of materials suitable for use in bioinks, as they are capable of supporting cell attachment and differentiation (Liu et al., 2018). Despite the inherent advantages, natural polymers typically exhibit weaker mechanical properties than synthetic polymers, which can lead to poor printability and hinder in vivo performance. Constructs produced using solely natural polymers are typically more prone to failure within the body, as their mechanical properties are often not sufficient to withstand forces exerted in vivo. Thus, addition of materials that exhibit enhanced mechanical properties to form composites, and optimization of material crosslinking are strategies that are often used to develop more suitable natural polymer-based bioinks (Peng et al., 2020).
Alginate is a polysaccharide originally derived from brown algae and is often used to produce constructs capable of mimicking ECM structure by crosslinking with calcium ions (Ca2+). Alginate is a promising bioink material due to its biocompatibility and rapid gelation process, leading to suitable printability. Yu et al. (2013) produced tubular channels, designed to mimic native vasculature, via an extrusion-based printer using a sodium alginate based bioink containing cartilage progenitor cells, capable of achieving cell viability up to 89%. To improve printability and cell proliferation ability of alginate-based bioinks, composite materials have been developed. For example, Antich et al. (2020) developed a HA-alginate composite bioink able to produce chondrocyte-laden constructs that exhibited improved mechanical properties (e.g., increased viscosity) leading to enhanced printability, while maintaining impressive cell viability (>85%) immediately after printing, with similar cell viability up to 4 weeks later.
HA is a linear polysaccharide and natural glycosaminoglycan (GAG) that plays numerous roles in the human body, such as maintaining ECM structure and acting as a signaling molecule capable of interacting with many cell surface receptors (Dicker, 2014). HA is a biocompatible and biodegradable material and can be easily chemically modified to alter its biological functions, thereby making it an ideal material for cartilage tissue engineering applications. However, like other natural polymers, HA exhibits relatively weak mechanical properties, leading to decreased printability. Ouyang et al. (2016) developed a 3D printable modified HA-based hydrogel ink, relying on guest-host supramolecular assembly via adamantane and β-cyclodextrin coupled to HA, resulting in increased viscosity and storage modulus values for modified HA hydrogels. In addition, fibroblast cells were seeded onto printed hydrogels and displayed adequate cell adhesion, illustrating the potential for this material to be used for cartilage tissue engineering applications. Park et al. (2014) developed a bioprinted (in-house extrusion based printer) multicompartment hydrogel platform designed to promote osteochondral tissue regeneration, comprised of a chondrocyte-encapsulated HA compartment and osteoblast-encapsulated collagen (type I) compartment, capable of maintaining good cell viability of both cell types.
Collagen is the most abundant protein in the human body, and has been used to produce bioinks that effectively mimic the ECM structure while promoting cell adhesion, proliferation, and migration (Somaiah et al., 2015). As with other natural polymers, collagen suffers from relatively weak mechanical properties. Rhee et al. (2016) developed a bioink consisting of high concentration (>10 mg/ml) pure collagen containing meniscal fibrochondrocytes, and demonstrated that fabricated constructs could not accurately recapitulate the mechanical properties of native meniscal tissue. Shim et al. (2016) developed a multilayered construct using a bioink comprised of modified HA (Cucurbit [6]uril and 1,6-diaminohexane (DAH)-conjugated HA) and pepsin-treated collagen (atelocollagen) containing human turbinate-derived mesenchymal stromal cells as well as additional biomaterials (e.g., BMP-2 and TGF-β) capable of inducing cartilage regeneration in an in vivo rabbit model.
Gelatin is a linear peptide produced from the denaturation of collagen. Gelation can occur via chemical/enzymatic reactions or physical crosslinking, which requires heating and subsequent cooling to produce a semi-solid gel (Bello et al., 2020). Gelatin is an attractive bioink material due to its biocompatibility, biodegradability, and ease of modification (e.g., GelMA), allowing for facile crosslinking and enhanced cellular interactions (Gungor-Ozkerim et al., 2018). However, crosslinking of pure gelatin can be slow and may result in printed constructs that are mechanically inferior to native tissue. To overcome these issues, Singh et al. (2019) developed a gelatin encapsulated composite bioink containing a silk blend (Bombyx mori and Philosamia ricini) designed to enhance bioink mechanical properties, leading to enhanced printing fidelity while promoting the growth and proliferation of chondrocytes for cartilage tissues regeneration applications. Bioinks have also been developed containing modified gelatin, such as GelMA, in which the degree of methacryloylation and GelMA concentration have been shown to play a key role in modulating overall mechanical properties, including viscosity and stiffness (Leucht et al., 2020).
Other natural polymers, such as silk fibroin and elastin have recently been used in bioinks to produce more physiologically relevant IVD components (i.e., annulus fibrosus) (Costa et al., 2019). Such constructs demonstrate tunable degradation profile and mechanical properties, while remaining biocompatible. On a similar note, Tamo et al. developed a 3D printable chitosan-based hydrogel reinforced with cellulose nanofibers to better address the needs of developing mechanically demanding tissue repair strategies, for use in IVD and menisci repair applications, amongst others (Kamdem Tamo et al., 2021).
Synthetic Polymers
Compared to natural polymers, synthetic polymers such as polycaprolactone (PCL), polyethylene glycol (PEG), and PEG derivatives, such as Pluronic, exhibit more suitable mechanical properties, and are thus better able to withstand the forces exerted during the bioprinting process (Liu and Wang, 2020). In addition, they can support the development of porous structures and microchannels, which serve to recapitulate the vasculature of native tissue. Typically, however, synthetic polymers lack the biological activity necessary for promoting cell growth and proliferation and are thus used primarily for their role in providing structural support for bioinks (Wu et al., 2011).
PCL is a slow-degrading biocompatible polyester that has been used previously in bone tissue scaffold fabrication, and other medical products such as suture and bone screws (Chen et al., 2015; Cho et al., 2019; Dwivedi et al., 2020). PCL is commonly used in bioprinting applications to enhance the mechanical properties of printed constructs. Previous studies have supported this notion, as constructs have been fabricated using PCL as a scaffold material demonstrating an increase in elastic moduli that more closely mimic native articular cartilage (Daly et al., 2016). Kundu (2013) developed a chondrocyte-containing alginate-based bioink able to be printed onto a PCL scaffold using an extrusion-based multi-head deposition system for cartilage tissue engineering. In this study, PCL was used as a support structure for the cell-laden alginate hydrogel, while facilitating cartilage tissue regeneration up to 14 days post-implantation, as demonstrated using a nude mice model.
PEG is a highly tunable, relatively inert synthetic polymer synthesized via the polymerization of ethylene oxide, that exhibits favorable mechanical properties suitable for cartilage tissue applications. Poloxamer, also known as pluronic, is a PEG-based block copolymer and is also commonly used in bioink development. PEG-based derivatives are attractive bioink materials due to their tunable gelation and favorable mechanical properties, both of which can be modulated by altering pluronic concentration (Geng et al., 2011). For instance, Ribeiro et al. (2018) investigated the printability of PEG/poloxamer-based bioink blends and demonstrated that bioink mechanical properties could be tuned by changing the PEG/poloxamer ratio, noticing that as this ratio increased, mechanical properties (i.e., yield stress, viscosity and storage modulus) decreased correspondingly. PEG and PEG derivatives have been combined with other biologically-active materials to facilitate cell adhesion and proliferation on printed constructs (Hutson et al., 2011; Rutz, 2015). For example, Armstrong et al. (2016) developed a pluronic-alginate composite bioink capable of producing constructs exhibiting a highly porous structure ideal for cell growth and nutrient transport, that supported the proliferation and differentiation of hMSCs over a 5-week period. In addition, photopolymerizable PEG-based materials, such as PEGMA, PEGDA and polyethylene-tetracrylate (PEGTA)–which can crosslink via light irradiation–have been developed and are commonly used in bioink formulations for their tunable mechanical properties and facile crosslinking abilities (Skardal et al., 2010). Gao et al. (2015b) developed a hMSC-encapsulated photopolymerizable PEGDMA-peptide bioink demonstrating good printability capable of producing scaffolds promoting bone-and cartilage regeneration.
CELL-BASED 3D BIOPRINTING
The earliest record of 3D bioprinting with cells being utilized for the regeneration or repair of cartilage is provided by the work of Cui et al. (2012). Fine spatial control and print resolution is highly useful when one considers the distinct structural zones that exist within articular cartilage, particularly the stratification by cell type. Chondrocyte organization, shape and expression patterns have been observed to vary markedly across three distinct layers: the superficial-, middle- and deep zones, as shown in Figure 4 (Akkiraju and Nohe, 2015). Alternatives to 3D bioprinting such as micromolding or other conventional techniques struggle to recreate these delicate features without significant and painstaking work, often with no guarantee of success. Bioprinting can allow cells with pre-induced expression profiles to be printed in distinct organizational patterns, densities, and depths, while other techniques with low control makes achieving local homogeneity in cell distribution a tough task. Tight spatial control also allows for the use of multiple polymer or matrix materials in complex patterns to achieve desired local-or global mechanical characteristics. This cell-friendly fabrication process allows cells to be seeded earlier on in the fabrication process, further improving fabrication times that have already been made shorter by bioprinting’s automated nature. In all, these serve collectively to produce high quality, highly biomimetic cartilage structures.
[image: Figure 4]FIGURE 4 | Schematic diagram of the general structure of human articular cartilage, shown in the context of the knee. The deep zone contains hypertrophic chondrocytes interspersed with radially arranged collagen fibers, progressing to polymorphic chondrocytes and randomly arranged collagen in the middle layer. The superficial layer closest to the articular surface contains flattened chondrocytes packed in between horizontally arranged fibers of collagen.
Cell-Based Bioprinting of Knee Cartilage
Articular cartilage of the knee is one of the most commonly damaged type of cartilage in the human body, as a result of a variety of factors such as age, physical activity or diseases such as osteoarthritis, compounded by the joint’s sheer complexity and load-bearing role (Gracitelli et al., 2015). As a result, most bioprinted cartilage applications have focused on regenerating the cartilage of the knee. Given that articular cartilage damage frequently co-occurs with lesions on the subchondral bone, a recent paper by Yang et al. (2020b) sought to produce an integrated, 3D bioprinted construct capable of regenerating both the damaged cartilage and the bone below it. To this end, they printed a layered composite consisting of sodium alginate and gelatin in the “cartilage” layer, and sodium alginate, gelatin and hydroxyapatite in the “bone” layer (the latter being an essential component of the bone regeneration process) with pore sizes of approximately 500 μm (Kattimani et al., 2016). These inks were seeded with pre-differentiated osteogenic and chondrogenic bone marrow mesenchymal stem cells (BMSCs) prior to implantation on rabbit knee lesions for in vivo studies. The mechanical properties of this construct were inferior to that of natural cartilage, with a compressive strength of 11 MPa after 6 months post-implantation (30 MPa in natural cartilage) and a maximum tolerable load of 183 N (480 N in natural cartilage), which may be attributed to the mechanical properties of the chosen bioink in this study. Despite this, cell viability in vitro was sufficiently high (>70% by day 7) and mechanical properties were significantly better than cell-less controls. Notably, the complete implants could produce hyaline-like cartilage with a still-disorganized structure and delicate links to the surrounding cartilage by 3 months post-implantation, and by 6 months, was histologically indistinguishable from the surrounding cartilage, although a small ‘transition area’ was visible. This stood in contrast to blank or even cell-less controls where repair either did not happen or was much slower and did not show the key integration with the surrounding cartilage or the subchondral bone. Another research group attempted a similar approach, printing a HAp-doped gelatin hydrogel (10–50 μm pore size) with human umbilical cord blood-derived mesenchymal stem cells (Huang, 2021). The construct was demonstrated to possess a compressive modulus of approximately 77 kPa, with HAp’s role in lending compressive strength apparent in the lower compressive modulus of gelatin-only constructs (70.5 kPa). This work demonstrated that HAp was able to induce a certain degree of chondrogenic differentiation as well, noting upregulation in the expression of chondrogenic markers aggrecan (ACAN) and Collagen Type II Alpha 1 Chain (COL2A1) from day 7 on, while levels of SRY-Box Transcription Factor 9 (SOX9) were elevated considerably from day 14 on. The authors did not, however, examine effects of the HAp on the construct’s interaction with the subchondral bone, focusing instead on the HAp’s ability to induce differentiation, provide strength/stiffness and their ability to act as excellent surfaces for chondrocyte growth and proliferation. In all, this integrative approach is one that merits inclusion in more works in the field of bioprinted cartilage.
The meniscus of the knee has also garnered the attention of 3D bioprinting, mostly due to the inability of current techniques of meniscus repair to address damage deeper in its structure (Guo et al., 2021). Luo et al. (2020) described the design and optimization of a bioink of gelatin, alginate and cellulose nanofibers loaded with rabbit fibrochondrocytes (rFCs). Several different formulations were tested, with pore size increasing proportional to both gelatin and cellulose content: low-gelatin alginate modified with cellulose nanofibers had pore sizes of approximately 180 μm relative to the 300 μm observed in high-gelatin alginate modified with cellulose. Their final construct was printed based on translated MRI imaging data and was thus patient-specific; it could maintain very high cell viabilities (>90% over 14 days) and displayed markedly high levels of collagen types II and X (Col II/X) in vitro. These are both indicators of healthy cartilage, the latter being indicative of the hypertrophic chondrocyte phenotype found deep in cartilage structure.
The incorporation of growth factors (GFs) and other molecules to initiate in situ differentiation of cells in bioprinted cartilage constructs (as illustrated in Figure 5) has been a growing area of interest. Several groups have published on this topic in recent years, examining in various ways how GF can influence cell-laden 3D bioprinted constructs (Henrionnet et al., 2020; Chawla et al., 2021). This has provided an impetus for the printing of constructs pre-loaded with GFs, in a major shift towards biological biomimicry over simple mechanical or morphological biomimicry. Sun et al. (2019) have been frequent contributors to the area, with one of their earlier works translating the findings of a genomics investigation into a viable cartilage regeneration/replacement strategy using 3D bioprinting. Having identified growth differentiation factor 5 (GDF5) as a chondroprotective agent capable of inducing chondrogenic differentiation in rabbit BMSCs, they encapsulated this agent within poly lactic-co-glycolic acid (PLGA) microparticles (MPs) which were then printed into the interfibrillar spaces of a PCL-based support structure, alongside a composite hydrogel made of gelatin, fibrinogen, hyaluronic acid and glycerol laden with rabbit BMSCs. More than 80% of encapsulated GDF5 was observed to be released from the microspheres within 60 days (in vitro), and cell proliferation increased exponentially in vitro in the 21-day period tested. Most notably, ultimate tensile strength (UTS) was very close to native knee cartilage, as implants exhibited a UTS value of 24 MPa vs. the physiological UTS of 28 MPa. In vivo, GDF5 laden constructs were better able to produce hyaline-like neocartilage than constructs without GDF5 MPs, alongside higher GAG and Col II (also indicators of healthy native cartilage, and of chondrocyte phenotype) and displayed better cell spreading and proliferation. Continuing their work, the authors employed 3D bioprinting in the construction of a goat meniscus using a similar approach as above (Sun et al., 2021b). A hydrogel of the same type loaded with goat BMSCs and PLGA MPs containing connective tissue growth factor (CTGF) and (TGFβ3) were printed within a PCL scaffold. Of interest were the conversion of imaging data of a goat meniscus into a 3D model for the print and the differential distribution of the MPs within the meniscus (CTGF-containing MPs in the outer 1/3, TGFβ3 MPs in the inner 2/3) to stimulate differential BMSC differentiation, an improvement upon the indiscriminate differentiation in their previous work. Levels of SOX9 were observed to be elevated by 2x (CTGF MPs) to 3.5x (TGF β3 MPs) in vitro, relative to controls. Similar patterns of GAG and Col II vs Col I in the inner- and outer layers were also observed as in their previous work. In vivo, qualitative data showed that goats implanted with the complete construct had better 24-week mobility than those with control implants. Histological analysis of the implanted menisci in that period showed the expected native structure of an inner layer with an abundance of Col I-expressing fibroblast-like cells and the outer layer with Col II-expressing chondrocyte-like cells. Post-24 week implants displayed mechanical properties nearly identical to native cartilage, with statistically insignificant differences. Ultimate tensile strength, for instance, stood at approximately 29 MPa in native cartilage vs. 28 MPa in the implants; overall tensile modulus was higher in the implants by approximately 10 MPa. Radial and circumferential (both outer and inner layers) tensile modulus readings showed that implants lagged behind native cartilage by margins of less than 5%. By contrast, Deng et al. employed human parathyroid hormone (PH) to prevent chondrocyte hypertrophy in order to achieve and maintain hyaline-like properties (Deng, 2021). They achieved this using a biphasic, layered 3D bioprinted construct made of two distinct bioinks. The first was a mix of GelMA and PH-conjugated SF loaded with rabbit articular cartilage cells, while the second was a mix of GelMA and methacrylated silk fibroin (MSF) loaded with BMSCs, whose pore sizes ranged from 150 to 300 μm. The SF-containing construct was shown to possess a compressive elastic modulus of approximately 102.5 kPa vs. 211.1 kPa in the MSF-containing constructs; compressive elastic strength was also higher when MSF was present (260 kPa, a 4x increase over the SF-containing constructs). Significantly lower levels of collagen X and matrix metalloproteinase 13 (MMP13) were expressed by cells grown in the complete construct relative to PH-negative controls. PH was also successful in engendering higher levels of Col II and ACAN in the cells, further confirming its role in maintaining hyaline-like phenotype. In vivo, the complete construct had filled lesions on rabbit knee cartilage by week 12 post-implantation. Yang et al. (2021) combined both GFs and MSC-recruiting aptamers in an interesting novel approach. Carbodiimide-mediated conjugation of HM69 aptamer was carried out on decellularized ECM, which was in turn dissolved in TGFβ3-containing GelMA. This bioink was then co-printed with PCL to produce a layered, dual-functional lattice structure with a heterogeneous macro- (800–1,000 μm) and microporous (80–200 μm) structure. The compressive modulus of this material was observed to be approximately 25 kPa, comparing favorably to expected in vivo physiological strain. While cells were later externally cultured on these constructs, what is of note was the ability of the HM69 to recruit adipose-derived stem cells deeper into the construct both in vitro and in vivo. These GF-loaded, bioprinted constructs are of great use to this field as cell differentiation properties of printed constructs remains paramount to the success of biomimetic cartilage replacement/regeneration strategies. In particular, the inclusion of GFs in extended release micro-/nanoformulations into 3D bioprinted cartilage constructs circumvents a key stumbling block these constructs face during clinical translation-namely, the lack of long-term GF-based support once implanted (Francis et al., 2018).
[image: Figure 5]FIGURE 5 | A summary of the most optimal current approach to 3D bioprinting of cartilage structures. A structural support polymer (usually synthetic) is chosen based on desired load-bearing capabilities and co-printed with a range of biological polymers that provide elasticity and a growth medium for seeded cells. Also included are stem cells capable of differentiation into chondrocytes, and nano- (NPs) or microparticles (MPs) encapsulating various growth factors (GFs) to induce differential differentiation of stem cells and anti-inflammatory agents (AIs) to reduce post-implantation inflammation. The release of GFs results in a gradual differentiation of seeded stem cells into mature chondrocytes in a stratified manner. The resultant construct has several key features that allows successful clinical translation.
Recognizing the need for anisotropy for clinical translation, Sun et al. (2020a) have also investigated the significance of construct pore sizes on vascularization and oxidative stress (which in turn influence cellular differentiation). Their design was a four-layer 3D bioprinted construct with gradients of both pore size and GFs. Using their BMSC-loaded, four-component hydrogel within a PCL support referred to previously, the construct was made such that the first layer was endowed with a pore size of 150 μm, which steadily increased to 750 µm in the final, innermost layer. This gradient was designed to accommodate and encourage differentiation of rabbit BMSCs into the smaller flattened chondrocytes observed in the superficial zone of natural cartilage, then into the progressively larger polymorphic- and columnar chondrocytes of the middle zone, and finally, the hypertrophic chondrocytes of the deep zone. This approach was supplemented with PLGA microparticles encapsulating bone morphogenetic protein 4 (BMP4) in the innermost layer of the construct and transforming growth factor-β3 (TGFβ3) in the outermost/superficial one.
In vitro, a clear gradient in the expression of COL2A1 and proteoglycan 4 (PRG4) (markers of the superficial zone of natural cartilage) was observed, decreasing steadily from superficial to deep layers (12x vs 1x for PRG4 and 9x vs 1x for COL2A1). Cells in this region were observed to be fibroblast-like. Conversely, the levels of Collagen Type X Alpha 1 Chain (COL10A1; cartilage deep zone marker) were 9 times higher in the deep layer (relative to superficial), resulting in clear chondrocyte hypertrophy. The authors also managed to match physiological mechanical properties (a Young’s modulus of approx. 300 MPa 12 weeks post-implantation), maintain >70% cell viability in vitro and confirm good functional capabilities/performance in vivo (with consistently higher histological scores and virtually indistinguishable integration with surrounding cartilage by week 24, relative to single-GF controls. Better microvessel ingrowth was also observed in the dual-GF constructs). These so-called ‘dual stimuli’ constructs also fared better than controls that either only had the pore size gradient alone or the growth factor gradient alone. Yet another work by the same group directed these anisotropic 3D bioprinting efforts at improving their meniscus construct mentioned previously (Sun et al., 2020b). Seeking again for better biomimicry, they repeated their goat meniscus work within a rabbit model, this time with the addition of microparticles carrying magnesium ions for enhanced vascularization of the superficial zone and skeletal muscle stem cells in place of BMSCs. Again, gradient cell differentiation was recapitulated, and the neovascularization of the superficial layer was observed to closely match the vascular pattern observed in natural menisci (confirmed with endothelial tube-forming assays, which showed the construct was highly capable of inducing the same). In vivo, the constructs matched natural cartilage in morphology, histological aspects, and mechanical properties by week 24 (the latter being almost identical to those seen in their earlier work). Anisotropy is a key feature of natural systems and replicating this is especially challenging in vitro. Nevertheless, these works discussed above have shown how 3D bioprinting can overcome this issue, and how established growth factor-loaded systems can be adapted for such. Moreover, vascularization of tissue constructs (vital particularly for menisci, which are naturally vascularized along one facet) has long been a significant obstacle for clinical translation of these technologies (Laschke and Menger, 2012; Francis et al., 2018). The work last discussed in this section has elegantly transcended this problem, combining anisotropy, spatial control of cell/ink placement and controlled release of GFs to set a benchmark for the field.
Cell-Based Bioprinting of Intervertebral Discs
Damage to the cartilage of the intervertebral discs (IVDs) can be particularly debilitating, given the key role the spine plays in support and movement. Recapitulating–both biologically and mechanically–the AF and NuP are important steps in producing replacements or regeneration strategies for IVDs. Composed of GAG and Col II, the NuP is a softer, elastic tissue at the core of the IVD, helping distribute pressure through it. The surrounding, harder AF is composed of collagen type I (Col I), and acts as the tougher, load-bearing and shape-maintaining portion of the IVD (Sun et al., 2021a). Bioprinting efforts in this area (particularly in mimicking the AF) have been stymied by the lack of dedicated bioinks for IVDs, as others have already pointed out (Tavakoli et al., 2020). A notable example of a novel bioink for IVDs was presented by Hu et al., who combined thermoplastics and hydrogels in a tunable, 3D printed cartilage system using gellan gum-poly (ethylene glycol) diacrylate (GG-PEGDA) and PLA (Wu et al., 2018). A dual-nozzle printing mechanism formed an outer ring of PLA to replicate the stiffer AF and GG-PEGDA hydrogels seeded with murine bone marrow mesenchymal stem cells (BMSCs) occupying the cavities of the PLA honeycomb substructure standing in for the softer NuP. A Young’s modulus of 184 kPa and a compressive strength of 55 kPa was observed in the final construct. The near-total degradation of the PLA within 6 months, excellent cell viability (>90%, 7 days) within the GG-PEGDA hydrogels and progressively high levels of F-actin observed through immunostaining after 7 days (indicating good cell spreading through the construct) were all signs that their bioprinted structure would be a highly biomimetic IVD replacement in vivo. Stevens et al. provides an overview of the development of GG-based bioinks, while a recent review by Pieri et al. provide a more comprehensive review of possible novel bioinks for IVD (Stevens et al., 2016; Pieri et al., 2020). Notwithstanding advances in this field, truly biomimetic IVD replacement/regeneration strategies are only beginning to be researched. Two recent pieces of work stand out for being on this cutting edge. Wu et al. (2021) recently outlined a PLA-based scaffold printed parallelly alongside GG-PEGDA/rat BMSCs, with the NuP and AF differentiated by the patterning of the printed strands, aiming to mimic the porosity and mechanical strength of the two. Of interest was the achievement of an excellent, physiological Young’s modulus (remaining >8 MPa over 14 days). When combined with the >80% in vitro cell viability 2 weeks post-seeding, the maintenance of >75% disc height in vivo over 6 months and comparable levels of proteoglycan expression by the bioprinted implant as in the case of reimplanted natural IVDs over the same period, this is a clear sign that properly designed and -executed thermoplastic-hydrogel composites still hold real promise in this area. The authors did not, however, examine cellular differentiation along their NuP-AF axis, crucial for true biomimicry. Sun et al. (2021a) combined biomaterials, polymers, GFs, cells, and NPs in a complex milieu to form a highly biomimetic IVD replacement capable of inducing site-specific cell differentiation over time. Their NuP consisted of their characteristic gelatin-sodium alginate-hyaluronic acid hydrogel containing rat BMSCs and polydopamine (PDA) NPs decorated with TGF-β3, while the AF consisted of the same hydrogel with BMSCs, and PDA NPs decorated with CTGF. Both were printed in a highly specific pattern within a 3D printed PCL scaffold and capped with cartilage endplates made of the same. Both GFs were found to be released steadily over more than 30 days, while good cell viability over this period in vitro predicted good differentiation of BMSCs into AF- and NuP-specific tissue in vivo. Most notably, these differentiations were observed to be clearly contained within the envisioned NuP/AF divide, with cells in the NuP portion expressing significantly higher GAG/Col II than those in the AF, and cells in the AF expressing higher Col I levels relative to those in the NuP. While the mechanical properties were not ideal (approaching, but not closely matching physiological compressive modulus), this is cause for excitement in this nascent field, showing how in situ differentiation along with the spatial control offered by 3D bioprinting can achieve remarkably biomimetic results.
One notable drawback of the cartilage constructs described so far is a phenomenon the authors themselves have highlighted- 3D bioprinted constructs, no matter how biomimetic, tend to elicit an immune response post-implantation that may last for weeks. Several recent works have outlined bioprinting strategies to solve this problem, albeit based more on traditional 3D printing supplemented with later cell seeding rather than direct bioprinting (Sun et al., 2019; 2020a). Zhu et al. (2020) described a PEGDA and decellularized ECM composite cartilage construct loaded with a natural anti-inflammatory agent (honokiol; 3′,5-Di (prop-2-en-1-yl)[1,1′-biphenyl]-2,4′-diol). This was observed to suppress the release of pro-inflammatory cytokines including TNF-α, IL-1β and IL-6 in vitro (by approximately 2.5x, 3x, and 2x, respectively, all matching non-inflamed controls except in the case of IL-6). While levels of inflammation were not measured in vivo post-implantation, the use of mild natural compounds may certainly be helpful in forming bioprinted constructs that can manage inflammation without stressing the seeded cells. Lee et al. (2019) outlined a possible role for curcumin in bioprinted cartilage constructs (viz. a gelatin-curcumin bioink) but did not elaborate on any anti-inflammatory properties observed in their work. Indeed, natural anti-inflammatory, analgesic compounds such as curcumin, gingerol, resveratrol and others hold much promise in this area- Buhrmann et al. (2020) provide a good recent review of these compounds and their myriad benefits in the context of cartilage tissue engineering in particular. Gong et al. (2020) too presented a method wherein anti-inflammatory IL-4 was printed into a GelMA hydrogel/PCL-hydroxyapatite support to achieve lower immune responses in their cartilage regeneration model. In vivo, they observed success in the form of higher histological scores and qualitatively better chondrocyte development post-implantation in the IL-4 loaded constructs compared to controls. This incorporation of anti-inflammatories–while not essential–is a relatively under-researched area in the field, and advances in this area will enhance clinical translation immensely. Figure 5 provides a summary and most optimal approach to cartilage bioprinting discussed herein.
FUTURE OUTLOOK
3D bioprinting is a fast-moving field, and applications of this technology stand to benefit from this rapid pace of advancement. A recent development of interest is Samandari et al. report of multicompartmental bioprinting and its ability to successfully orient cells during printing (Samandari, 2021). The bioprinting of cartilage stands to gain from technologies such as this, as the spatial orientation of chondrocytes in constructs plays a significant role in in vitro and -vivo success. However, the need for such developments to be complemented by advances in polymer science and more significant contributions from nano- and microscale engineering must be recognized.
There is still much work to be done in the identification of polymer blends that accurately mimic the mechanical properties and biomechanics of natural cartilage, as well as blends that provide high load-bearing and wear-resistant capabilities. As menisci are responsible for stabilizing joints and acting as shock absorbers, mechanical properties remain one of the most important characteristics to consider when designing appropriate implants for meniscal repairs (Inyang and Vaughan, 2020). This is also of particular concern for IVDs, which differ in anatomy and function by location in the spinal column. For instance, in flexion and extension of the lumbar spine, anterior translation of one vertebra or the other should be 8% or less, while posterior translation should be 9% or less. Translation exceeding this is known as alteration of motion segment integrity (AOMSI). Additionally, angular motion of one lumbar vertebra to adjacent vertebra should allow no greater than 15 degrees difference within the first three lumbar units, L1/L2, L2/L3, or L3/L4 or no more than 20 degrees at L4/L5 and 25 degrees at L5/S1 (Keeney, 1984). This is a level of complexity that the field cannot yet achieve but must aim for eventually and must mostly be addressed using polymer science. Further, it has been demonstrated that mechanical properties, as well as mesh size (both of which can be impacted by polymer molecular weight) play a key role in modulating the viability and proliferation of chondrocyte-laden constructs (Lin et al., 2011). In addition, several studies have shown that modifications in polymer surface nanotopography (i.e., surface roughness) can lead to increased chondrocyte density and protein production due to enhanced protein binding on micro- and nano-rough surfaces (Storey and Webster, 2014). Advances in anti-inflammatory polymers or polymeric coatings may be of great use to this field as well-this is an active area of research for surgical implants in general, reviewed recently by both Sánchez-Bodón et al. and Lebaudy et al (Bridges and García, 2008; Al-Khoury et al., 2019; Lebaudy et al., 2021; Sánchez-Bodón et al., 2021). Recent work in this field has also evolved to incorporate decellularized extracellular matrix (dECM) from cartilage and IVD into 3D-printable bioinks to aid in guiding cell proliferation, attachment, and differentiation (Vernengo et al., 2020). For example, Kesti et al. (2015) developed a novel composite bioink comprised of gellan and alginate containing micronized BioCartilage, a commercially available extracellular matrix material native to articular cartilage, which supported chondrocyte proliferation and a favorable deposition of cartilage matrix proteins. While this particular bioink was developed for a broad range of tissue engineering applications, advancements like these may serve as a stepping-stone for the development of more finely-tuned bioinks to better address deficiencies in knee menisci and IVD repair strategies. The factors outlined above must all be considered when developing novel bioink formulations for this area of research.
Slow-release nano- or microformulations encapsulating growth factors and other signaling molecules to encourage proper cell differentiation, or those encapsulating agents such as anti-inflammatories or even anti-microbials to enhance post-implantation success are also of great interest to the field. Novel dual-action molecules tailored for cartilage repair like REG-O3 may be of interest to future researchers in this regard (Montjean et al., 2020). A possible way to integrate all this with traditional bioprinting may be to involve nano- or microscale fibers, such as carbon nanotubes (CNTs), that can lend structural support to constructs as well as releasing such agents from their core or their surface. Szymański (2020) provide an excellent review of recent tissue engineering work that has involved CNTs. Capable of self-assembly into nanostructures and acting as cell adhesion points or growth factor binding sites, peptide amphiphiles are also possible additives to cartilage bioinks that are already being explored in other tissue engineering approaches (Lewis et al., 2020; Di Marzio et al., 2020). The next wave of bioink development should also most certainly focus on biomaterials that exhibit 4D bioprinting properties, consisting of materials that can be 3D printed, yet also respond to environmental stimuli (e.g., temperature, pH, etc.) over a desired duration of time (Saska et al., 2021). For example, Betsch et al. (2018) developed a magnetically responsive iron nanoparticle-based bioink capable of producing constructs exhibiting alternating layers of aligned and random collagen fibers able to more accurately recapitulate the complex architecture of native articular cartilage, leading to enhanced collagen II production. Multilayered nano-/microparticles or -fibers can lend additional complexity to cartilage bioprinting by effecting fine control of chondrocyte differentiation and growth through temporally-controlled release of growth factors and other signaling molecules (Go et al., 2011; Asiri et al., 2021). Despite the availability of a considerable body of non-human in vivo data, 3D bioprinted cartilage constructs have–so far–not moved on to clinical trials. While fundamental research paves the way to more advanced applications, a field as nascent as this will eventually require clinical data for the refinement and evolution of the field, identifying shortcomings that exist in the in vitro development process that impact downstream clinical translation. In this light, it is heartening to note that such trials are now almost underway, with 3DBio Therapeutics’ AuriNovo technology (3D bioprinted auricular cartilage for microtia) on the verge of recruiting trial subjects (NCT04399239). The technology is based on a proprietary bioink containing patient-derived (autologous) chondrocytes (AuriNovo for Auricular Reconstruction, 2020). This technology has been spurred in part by the introduction of personalized medicine to this field-a development rooted in the problem of possible implant rejection in a clinical setting as discussed earlier, and the autologous approaches needed to overcome it (Edri et al., 2019).
The need for printed constructs to encourage proper differentiation of seeded stem cells in the correct spatial orientation and patterning is another area that merits further investigation. The majority of works discussed in this review have opted for a static pore size, for instance. While there is evidence in literature that pore sizes of 100–300 μm are optimal for cell differentiation and orientation within constructs, anisotropy in both this and in the release of growth factors, anti-inflammatory agents, anti-microbials etc. from nano/microparticles or -fibers may provide exciting new avenues of producing constructs that are more physiologically relevant, particularly when combined. This is highlighted by Sun and others’ work (Zhang et al., 2014; Han et al., 2015; Naseri et al., 2016; Song et al., 2017; Sun et al., 2020a).
As tissue constructs go, cartilage has a relatively simple and straightforward structure to attempt to mimic than many other tissues in the human body. A successful convergence of new and improved polymers, precise bioprinting techniques focusing on anisotropy and dedicated “regions” of cartilage structure, optimized additives, and translation-friendly cell isolation, all complemented with regular feedback in the form of clinical data will define the direction this promising technology will take in the coming years.
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Objective: Osteoarthritis (OA) is a common degenerative joint disease, and animal models have proven pivotal in investigating this disease. This study aimed to develop a primate model of OA that may be more relevant to research studies on OA in humans.
Method: Twelve female rhesus macaques were randomly divided into three groups. Four animals were untreated (Control group); four were subjected to the modified Hulth method, involving cutting of the anterior and posterior cruciate ligaments, and transecting the meniscus (Hulth group); and four were subjected to the modified Hulth method combined with cartilage defect (MHCD group). Each primate was subjected to motor ability tests, and underwent arthroscopic, radiographic, morphological, and pathological observation of the knee joints at various times for up to 180 days.
Results: Motor ability on Day 180 was significantly lower in the MHCD group than in the Control (p＜0.01) and Hulth (p＜0.05) groups. Radiographic and morphological examination showed that the severity of knee joint deformity and articular cartilage injury were greater in the MHCD group than in the other groups. Pathological examination showed that cartilage thickness was significantly lower in the MHCD group than in the other groups at the same time points. The Mankin score on Day 180 was markedly higher in the MHCD group than in the Hulth (p＜0.05) and Control (p＜0.001) groups.
Conclusion: The MHCD model of OA closely resembles the pathophysiological processes of spontaneous knee OA in humans. The time required to develop knee OA is shorter using the MHCD model than using the Hulth method.
Keywords: knee, osteoarthritis, animal models, rhesus macaques, modified hulth method, cartilage injury
INTRODUCTION
Osteoarthritis (OA) is a common degenerative joint disease that adversely affects the quality of life of millions of people around the world (Johnson and Hunter, 2014; Glyn-Jones et al., 2015). Symptoms of OA include persistent joint pain, swelling, stiffness, and limited range of motion, accompanied by progressive cartilage degradation, subchondral bone sclerosis, osteophyte formation, and synovium inflammation (Goldring and Goldring, 2010; Sokolove and Lepus, 2013). OA commonly affects the hands, feet, spine, and large weight-bearing joints, particularly the knee (Michael et al., 2010). Knee OA (KOA) is a major cause of physical disability and morbidity, imposing enormous medical and socioeconomic burdens on individuals and society (Alkan et al., 2014; Cross et al., 2014; Hawker et al., 2014). Factors associated with the development of KOA include age, strain, trauma, obesity, and genetic factors; the incidence of KOA does not differ significantly according to race or geographical location (Blagojevic et al., 2010; Guilak, 2011). To date, however, the exact causes and pathogenesis of KOA remain largely unknown, and no treatments have been found to effectively inhibit KOA progression and/or repair injured cartilage.
Animal models are an essential tool to explore the pathogenesis or KOA and to develop effective therapies (Lampropoulou-Adamidou et al., 2014). Various experimentally induced and spontaneous KOA models have been developed in several animal species, including mice, rats, rabbits, guinea pigs, dogs, sheep, goats, and horses (Kuyinu et al., 2016; Cope et al., 2019). However, the patterns of disease, particularly chronic degenerative diseases, in these animals differ markedly from those in humans (Teeple et al., 2013; Mccoy, 2015; Thysen et al., 2015). Because nonhuman primates are phylogenetically close to humans, they make powerful experimental models for studying human diseases. Monkeys, such as rhesus and cynomolgus macaques, are particularly appropriate for studying the molecular processes innate to OA development and progression, as they naturally develop OA at rates similar to those observed in humans (Bailey et al., 2014). To date, however, few KOA models have been developed in monkeys and other primates.
Surgical models of KOA developed in animals involve transaction of the anterior cruciate ligament (ACL), meniscectomy, meniscus injury, and focal cartilage defect (Gregory et al., 2012). These methods are rapid and reproducible, and are similar to the disease-initiating events and pathology of human KOA (Fang and Beier, 2014). One of the most common surgical methods used to induce OA is the Hulth method, which involves cutting the ACL and posterior cruciate ligament (PCL), and transecting the meniscus (Zhou et al., 2018). Compared with other models, KOA induced by the Hulth method is more similar to the spontaneous induction of OA observed in humans. However, the Hulth method may take a long time to produce the same degree of joint damage as a naturally degenerative model. To develop an OA model in which spontaneous development of OA is similar to that in humans, but more rapid and effective than the Hulth model, we explored a potential animal model of KOA based on rhesus macaques. This model involved using a modified Hulth method combined with focal cartilage defect (MHCD). The feasibility and validity of the MHCD method were assessed in comparison with the Hulth model.
MATERIALS AND METHODS
Ethics Statement
All animal procedures were approved by the Institutional Animal Care and Use Committee of The Second People’s Hospital of Yunnan Province and the Kunming Institute of Zoology. CAS (SCXK(滇)K2017-0008). All animals were treated according to the guidelines of the Association for Assessment and Accreditation of Laboratory Animal Care International (AAALAC) for the ethical treatment of primates.
Animals
Twelve female specific pathogen-free rhesus macaques (Macaca mulatta), aged 12.5–13.9 years and weighing 6.7–8.3 kg, were provided by the Kunming Institute of Zoology of the Chinese Academy of Sciences. The monkeys were housed individually in cages measuring 2.2 m (H) × 2.0 m (W) × 1.5 m (D) and kept in an environment with a 12 h light/dark cycle, a temperature of 22–24°C, and relative humidity of 45–55%. They were fed a standard nonhuman primate diet, and both food and water were available ad libitum. Additionally, the monkeys were allowed to move freely for 6–8 h each day in a spacious activity room (12.5 × 10 × 6 m) equipped with a small rockery, swings, and ball games. Occasionally, videos and music were played to relax the monkeys. The animal care staff, as well as the study staff, provided the monkeys with positive interactions.
Grouping and Modeling
The 12 rhesus macaques were randomly divided into three groups of four. Monkeys in the Control group did not undergo surgery; monkeys in the Hulth group underwent unilateral knee surgery during which the ACL and PCL were cut and the meniscus was transected; and monkeys in the MHCD group underwent unilateral knee surgery using the MHCD method.
The monkeys were anesthetized by intramuscular injection of ketamine (0.2 mg/kg; Virbac, France) and fixed in a supine position on the surgical table. The site of incision on the proximal left leg was marked, and a tourniquet was applied. Anterior medial and anterior lateral approaches to the knee joint were made (incisions 4 cm in length) to enable exploration of the knee joints. Operative exploration indicated that the ACL, meniscus, articular cartilage, and other structures were all good. Subsequently, monkeys randomized to the Hulth group underwent transection of the ACL and PCL, and resection of the medial meniscus. By contrast, monkeys in the MHCD group underwent transection of the ACL, the medial collateral ligament (MCL), and the medial meniscus, along with resection of full-thickness cartilage (0.5 × 0.5 × 0.1 cm) in the weight-bearing area of the medial femoral condyle; the procedure was carried using a No. 15 blade scalpel (Jinzhong, Shanghai, China) (Figure 1). The articular cavity and incision were flushed with saline and closed with 3-0 absorbable sutures (3L Medical Products Co, Nanchang, China), followed by external fixation with a plaster cast. A soft-padded bandage was placed over the limb and maintained for 2 weeks. Starting within 3 days post-operation, cefodizime sodium (25 mg/kg; Suzhou Chung Hwa Chemical & Pharmaceutical Industrial Co, Suzhou, China) was injected intramuscularly once every 12 h to prevent infection, and parecoxib (0.8 mg/kg; Pfizer, United States) was injected intramuscularly once daily to relieve pain. Animals were monitored daily.
[image: Figure 1]FIGURE 1 | Scheme showing the processes of modeling knee osteoarthritis in rhesus macaques using the Hulth and MHCD methods. Abbreviations: MHCD, modified Hulth combined with cartilage defect; ACL, anterior cruciate ligament; PCL, posterior cruciate ligament; MCL, medial collateral ligament.
Motor Ability Test
To evaluate the effect of pain caused by KOA on the motor ability of monkeys, all monkeys were monitored by video surveillance (Hikvision, China) from Day 3 to Day 180. The time for which each monkey walked and/or ran during each 24 h period was recorded.
Radiographic Examination
On Days 60, 120, and 180, all animals were anesthetized with 10% chloral hydrate and subjected to radiographic evaluation. X-ray images of the knee joint were taken using an Axiom Multix M radiographic unit (Siemens, Germany). Magnetic resonance imaging (MRI) (Philips, the Netherlands) was also performed to assess changes in articular cartilage. X-ray images and MR images were evaluated by two radiologists and by one specialized orthopedic surgeon independently. One observer (orthopedic surgeon) evaluated all MR images twice with a 3-months interval between the two reading sessions.
Arthroscopic Examination
Following anesthetization with 10% chloral hydrate on Day 120, the monkeys underwent arthroscopic examination (Stryker, United States) of the targeted knee joint to obtain pictures of articular surface injury.
Morphological Examination
All animals were euthanized by administration of intensive anesthesia 180 days after the operation. The monkeys were placed in the supine position and the sites of the surgical areas were shaved. Incisions over the knee joint were made, the knee joint cavity was exposed to collect the fluid, and the articular cartilage surface was examined. Articular cartilage of the medial femoral condyle was cut from the excised knee joints and stored at −20°C before analysis.
Histological Examination
Cartilage specimens were fixed with 4% paraformaldehyde (Solarbio Beijing, China) for 48 h at 4°C, decalcified in 20% EDTA solution (Merck, Germany), dehydrated through graded ethanol solutions, embedded in paraffin, and sliced into 5-μm sections. Sections were stained with hematoxylin and eosin (H&E; Solarbio), Safranin O (Solarbio), and toluidine blue (Solarbio), and then sealed with neutral gum. Finally, the specimens were assessed under a light microscopy (Nikon, Japan). Five slices of each articular cartilage specimen were selected, and KOA was evaluated by measuring the Mankin score(Van Der Sluijs et al., 1992).
Enzyme-Linked Immunosorbent Assay
Synovial fluid was aspirated from the knee joints of all monkeys on Day 120. The concentrations of interleukin-1β (IL-1β), transforming growth factor-β1 (TGF-β1), and matrix metalloproteinase-13 (MMP-13) in these specimens were measured using commercially available kits (Human Quantikine ELISA kits; R&D Systems).
Statistical Analysis
All data are presented as mean ± standard deviation (SD) and were analyzed using the SPSS 13.0 statistical package. Data distributed normally were analyzed using a t test, whereas non-normally distributed data were analyzed using the Mann-Whitney U test. p-values <0.05 were considered statistically significant.
RESULTS
Baseline Characteristics and Intraoperative Condition of Rhesus Macaques
There was no significant difference between the Control, Hulth, and MHCD groups with respect to age, body weight, knee circumference, and crown sacral length (p > 0.05) (Table 1). Operation time was longer for the MHCD group than for the Hulth group (p < 0.05) (Figure 2A), but there was no significant difference in blood loss (p > 0.05) (Figure 2B). None of the monkeys experienced infection or died.
TABLE 1 | Baseline characteristics of the three groups of rhesus macaques ([image: image]±s)
[image: Table 1][image: Figure 2]FIGURE 2 | Evaluation of operation time (A) and blood loss (B) in rhesus macaques subjected to the Hulth and MHCD methods. *p < 0.05. Data are presented as the mean ± SD.
Analysis of Motor Ability
Compared with the Control group, motor ability at 3 and 7 days post-surgery was significantly lower in the Hulth (p < 0.01 on both days) and MHCD (p < 0.001 on Day 3, p < 0.01 on Day 7) groups due to postoperative pain. Removal of the plaster cast led to rapid relief of pain in the Hulth group, with motor ability being significantly greater than that of the MHCD group on Day 14 (p < 0.05). By contrast, the motor ability of the MHCD group was significantly lower than that of the Control group on Days 14 (p < 0.01), 21 (p < 0.05), and 30 (p < 0.05). Subsequent progression of KOA after surgery in the MHCD group resulted in gradual weakening of motor ability, which was significantly lower in the MHCD than in the Control group on Days 120 (p < 0.05), 150 (p < 0.01), and 180 (p < 0.01). Interestingly, motor ability on Day 180 was significantly higher in the Hulth than in the MHCD group (p < 0.05), but did not differ significantly between the Hulth and Control groups (Figure 3A).
[image: Figure 3]FIGURE 3 | Evaluation of motor activity and postoperative X-rays in the three groups of rhesus macaques. (A) Motor activity within 24 h after surgery. (B) Representative X-rays of the knee joints on Day 180. (C). Changes in joint convergence angles of the left knee. *p < 0.05, **p < 0.01, ***p < 0.001. Data are presented as the mean ± SD.
Radiographic Analysis of the Knee Joint
After surgery, monkeys showed a reduced knee joint space and other gradual changes associated with KOA (Figure 3B and Figure 4A). X-rays of animals in the MHCD group showed collapse and sclerosis of the articular surface, deformity of the knee joint, and narrowing of the joint space, whereas X-rays of animals in the Hulth group showed sclerosis of the articular surface without collapse. By contrast, X-rays of the Control group showed knee joints with smooth appearance and regular surfaces (Figure 3B). On Days 120 and 180, the joint line convergence angle (JLCA) in the MHCD group was significantly greater than that in the Control group (p < 0.01), whereas, on Day 180, the JLCA was more extensive in the Hulth group than in the Control group (p < 0.05) (Figure 3C).
[image: Figure 4]FIGURE 4 | MRI findings of the knee joints of the three groups of rhesus macaques. (A) Representative MRI findings of the knee joints on Day 180. (B) Sizes of articular cartilage defects on Days 60, 120, and 180. (C) Thicknesses of articular cartilage in the weight-bearing part of the knee joint on Day 180. (blue arrows, ACL; yellow arrows, medial meniscus; red arrows, cartilage defects). *p < 0.05, **p < 0.01, ***p < 0.001. Data are presented as the mean ± SD.
MRI of animals in the Hulth and MHCD groups showed slight increases in suprapatellar capsule and articular cavity effusion, medial subluxation of the patella, and injury to the articular cartilage of the medial femoral condyle (Figure 4A). Monkeys in the Hulth group showed subchondral cystic lesions in the medial femoral condyle, whereas animals in the MHCD group showed cartilage and subchondral bone damage in the medial tibial condyle, as well as joint space narrowing. The size of the cartilage defect was significantly larger in the MHCD than in the Control group on Days 60 (p < 0.01), 120 (p < 0.001), and 180 (p < 0.01), and was also significantly larger in the Hulth than in the Control group on Days 60, 120, and 180 (p < 0.05 each). In addition, the size of the cartilage defect was significantly larger in the MHCD than in the Hulth group on Days 60 (p < 0.01) and 120 (p < 0.05) (Figure 4B). On Day 180, the articular cartilage was thicker in the Control group than in the MHCD group (Figure 4C).
Morphological Observation of the Knee Joint
Arthroscopic views of the knee joints and the gross appearance of the femoral condyles and tibial plateaus in each group are shown in Figure 5. Arthroscopy showed that the articular cartilage in the Control group was smooth, and that the ACL and medial meniscus were present. By contrast, arthroscopy of the knees in the Hulth and MHCD groups showed absence of the ACL and medial meniscus, and wear of the medial femoral condyle cartilage. Gross examination revealed abrasion of the weight-bearing surface of the medial femoral condyle and of the femoral posterior condylar cartilage in the Hulth group, but more serious abrasion in the MHCD group. In addition, significant cartilage degeneration and cartilage thinning of the tibial plateau were evident in the MHCD group, but not in the Control and Hulth groups (Figure 6).
[image: Figure 5]FIGURE 5 | Representative arthroscopic findings of the knee joints of rhesus macaques from the Control, Hulth, and MHCD groups on Day 120 (blue arrows, ACL; yellow arrows, medial meniscus; red arrows, cartilage defects).
[image: Figure 6]FIGURE 6 | Gross observations on Day 180, showing abrasion of the weight-bearing surface of the medial femoral condyle and femoral posterior condylar cartilage in the Hulth group, but more serious abrasion in the MHCD group (blue arrows, ACL; yellow arrows, medial meniscus; red arrows, cartilage defects).
Histopathologic Evaluation of Knee Joint
H&E staining of samples from the Hulth and MHCD groups on Day 180 showed damaged cartilage, disorganized chondrocyte clusters, and rough cartilage surfaces (Figure 7A). In the Hulth group, the boundary of each layer was obscure, the tidal line was continuous, and the articular hyaline cartilage was replaced gradually by fibrous tissue. In the MHCD group, however, the articular cartilage surface was damaged to different degrees, the structure was disordered, cartilage destruction involved the radiation layer, the tidal line was interrupted and blurred, and the articular cartilage was almost entirely replaced by fibrous tissue. Consistent with the radiographic and gross observations, the Mankin score showed that the severity of cartilage damage was markedly higher in the Hulth group than in the Control group (p < 0.01), but lower than in the MHCD group (p < 0.05). The Mankin score was also markedly higher in the MHCD than in the Control group (p < 0.001) (Figure 7B).
[image: Figure 7]FIGURE 7 | Pathological morphology of articular cartilage 180 days after surgery. (A) Representative images showing H&E staining of the weight-bearing surface of the medial femoral condyle and femoral posterior condylar cartilage from the Control, Hulth, and MHCD groups. (White arrow: tidemark, White arrowhead: subchondral cyst, Black arrow: sclerosis, Black arrowhead: fibrocartilage mineralization, Blue arrow: degradation of cartilage matrix) (B) Histologic scores of the cartilage lesions in the three groups. *p < 0.05, **p < 0.01, ***p < 0.001. Data are presented as the mean ± SD.
Tissue samples obtained after sacrifice on Day 180 were also stained with Safranin O, which detects proteoglycans, a major extracellular matrix component in cartilage. Safranin O staining of samples from the Control group showed a deep red color; the cartilage had a smooth surface; and the chondrocytes displayed normal morphology and were arranged in an orderly manner. By contrast, the intensity of Safranin O staining was reduced markedly in the Hulth group, as was the number of chondrocytes, which also showed disordered layers. Samples from the MHCD group showed almost complete absence of Safranin O staining, the number of chondrocytes was significantly reduced, and subchondral bone remodeling was complete (Figure 8A).
[image: Figure 8]FIGURE 8 | Staining of glycosaminoglycans in articular cartilage 180 days after surgery. Representative images of (A) Safranin O and (B) toluidine blue staining.
Consistent with the results of Safranin O staining, toluidine blue staining of Day 180 samples from the Control group showed a deep blue color, with chondrocytes appearing in distinct layers and arranged in an orderly manner. Samples from the Hulth group showed light blue staining of the articular cartilage, with the number of cells being significantly decreased. Samples from the MHCD group showed lower intensity of toluidine blue staining, with some of the layers showing no staining and the regions in the weight-bearing area being negative for chondrocytes (Figure 8B).
Expression of IL-1β, TGF-β1, and MMP-13 in Synovial Fluid
Measurement of IL-1β, TGF-β1, and MMP-13 concentrations in synovial fluid on Day 120 showed that the levels of all three were significantly higher in the Hulth group than in the Control group (p < 0.01 each). The levels of IL-1β (p < 0.001), TGF-β1 (p < 0.001), and MMP-13 (p < 0.01) in the MHCD group were much higher than those in the Control group. Moreover, the levels of IL-1β (p < 0.01) and TGF-β1 (p < 0.01) were significantly higher in the MHCD group than in the Hulth group (Figures 9A–C).
[image: Figure 9]FIGURE 9 | Concentrations of three representative proteins in the synovial fluid of rhesus macaques on Day 120. Concentrations of (A) IL-1β, (B) TGF-β1, and (C) MMP-13 were measured by ELISA. IL-1β, interleukin-1β; TGF-β1, transforming growth factor-β1; MMP-13, matrix metalloproteinase-13. *p < 0.05, **p < 0.01, ***p < 0.001. Data are presented as the mean ± SD.
DISCUSSION
OA is a common chronic disease characterized by articular cartilage degeneration and bone destruction, which are the main causes of joint pain and disability in patients with advanced disease (Weimer et al., 2012). Development of OA is a complex process, involving several pathological pathways and mechanisms.
Choosing an appropriate animal model of KOA is very important for assessing the mechanisms involved in the development of the disease in humans (Aigner et al., 2010). Spontaneous models are, to some extent, the closest to the natural degeneration of joints in patients with OA, but they take a long time to develop (Teeple et al., 2013). Furthermore, experimental results can be affected by many factors, thereby reducing the reliability of these models (Stone et al., 2015). Transgenic models cannot simulate the pathogenesis of human OA completely because it is driven by a combination of multiple genes and factors (Little and Hunter, 2013). Surgical methods of modeling KOA are used widely because they are rapid, simple, and highly repeatable (Gregory et al., 2012). The Hulth method induces knee joint instability and pathological changes, similar to spontaneous models of OA (Pashuck et al., 2016; Patel et al., 2016). To date, however, effective and reliable models of KOA in animals have not been quick to develop. Compared with the Hulth method, animal models of KOA induced by cartilage injury alone show significantly less damage to the biomechanical stability of the knee joint. The time needed to produce OA-related pathological changes is longer, as weight-bearing interventions are required for the injured limb (Marijnissen et al., 2002). The present study used a modified version of the Hulth method, combining it with cartilage injury to yield a KOA model that closely resembles the pathophysiological process of spontaneous KOA in humans. Furthermore, this modification led to development of KOA in a shorter time than the Hulth method.
Developing an appropriate animal model is important for exploring the pathogenesis and treatment of KOA. Various animal models have been utilized to gain insight into KOA onset and progression, and to aid development and evaluation of advanced diagnostic tools and treatments (Mccoy, 2015). For example, medial meniscectomy in male Lewis rats stimulates the pathological changes of KOA; this rat model was used to explore the effect of antiresorptive and anabolic bone therapy on post-traumatic osteoarthritis (Bagi et al., 2015). A canine spontaneous KOA model may serve as an appropriate animal model that closely mimics pathological changes in humans (Pertovaara, 2012). Moreover, this model may be used in translational pain research to test the safety and efficacy of novel analgesics. KOA was simulated in a rabbit model by transecting the PCL, providing a valuable marker of OA disease severity and progression (Gao et al., 2013). However, differences in knee morphology, biomechanics, and behavior in these animal models can make it difficult to extrapolate the findings to humans (Bailey et al., 2014). In this study, we selected rhesus macaques, a nonhuman primate, as model animals because morphologic progression of cartilage degeneration and KOA are more similar to humans than other animal models.
Although the MHCD method increased operation time compared with the Hulth method, it did not increase intraoperative blood loss. The decrease in activity during the first 30 days after surgery in both groups may be associated with postoperative pain. Interestingly, after the plaster cast was removed on Day 14, activity increased significantly in the Hulth group whereas activity in the MHCD group remained low. Damage to the knee cartilage in the MHCD group may have restricted early-stage motor activity. Although late stage (Day 180) motor activity was significantly higher in the Hulth group than in the MHCD group, activity in the Hulth and Control group was similar. The difference between the Hulth and MHCD groups may have been caused by the more significant damage to the articular cartilage in the weight-bearing area of the knee joint in the MHCD group. This result may provide indirect evidence for more rapid development of KOA after the MHCD than the Hulth method.
X-rays and MRI scans are simple and useful methods of preliminarily diagnosing KOA, with a moderate relationship reported between OA imaging features and KOA symptoms (Wu et al., 2012). Radiographic evaluation revealed pathology typical of OA in both the Hulth and MHCD groups, accompanied by severe cartilage degradation and bony changes. OA progression, however, was faster in the MHCD group than in the Hulth group. Radiological results showed that the MHCD method increased the severity of articular cartilage injury, knee joint deformity, and subchondral bone damage, suggesting that the combined method promotes pathological damage to articular cartilage and accelerates OA progression. These changes are similar to those observed for human OA and are consistent with those in previous reports of surgically-induced OA in nonhuman primates (Liu et al., 2018; Zhou et al., 2018). Furthermore, arthroscopic examination and gross morphological and cross-sectional analyses of articular surface wear suggested that pathologic degradation of the cartilage corresponded with radiographic results. Cartilage destruction in the MHCD group was more severe than in the Control and Hulth groups, as determined by the Mankin score. Joint destruction at Day 120 in the MHCD group was similar to that on Day 180 in the Hulth group, with imaging changes and morphological appearance in the MHCD group being closer to the natural degeneration observed in human KOA.
We also found that cartilage pathology was associated with increased secretion of cytokines and MMPs. Previous studies show that serum concentrations of IL-1β and TGF-β1 are higher in OA patients than in control groups, and that these concentrations are closely associated with pain (Hussein et al., 2008; Lee et al., 2011). Inflammation is involved in the pathophysiological mechanism of KOA, as evidenced by the presence of cytokines in both osteoarthritic joints and synovial fluid (Rutgers et al., 2010; Yu and Kim, 2013). These cytokines may be involved in the pathophysiology of OA by regulating expression of MMPs, which induce degradation of the extracellular matrix (Inoue et al., 2005; Haseeb and Haqqi, 2013; Lim et al., 2014). Cytokines and MMPs are involved in the development of cartilage damage (Bondeson et al., 2006; Klatt et al., 2006; Pujol et al., 2008). The present study found that the levels of IL-1β, TGF-β1, and MMP13 in synovial fluid were significantly higher in the MHCD than in the Hulth and Control groups, and were significantly higher in the Hulth than in the Control group. On Day 120, expression of cytokines and MMP-13 in synovial fluid of rhesus macaques with MHCD-induced KOA was similar to that in patients with spontaneous KOA. The inflammatory and biomechanical changes in synovial fluid were less serious animals subjected to the Hulth method.
This study had several limitations. First, due to the lack of suitable experimental animals and funds, groups of animals with spontaneous KOA and those subjected to sham operations were not included. Second, the study included a small number of animals, suggesting caution in interpreting the results. Additional studies are required to compare MHCD-induced and spontaneous models of KOA, as well as KOA in primates of different genders and ages.
In conclusion, the present study describes the development of a primate model of KOA using a modified Hulth method combined with focal cartilage defects. This model is similar to spontaneous models with respect to osteoarthritic and histopathologic grading, as well as changes in expression of inflammatory cytokines and MMPs. Furthermore, compared with the Hulth method, the MHCD method resulted in more rapid development of KOA, suggesting that the MHCD method may be a suitable model for studying the pathogenesis and treatment of OA.
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Articular cartilage is an avascular tissue, with limited ability to repair and self-renew. Defects in articular cartilage can induce debilitating degenerative joint diseases such as osteoarthritis. Currently, clinical treatments have limited ability to repair, for they often result in the formation of mechanically inferior cartilage. In this review, we discuss the factors that affect cartilage homeostasis and function, and describe the emerging regenerative approaches that are informing the future treatment options.
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INTRODUCTION
Articular cartilage (AC) is a highly specialized connective tissue that covers the surfaces of bones in a synovial joint. Its main function is to allow for an almost friction-less movement of the joints, and facilitate the transmission of loads whilst protecting the subchondral bone. However, the constant mechanical stresses that are experienced by the AC makes it vulnerable to wear, tears, and sports injuries. Moreover, mature AC has a limited ability to self-renew and repair as it is avascular, lacks innervation and has a low cell-density (Chiang and Jiang, 2009). Therefore, without sufficient and potent treatment, cartilage damage can easily lead to progressive tissue deterioration, debilitating joint pain, dysfunction, and eventually the degenerative disease, osteoarthritis (OA) (Borrelli et al., 2019).
Osteoarthritis refers to exposure of subchondral bone to the joint space, which causes inflammation that may be accompanied by osteophyte development, severe pain, and progressive loss of joint function. In fact, retrospective studies with arthroscopic examinations reveal the presence of chondral lesions in nearly 60% of the patients (Chubinskaya et al., 2015). Acute knee injury has also been shown to be a risk factor for OA, with individuals with cartilage damage 7.4 times more likely to develop the disease (Wilder et al., 2002). This is consistent with a more recent study in young adults which identified a risk difference of 8.1 for knee OA, between individuals with and without knee injury at 19 years of follow-up (Snoeker et al., 2020). With the improvement of human life expectancy and the development of social aging process, the incidence of OA will greatly increase during the following decades. In fact, epidemiological study in the Chinese population suggested that the prevalence of knee OA had reached 18% in the country (Wang et al., 2018).
Whilst current treatment options may improve joint function and reduce pain, they fail to elicit regeneration of the articular tissue with its distinct functional characteristics, and therefore are only partially effective. In this review, we begin by discussing the structure and biology of the AC, and then describe the current strategies for its repair, followed by highlighting the recent advances in regenerative technologies that are informing the future treatment options.
ANATOMY OF THE ARTICULAR CARTILAGE
In utero and at birth, AC is a compact, highly cellular tissue with isotropic distribution of chondrocytes, but poor in the extracellular matrix (ECM) (Weiss et al., 1968). As the AC matures and shapes before early adulthood, chondrocytes located in different areas receive AC variant degrees of mechanical, electrical, and physicochemical signals, leading to increased cellular size, accumulation of ECM, and eventually attaining a zonal anisotropic organization (Correa and Lietman, 2017).
The ECM comprises of a fibrillary network of collagen, non-collagenous proteins, proteoglycans, and water; and the orientation of the collagen fibrils along with chondrocyte morphology characterize the three zones of AC (Figure 1). In the thin superficial zone, that makes up approximately 10–20% of the AC thickness, the collagen fibrils and chondrocytes are aligned parallel to the articular surface. Chondrocytes are flattened and elongated, and the integrity of this layer is vital for the protection of the deeper layers. This zone confers the tensile properties to the AC, and helps resist the sheer forces experienced by the joint. The middle layer or the transitional zone which makes up 40–60% of the AC thickness is characterized by obliquely organized thicker collagen fibrils, and slightly larger chondrocytes at a relatively lower density. The transitional zone is the first line of resistance to the compressive forces imposed by the articulation. In the deep zone, the collagen fibrils are the thickest and are arranged perpendicular to the articulating surfaces. The very large chondrocytes are typically arranged in columns, parallel to the collagen fibrils. This deep zone which make up nearly 30% of the AC volume, provides the greatest resistance to the compressive forces (Ulrich-Vinther et al., 2003). Calcified cartilage, which lies beneath the deep zone separated by the tide mark, secures the AC by anchoring the collagen fibrils to the subchondral bone (Sophia Fox et al., 2009).
[image: Figure 1]FIGURE 1 | Morphology of human adult articular cartilage. (A), chondrocytes organization in the different tissue zones. (B), arrangement of collagen fibers.
There are three main types of cartilages found in the human body, with differing structures and functions.
Hyaline Cartilage
Hyaline cartilage is the most common type of cartilage and can be seen at the connection sites between the ribs and sternum, trachea, and on the surfaces of the synovial joints. It has a glassy appearance and type II collagen is the most abundant type of collagen in hyaline cartilage, accounting for 90–95% of the collagen in ECM. Additionally, collagen IX links covalently to the type II collagen backbone, with type XI collagen forming the filamentous template of the fibril (Eyre et al., 2006). The matrix of hyaline cartilage is also rich in glycosaminoglycans (GAGs), including negatively charged hyaluronic acid and chondroitin sulfate. Aggrecan (ACAN), is a major proteoglycan in the AC, which interacts with the GAGs to form large aggregates and their high anionic charge allow for increased retention of water molecules thus facilitating shock absorption. In adults, chondrocytes show low anabolic and proliferative activity, and the collagen fibers last life-long, with minimal replacement activity.
Fibrocartilage
Fibrocartilage is mainly found between the vertebral bodies, symphysis pubis, meniscus, and tendon-bone interface. Its matrix is rich in densely braided collagen fibers, making it highly resistant to compressive loads. The chondrocytes are aligned with the thick collagen fibers, and are very few in number. Compared to hyaline cartilage, fibrocartilage contains a large amount of type I collagen in addition to type II collagen (Armiento et al., 2019).
Elastic Cartilage
Elastic cartilage is a type of elastic and flexible tissue that can withstand repeated bending and is found in epiglottis, auricle and eustachian tube. In elastic cartilage, the cell morphology is basically similar to that of hyaline cartilage. Type II collagen and elastic fibers branch densely in multiple directions, and contains relatively low amounts of type III, XII, V collagen (Wachsmuth et al., 2006).
THE ROLE OF MICROENVIRONMENT ON CARTILAGE FUNCTION
Considering the avascular characteristic of AC, chondrocyte metabolism, and thus cartilage homeostasis largely depends on the diffusion of nutrients, oxygen, and other regulatory factors from subchondral bone and synovial fluid through the matrix. In this section, we discuss the current known factors in the chondrocyte microenvironment that regulate cartilage homeostasis and function, with specific focus on mechanical stimulation, oxygen tension, and cytokines and growth factors.
Mechanical Stimulation
The chondrocytes reside in a microenvironment that experiences complex combination of compressive loads, shear, and tensile stress regularly. Sensitivity to such mechanical stimuli and consequent adaptive responses are essential to maintain the joint function. Optimal mechanical stress has been shown to induce chondrogenesis during fetal development and maintains cartilage homeostasis in adults (Zhao et al., 2020). However, impact forces caused by falls, sports injuries and road accidents can lead to substantial damage. Indeed, studies have shown that above a certain threshold, impact forces can cause permanent changes to the mechanical properties and damage the structure of AC (Jeffrey and Aspden, 2006; Verteramo and Seedhom, 2007). Additionally, repetitive heavy loading has been shown to cause chondrocyte mitochondrial dysfunction, decreasing adenosine triphosphate (ATP) levels, exacerbating proton leakage and ROS formation (Coleman et al., 2016). Transforming growth factor-β (TGF- β) signaling is a well-established mediator of mechanical stress based regulation of cartilage. In a recent study, Zhen et al. show that TGF-β activity is concentrated in areas of cartilage that experience high mechanical stress, and it impairs the metabolic activity of chondrocytes, thus disrupting cartilage homeostasis (Zhen et al., 2021). Other pathways including MAPK-ERK, Wnt and Indian hedgehog signaling have been shown to play a role in regulating mechanotransduction in chondrocytes, and have been reviewed elsewhere (Zhao et al., 2020) (Figure 2A).
[image: Figure 2]FIGURE 2 | The influence of microenvironmental factors on articular cartilage homeostasis and function. The flow-chart describes the effects of (A) mechanical forces, (B) Oxygen tension, (C) growth factors and (D) inflammatory cytokines.
The insights of mechanobiology can provide new strategies in regenerative medicine. In order to mimic the natural environment of AC, mechanical stimulation can be added during expansion cultures of cell-based therapies (see section 4.2). At the cellular level, using biomechanics to enhance the chondrogenesis of mesenchymal stem cells has been well documented, which could be attributable to increased TGF-β meditated chondrogenic signaling (Li et al., 2010; Fahy et al., 2018). Low level of shear stress has shown to stimulate hMSC migration through JNK and p38 MAPK pathways mediated by SDF-1/CXCR4 axis (Yuan et al., 2013). In addition, mechanical loading enhances the angiogenic capacity, which could be attributed to FGFR and VEGFR signaling cascades (Kasper et al., 2007). Furthermore, optimal mechanical stimulation also has the potential to improve collagen formation, cell viability and fiber organization in the tissue-engineered constructs (Li et al., 2017; Salinas et al., 2018).
Oxygen Tension
AC microenvironment is generally hypoxic due to the lack of capillary network, and several studies have highlighted the relationship between hypoxia and AC development and homeostasis. The oxygen tension in the AC may be as low as 1–3% compared to 21% under normoxic conditions. Hypoxic environment has long been acknowledged as a positive influence that drives cartilage matrix accumulation, supporting a healthy chondrocyte phenotype (Murphy et al., 2009). Hypoxia-inducible factors (HIFs) are essential regulators that respond to hypoxia. They consist of an oxygen-regulatory α subunit, and a constitutively expressed β subunit. Under normal oxygen tension, the α subunit is degraded following hydroxylation by prolyl hydroxylases. However, it is stabilized under hypoxic conditions, dimerizes with the β subunit, and translocates to the nucleus to regulate gene expression. HIF-1α has been shown to be essential for chondrocyte survival and development of murine growth plates (Schipani et al., 2001). Furthermore, hypoxia has been associated with upregulation in expression of matrix components, and downregulation of degrading enzymes and hypertrophic markers in both healthy and OA chondrocytes (Murphy and Polak, 2004; Markway et al., 2013). A recently published study demonstrated that HIF-1α has anti-catabolic effects on AC by inhibiting the expression of Mmp13, via suppression of NF-κB signaling (Okada et al., 2020). Furthermore, using RNA interference, HIF-2α and not HIF-1α, was identified as a critical anabolic regulator of matrix synthesis (Lafont et al., 2007). It was also demonstrated that matrix genes such as aggrecan and type IX collagen were not HIF targets but regulated by hypoxia via SOX9, a cartilage-specific transcription factor (Thoms et al., 2013) (Figure 2B).
Several studies have highlighted the role of hypoxia in chondrogenic differentiation of mesenchymal stem cells (MSCs) (Robins et al., 2005; Elabd et al., 2018; Contentin et al., 2020). Proliferation of bone marrow MSCs was enhanced under hypoxia, together with increased chondrogenic ability, and higher type II collagen and aggrecan mRNA expressions (Bornes et al., 2015). Furthermore, hypoxia mediated HIF-1α stabilization led to activation of SOX9 and subsequent differentiation of MSCs to chondrocytes (Robins et al., 2005). Thus, targeting the hypoxic pathways, possibly by inhibiting prolyl hydroxylases (Joharapurkar et al., 2018), could be therapeutic strategy for cartilage repair.
Cytokines and Growth Factors
During development, the synthesis of matrix components by chondrocytes is stimulated by a range of anabolic cytokines including TGF-β (Wang et al., 2014), bone morphogenetic proteins (BMPs) (Kobayashi et al., 2005) and insulin-like growth factor-1 (IGF-1) (Lui et al., 2019). The maintenance of cartilage health requires the bioactive levels of TGF-β to be within a narrow range. Concentrations above or below this optimal range and subsequent alterations in the TGF-β/SMAD2/3 pathway result in abnormal cartilage function (Finnson et al., 2012; Zhai et al., 2015). High concentrations of TGF-β induced by mechanical stress and platelet-derived growth factor-BB (PDGF-BB) secreted by mononuclear preosteoclasts respectively, cause bone resorption and angiogenesis in subchondral bone. Since subchondral bone is crucial for maintaining AC integrity, pathological changes in subchondral bone exacerbate the progression of OA (Zhen et al., 2013; Su et al., 2020). BMPs have been shown to regulate several chondrocyte specific genes and are involved all phases of chondrogenesis. In vitro studies have highlighted the role of BMP-7 in chondrocyte proliferation, GAG secretion and chondrogenic gene expression including ACAN, SOX9 and Col2a1 (Shen et al., 2010). BMP-2 mediated induction of chondrocyte differentiation from MSCs has been shown to occur via TGF-β3 pathway (Shen et al., 2009). BMP-6 has also been shown to promote chondrogenesis and hypertrophic differentiation from MSCs (Sekiya et al., 2001), and stimulate matrix synthesis (Bobacz et al., 2003). IGF-1 also modulates chondrogenesis from MSCs by stimulating cell proliferation, regulating apoptosis, and inducing chondrogenic gene expression (Longobardi et al., 2006; Ikeda et al., 2017). Moreover, mechanical stimulation has a synergistic effect on IGF-1 mediated increase in collagen and proteoglycan synthesis (Bonassar et al., 2001). Furthermore, chronic deficiency in IGF-1 levels has shown to associate with increased severity of AC lesions in OA in a rat model (Ekenstedt et al., 2006) (Figure 2C).
In response to trauma or inflammatory disease such as OA, a process of cartilage remodeling initiates. A catabolic response is mediated by inflammatory cytokines interleukin-1 (IL-1) and tumor necrosis factor-a (TNF-α) which suppress Sox9 mRNA and protein levels via the NF-κB pathway. This leads to a marked inhibition in expression of cartilage specific genes responsible for ECM formation and chondrogenesis (Murakami et al., 2000). This was confirmed in a separate study which showed IL-1β and TNF-α mediated inhibition of chondrogenesis by human MSCs through NF-κB dependent mechanisms (Wehling et al., 2009). IL-1β has also been shown to upregulate the expression of matrix metalloproteinase-3 (MMP3) and tumor-necrosis-factor-stimulated gene 6 (TSG6), and downregulate ACAN, further exacerbating the catabolic phenotype (Stöve et al., 2000). TNF-α also induces the expression of cartilage degradation molecules including MMP-9 and MMP-13, and decreases collagen type II and type XI synthesis (Lefebvre et al., 1990; Reginato et al., 1993; Liacini et al., 2003) (Figure 2D).
CURRENT AND EMERGING TREATMENT MODALITIES
Articular cartilage lesions, when left untreated, leads to the onset of degenerative OA, and thus demands an effective treatment option for repair and regeneration. Here we discuss the current treatment modalities used for the repair for cartilage lesions, and the emerging technologies.
Surgical Approaches
Surgical approaches for articular cartilage can be divided into three categories: bone marrow stimulation, autografts and allografts, and cell-based therapies. Bone marrow stimulation procedures are widely applied in treatment of osteochondral lesions treatment, which include microfracture, subchondral drilling or abrasion of the subchondral bone. Microfracture generally targets small, contained defects and requires making several perforations in the subchondral plate by using an arthroscopic awl and may result in good clinical outcome for smaller lesions (Sommerfeldt et al., 2016). Nevertheless, microfracture might ultimately induce the formation of fibrocartilage since bone marrow released into the defect forms a blood clot (Goyal et al., 2013; Kwon et al., 2019). Subchondral drilling and subchondral abrasion are alternatives to microfracture, but are less popular due to the risks of thermal necrosis, hypertrophy, or cysts (Chen et al., 2009).
Osteochondral autograft directly delivers mature and viable hyaline cartilage into the defects and therefore realizes a faster rehabilitation compared to most other cartilage repair strategies (Redondo et al., 2018). However, the application of osteochondral autograft transfer is restricted to small chondral defects (<2 cm2) because of the limitations in graft availability (Hangody et al., 2004). Osteochondral allograft transplantation is a feasible solution for AC repair due to the avascular nature of cartilage which alleviates any immunological concerns (Arzi et al., 2015). Although osteochondral allograft transplantation overcomes the graft availability concerns of osteochondral autograft transfer, the difficulties in matching allografts to native architecture and improving the viability and longevity of the fresh tissue still exists (Koh et al., 2006; Cook et al., 2016).
Autologous chondrocyte implantation (ACI) is the most widely used surgical approach to treat large chondral defects (>3–4 cm2), and is the first application of cell engineering strategy in orthopedic surgery. It relies on repopulating the cartilage lesion with mature autologous chondrocytes, and thus requires two surgeries–one to harvest chondrocytes from healthy cartilage, and another to reimplant them into defects after expansion in cultures in vitro (Welch et al., 2016). Approximately 22% of patients suffer from hypertrophy of the periosteum after ACI procedures (Gikas et al., 2009). Matrix-induced ACI (MACI) is the second generation of this technique which involves incorporation of chondrocytes onto a collagen scaffold prior to implantation (Nawaz et al., 2014). Although both ACI and MACI show better hyaline or hyaline-like cartilage formation and graft survival, patients have to endure two surgeries, a longer recovery phase and high financial costs (Chimutengwende-Gordon et al., 2020). Furthermore, the chondrocyte can de-differentiate during culture expansion, with downregulation of chondrogenic markers resulting in a limited life-span following implantation (Brittberg et al., 2003).
Cell Based Therapy
Chondrocytes often lose their capacity to produce ECM and proliferate after passaging in culture, a phenomenon referred to as de-differentiation (Goldring et al., 1986; Schnabel et al., 2002). A recent study identified an important role of perlecan, a heparen sulphate proteoglycan, in the repair of defects in human cartilage. The authors also demonstrate that treating the chondrocytes with heperanase increased their proliferative potential and chondrogenic gene expression, with implications for in vitro expansion of cells (Garcia et al., 2021). A new population of cells termed as cartilage-derived stem/progenitor cells (CPSCs) have been identified in the cartilage, which unlike the chondrocytes, may have the ability to self-renew (Jiang and Tuan, 2015). The application potential of CPSCs is still unclear, but research is ongoing to better understand this cell phenotype and its therapeutic prospects for AC repair (Jiang et al., 2016; Bauza et al., 2020).
MSCs offer a promising cell source for regeneration and repair of cartilage lesions, as they have the ability to differentiate into chondrocytes, and are easy to harvest, with minimal donor site morbidity (Park et al., 2018). MSCs used for repairing the cartilage lesions are obtained from a variety of autologous tissues including bone marrow (BM-MSCs), adipose tissue (AT-MSCs) and peripheral blood (PB-MSCs) (Reissis et al., 2016). Depending on the specific cartilage pathology, the MSCs can either be implanted into the defect following surgical incision, or administered via intra-articular injection. A post-surgical prognosis study assessing the efficacy of AT-MSCs implantation for cartilage lesions observed 76% of the patients had the repair rated as abnormal or severely abnormal as per the International Cartilage Repair Society standards (Koh et al., 2014). Furthermore, compared to MSCs implantation, intra-articular injections have a higher risk of the cells migrating to non-target tissues (Reissis et al., 2016). Whilst, there have been several studies which have reported improved outcomes following MSC based therapies (Wakitani et al., 2002; Lee et al., 2019) there are some challenges that need to be overcome.
Indeed, multiple novel strategies are being explored to improve the use MSC in cartilage regeneration. For instance, a magnetically actuated microrobot has recently been proposed to improve the targeting efficiency of MSC in tissue regeneration for cartilage lesions (Go et al., 2020). Other studies are exploiting the ability of MSCs to exert their regenerative functions by secreting paracrine molecules that modulate the local immune response or improves chondrocytes cell survival and proliferation (Toh et al., 2017; Zhang et al., 2019; Kim et al., 2020). By using MSCs derived extracellular vesicles, studies have shown improved cartilage regeneration and repair (Vonk et al., 2018; Alcaraz et al., 2019).
Small Molecules
A variety of synthetic or natural small molecule compounds have proven effective in maintaining a stable chondrocyte phenotype, supporting an ideal microenvironment to promote chondrocyte proliferation and chondrogenic differentiation of stem cells (Li et al., 2020). Kartogenin (KGN) can facilitate chondrocyte differentiation by regulating the CBFβ-RUNX1 signaling pathway in BM-MSCs (Johnson et al., 2012). Moreover, KGN can enhance the therapeutic effect of conventional treatment modalities. Intra-articular injection of KGN after microfracture showed increased hyaline-like cartilage formation and better defect filling, indicating an enhanced quality of repair for full-thickness cartilage defects (Xu et al., 2015).
Another small molecule compound TD-198946, a derivative of thienoindazole, can strongly induce chondrogenic differentiation via upregulation of Runx1 expression, preventing and repairing degeneration of the articular cartilage (Yano et al., 2013). A novel synthetic small molecule 5{i,2} was discovered to induce a more directed chondrogenic differentiation of BM-MSCs compared to TGF-β3. Molecule 5{i,2} is thought to exert its effect by enhancing the transcription of chondrogenic markers including SOX9 and aggrecan (Cho et al., 2012). A small molecule called BNTA was described to target superoxide dismutase 3 (SOD3) in the cartilage microenvironment and induce superoxide anion elimination in chondrocyte culture, promoting generation of ECM components (Shi et al., 2019). Salidroside, isolated from the root of Rhodiola rosea, improves chondrocyte proliferation, prevents apoptosis, and drives cartilage specific gene expression via TGF-β/Smad3 and PI3K/Akt signaling pathways (Zhang and Zhao, 2018; Wu et al., 2019). Lastly, berberine chloride, derived from Coptis chinensis and Berberis aristata, has been verified to stimulate chondrocyte proliferation and upregulate aggrecan and Col II expression through activating Wnt/β-catenin pathways (Zhou et al., 2016).
Such small molecule drugs present an attractive therapeutic strategy for MSC based cartilage regeneration and repair. They have a significant cost advantage compared to biologics, more predictable pharmacokinetic and pharmacodynamic profile and are usually orally bioavailable, thus making them a convenient option (Ngo and Garneau-Tsodikova, 2018).
Tissue Engineering
Tissue engineering is using a combination of cells, biochemical and physio-chemical factors along with engineering and biomaterials to improve or replace biological function (Musumeci et al., 2014). Tissue engineering in cartilage repair can be divided into two categories, scaffold-dependent and independent approaches. Scaffold refers to a variety of synthetic or natural biomaterials which construct a suitable environment for cell distribution, cell–matrix and cell–cell interactions (Kwon et al., 2019). In addition, an ideal biomaterial scaffold for AC regeneration can now be bioactive, biomimetic, biodegradable and bioresponsive, allowing signaling with spatio-temporal control (Musumeci et al., 2014). Scaffolds can be made of a wide array of materials including polyglycolides, polylactides, silk and decellularized cartilage-derived matrix (Kwon et al., 2019). Hydrogel-based scaffolds are becoming one of the most prevalent treatment strategies in cartilage defect repair. Injectable hydrogels can form irregular shapes that better fill the cartilage defects, provide a high-water content scaffold similar to natural ECM and are minimally invasive (Liu et al., 2017). More recently, injectable thermogels formed by the sol-gel phase transition have been employed to repair cartilage defects. A thermogel of triblock copolymer poly (lactide-co-glycolide)-block-poly (ethyleneglycol)-block-poly (lactide-co-glycolide) (PLGA−PEG−PLGA) dissolves in water at low temperatures, but gels spontaneously at body temperatures. In a rabbit model of full-thickness cartilage defect, the BM-MSC incorporated PLGA−PEG−PLGA thermogel regenerated cartilage with high expression of GAGs and type II collagen, and comparable biomechanical properties to normal cartilage (Zhang et al., 2018).
While scaffolds provide an initial mechanical stability, it has several limitations including degradation-associated toxicity, hindrances to remodelling, stress shielding, and altered cell phenotypes (Athanasiou et al., 2013). Therefore, investigations were directed into developing scaffold-free strategies. Three dimensional (3D) bioprinting is the placing of cells in a 3D space to generate a cohesive tissue microarchitecture akin to the in vivo characteristics (Moldovan et al., 2019). Hydrogels are fast becoming a common printing media which are then jetted with cells, an approach referred to as bio-ink based hybrid bioprinting (Laternser et al., 2018; Moldovan et al., 2019). Hydrogels can differ in their physical properties including viscosity and rigidity, which has implications for the mechanical environment, and the amount of natural cell binding motifs. This may in turn influence cell spreading and cell–matrix interactions. Therefore, the choice of bioink is crucial considering the chondrocyte phenotype varies in fibrocartilage and hyaline cartilage (Daly et al., 2016). In addition, the scaffold free cell-sheet engineering wherein 3D MSC sheets are developed to create a transplantable hyaline-like cartilage tissue have successfully shown chondrogenic differentiation capability (Thorp et al., 2020).
At present, most of the research on the role of tissue microenvironment on regulating AC and chondrocyte phenotype rely on in vitro experiments, and requires further exploration in vivo. Better understanding of the influence of the microenvironment on chondrocytes and MSCs can provide vital insights for development of novel therapies. For instance, the use of chondrogenic growth factors in scaffolds can improve cartilage synthesis and improve implantation outcomes (Chen et al., 2020). The application of platelet-rich plasma (PRP) in cartilage repair is an excellent example of combining the understanding of molecular biology with regenerative medicine to treat cartilage injury (Abrams et al., 2013; Kennedy et al., 2018). PRP consists of concentrated platelets, white blood cells, plasma, and various other growth factors. On one hand, PRP can be used as a natural scaffold for tissue engineering (Wu et al., 2009; Vinod et al., 2019). Once activated, PRP acts as a gelatinous scaffold that supports the growth of seeded cells and lubricates the articular cartilage, reducing the coefficient of friction and wear. On the other hand, PRP also contains growth factors that can directly promote cartilage repair. Studies have shown that PRP can regulate synovial inflammation and reduce pain through the inflammatory NF-κB signaling pathway. PRP also improves the expression of TGF-β, aggregan, and type II collagen, thus promoting cell migration, proliferation, and differentiation of progenitor/stem cells (Mascarenhas et al., 2015; Sakata and Reddi, 2016; Moussa et al., 2017). Therefore, PRP has potential applications in improving the efficacy of traditional surgical treatment, cell therapy, and tissue engineering.
CONCLUSION AND FUTURE OUTLOOK
Articular cartilage regeneration and repair is a dynamic multidisciplinary field that is continuously evolving. The current clinical approaches have achieved limited success, however, the rapid advances in cell-based therapies, biomaterials, and developments in mechanobiology have the potential to provide long-term solutions for cartilage repair and regeneration. Comprehensive treatment modalities with lower financial costs, shorter recovery period, and reduced surgical recovery is expected in the future.
The formation of fibrocartilage remains a major obstacle in cartilage repair. Fibrosis is characterized by activation and proliferation of fibroblasts or fibrogenic cells, accompanied by an over deposition of ECM (Novo et al., 2009; Sakai and Tager, 2013). In case of AC, the repair procedures after cartilage injury may lead to excessive secretion and deposition of ECM proteins, which may result in fibrocartilage formation (Pearle et al., 2005; Chan et al., 2018). In addition, the inadequate number of stem cells and progenitor cells recruited to the injured site after cartilage damage or microfracture surgery can exacerbate the formation of fibrocartilage (Im, 2016; Hu et al., 2021). The fundamental objective for treating cartilage injury remains the regeneration of hyaline cartilage, or transplant mature hyaline cartilage tissue. However, the potential reparative role of fibrocartilage has been largely neglected due to its inferior mechanical properties. Preventing hyaline cartilage fibrosis and promoting the hyalinization of fibrocartilage may provide new therapeutic ideas for repairing cartilage damage (Shi and Li, 2021).
There are two strategies that could be employed to prevent hyaline cartilage fibrosis. The first is to reshape the microenvironment of the injury site. By adding appropriate cytokines, the spontaneous inflammatory response after injury can be alleviated and cell proliferation and differentiation can be promoted. The three-dimensional structure and physical properties of the grafts used in ACI and MACI could also be optimized to closely simulate the structure of articular cartilage, display better response to mechanical pressure and other stimuli, and therefore be more suitable for the growth of resident cells. The avascular nature of AC makes it difficult for nutrients to diffuse, and the ECM of AC is relatively dense. These factors contribute to the difficulty for mesenchymal stem cells and progenitor cells to migrate to injury sites. The second strategy could be to promote migration of the endogenous skeletal or mesenchymal stem/progenitor cells to the AC. Application of chemoattractants could facilitate this migration of resident mesenchymal stem/progenitor cells, and thus improve the repair capacity (Dwyer et al., 2007; Park et al., 2015; Wang et al., 2017).
Finally, in order to achieve fibrocartilage hyalinization, it is necessary to identify where the cells within the fibrosis tissue come from. Studies have shown that chondrocytes originated from synovium-derived mesenchymal stem cells and articular chondrocytes have similar gene expression profiles, suggesting that synovial and AC are formed from the same precursors (Zhou et al., 2014; Caldwell and Wang, 2015). This may explain why repair of cartilage damage with synovium-derived mesenchymal stem cells shows less de-differentiation and fibrosis, and thus better outcomes in some cases than with other types of mesenchymal stem cells (Sakaguchi et al., 2005; Pei and He, 2012). However, the origins of fibrocartilage after injury still remain unclear. In addition, changes in cell behavior in fibrotic tissue (such as cytoskeletal activity, cell metabolism, etc.), and alterations in gene expression at transcriptional and translational levels need to be clarified. This is essential to thoroughly explore the mechanism of fibrocartilage formation and screen suitable stimulus factors and small molecule drugs that can modify the microenvironment to minimize the fibrocartilage phenotype and promote hyalinization of the cartilage.
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The scarcity of ideal biocompatible scaffolds makes the regeneration of cartilage in the subcutaneous environment of large animals difficult. We have previously reported the successful regeneration of good-quality cartilage in a nude mouse model using the electrospun gelatin/polycaprolactone (GT/PCL) nanofiber membranes. The GT/PCL ratios were varied to generate different sets of membranes to conduct the experiments. However, it is unknown whether these GT/PCL membranes can support the process of cartilage regeneration in an immunocompetent large animal model. We seeded swine auricular chondrocytes onto different GT/PCL nanofiber membranes (GT:PCL = 30:70, 50:50, and 70:30) under the sandwich cell-seeding mode. Prior to subcutaneously implanting the samples into an autologous host, they were cultured in vitro over a period of 2 weeks. The results revealed that the nanofiber membranes with different GT/PCL ratios could support the process of subcutaneous cartilage regeneration in an autologous swine model. The maximum extent of homogeneity in the cartilage tissues was achieved when the G5P5 (GT: PC = 50: 50) group was used for the regeneration of cartilage. The formed homogeneous cartilage tissues were characterized by the maximum cartilage formation ratio. The extents of the ingrowth of the fibrous tissues realized and the extents of infiltration of inflammatory cells achieved were found to be the minimum in this case. Quantitative analyses were conducted to determine the wet weight, cartilage-specific extracellular matrix content, and Young’s modulus. The results indicated that the optimal extent of cartilage formation was observed in the G5P5 group. These results indicated that the GT/PCL nanofiber membranes could serve as a potential scaffold for supporting subcutaneous cartilage regeneration under clinical settings. An optimum GT/PCL ratio can promote cartilage formation.
Keywords: cartilage regeneration, large animal, subcutaneous environment, electrospun nanofiber membrane, inflammatory reaction
1 INTRODUCTION
Cartilage defects in the subcutaneous environment (such as ear, nose, and trachea) due to congenital disease (microtia), cancer removal, or trauma are very common in plastic and reconstructive surgery (Wiggenhauser et al., 2017). The defects can significantly alter the appearance, psychological status, and physiological function of the patients. Traditional methods followed to repair these defects involve the implantation of a pre-shaped prosthetic graft made from silastic or high-density polyethylene (Medpor®) or the transplantation of sculpted autologous cartilage (usually harvested from the rib, nasal septum, or auricle) (Brent, 1999; Bateman and Jones, 2000; Kim, et al., 2011). The poor bioactivity of the prosthetic grafts can potentially result in extrusion and infection, while the use of grafts developed from autologous cartilage can cause severe donor-site morbidity. The process is characterized by a prolonged operative time, and the success of the process is heavily dependent on the skill of the surgeon. An ideal cartilaginous substitute with a pre-designed shape and characterized by the minimum donor-site morbidity can be developed using tissue engineering technology. This can help address the problems faced when the traditional cartilage reconstructive approaches are followed (Sterodimas et al., 2009; Bichara et al., 2012). Recently, good progress has been made in the field of cartilage engineering. Materials and methods that can be used for nasal, auricular, and tracheal reconstruction have been developed. Some of the materials developed have entered the stage of proof-of-feasibility clinical trials (Zang et al., 2013; Fulco et al., 2014; Bichara et al., 2014; Pomerantseva et al., 2016). However, a method to achieve reliable and stable cartilage regeneration in the subcutaneous environment is yet to be developed. This is because the clinical outcomes vary from patient to patient. The fluctuations in the clinical outcomes can be potentially attributed to the inflammatory reactions triggered by the use of the engineered cartilaginous grafts for subcutaneous implantation.
The subcutaneous environment is different from the environment of the immune privileged articular tissue (Huang et al., 2016). The subcutaneous environment is characterized by a high extent of immune activities and the absence of endogenous chondrogenic cues (Nayyer et al., 2012). The implanted engineered cartilaginous grafts face acute immune attack, which may significantly hinder the process of cartilage formation, resulting in the absorption of the implanted grafts. This phenomenon is particularly observed when the grafts engineered from polymeric scaffolds such as polyglycolic acid/polylactic acid (PGA/PLA), whose degradation products promote antigenicity, are used (Asawa et al., 2012). We have previously proposed a long (>8 weeks) in vitro pre-culture scheme that can be used to implant the engineered grafts when the scaffolds have been significantly degraded. The extent of postimplantation inflammation realized could be decreased, and stable subcutaneous cartilage could be formed in an autologous preclinical goat model using the PGA/PLA-engineered cartilage (Liu et al., 2016). However, the process of prolonged in vitro culture results in an increase in the grafting time. This can potentially increase the risk of contamination. Under these conditions, the cost of executing the method also increases. It is important to identify or develop a scaffold characterized by low immunogenicity to support the formation of stable subcutaneous cartilage and reduce the time taken for the in vitro pre-culture process.
Electrospun nanofibers can mimic microscopic aspects of the extracellular matrix (ECM) and help to establish a tissue-specific microenvironment that maintains and regulates cell behavior and function (Kanani and Bahrami, 2010; Qian et al., 2018). Gelatin (GT) and polycaprolactone (PCL) exhibit significantly low immunogenicity. GT is a biosafety scaffold that exhibits good biocompatibility but poor mechanical strength. The scaffold is characterized by a rapid degradation time. PCL is a synthetic polymer characterized by a good mechanical strength and prolonged degradation time. It can be used to complement the disadvantages of using GT. Electrospun nanofibers fabricated by blending GT with PCL exhibit excellent physiochemical, biomechanical, and biocompatible properties. These nanofibers have been widely used as scaffolds to conduct in vitro cellular studies with a variety of tissues (Chong et al., 2007; Ji et al., 2013; Jiang et al., 2017). There are a few papers that report the feasibility of engineering a three-dimensional (3D) tissue using the electrospun GT/PCL membranes. The lack of information can be potentially attributed to the limitations posed by the thicknesses of the materials. There is also a dearth of information in the field of 3D tissue regeneration in large animals used in preclinical trials. We have previously reported the ability of the electrospun GT/PCL membranes to support cartilage formation following a sandwich strategy using nude mouse models (Xue et al., 2013; Zheng et al., 2014). The results revealed that a combination of GT and PCL (high GT and low PCL contents; aGT: PCL = 70:30) could be used to achieve cartilage formation in nude mice. Successful regeneration of human ear-shaped cartilage could be achieved (Zheng, et al., 2014).
However, it is unknown if the formation of cartilage can be realized using this scaffold in a large animal model used in preclinical trials. It should also be tested if the optimized GT/PCL ratio used for cartilage regeneration in a nude mouse can be effectively used for cartilage regeneration in a preclinical large animal model. It has been reported that the electrospun nanofibrous membranes function as anti-inflammatory barriers that help alleviate inflammatory reactions (Wang et al., 2016; Luo et al., 2016). We also studied if the electrospun GT/PCL membranes can be used to alleviate inflammatory reactions to improve the quality of the 3D cartilage regenerated in a large animal model.
We used the electrospun GT/PCL membranes with different GT/PCL ratios to construct cartilage-like tissues (in vitro) using the previously established sandwich strategy to predict the potential of using the scaffold in the field of clinical translation. Following this, the regenerated cartilage-like tissue was implanted into an autologous subcutaneous environment in a swine model to evaluate the feasibility of forming subcutaneous cartilage and study the effect of different GT/PCL ratios on the cartilage regeneration process in a large preclinical model. The results presented herein provide direct experimental evidence required to promote the clinical translation of cartilage regeneration using electrospun GT/PCL membranes.
2 MATERIALS AND METHODS
2.1 Isolation and Expansion of Chondrocytes
A total of five adult swine (16 weeks old; Shanghai Jiagan Biological Technology Co., Ltd., Shanghai, China) were used for the studies. All animals received humane care according to the guidelines laid down in 2006 by the National Ministry of Science in the “Guide for Care of Laboratory Animals.” The animal care and experiment committee of the Shanghai Jiao Tong University School of Medicine approved the animal studies conducted by us. A biopsy of the auricular cartilage (2.0 × 1.0 cm) obtained from the autologous swine sample was conducted under conditions of endotracheal anesthesia. The surrounding fibrous tissue and perichondrium were removed, and the cartilage biopsy was minced into fragments (dimension: 1.0 mm3). The samples were pretreated with 0.25% trypsin (HyClone, Logan, UT, USA) at 37°C over a period of 30 min. Following this, the sample was washed with phosphate-buffered solution (PBS). Subsequently, the sample was digested with 0.3% collagenase NB4 (Worthington Biochemical Corp., Freehold, NJ, United States) for 8 h at 37°C. The isolated cells were cultured and expanded using Dulbecco’s modified Eagle’s medium (DMEM, Gibco BRL, Grand Island, NY, United States) containing 10% fetal bovine serum (FBS, HyClone, Logan, UT, United States), penicillin (100 U/ml), and streptomycin (100 μg/ml), following previously reported protocols (Feng et al., 2012). Chondrocytes in passage two (P2) were harvested for scaffold seeding.
2.2 Preparation of Scaffolds Under Conditions of Varying GT/PCL Ratios
As previously described (Xue et al., 2013; Zheng et al., 2014), GT/PCL membranes with GT:PCL ratios (by weight) of 70:30 (G7P3), 50:50 (G5P5), and 30:70 (G3P7) were fabricated and trimmed to form round-shaped samples (diameter: 9 mm). The samples were irradiated with UV light over a period of 30 min to obtain sterilized samples. Prior to conducting the cell seeding process, the samples were lyophilized using a vacuum free-drier (VirTis BenchTop 6.6; SP Industries, Gardiner, NY, United States).
2.3 Mechanical Analysis of the Scaffolds
The mechanical properties of the electrospun fibrous membranes in their dry state were determined using a tabletop uniaxial material testing machine (H5K-S, Hounsfield, United Kingdom). Rectangular specimens (10 × 50 mm) were stretched at a constant cross-head speed of 10 mm/min (Feng et al., 2012). At least eight samples were tested for each type of membrane. The tensile strength, Young’s modulus, and strain at break for all the groups were calculated and analyzed based on the stress–strain curve.
2.4 Scanning Electron Microscopy
For the cell-loaded group, 2.0 × 105 chondrocytes in 1.0 ml of the medium (DMEM with 10% FBS) were evenly dropped onto the GT/PCL membrane and incubated at 37°C under conditions of 95% humidity and 5% CO2 (incubation time: 24 h). The cell-loaded or non-loaded membranes were rinsed with PBS, fixed in 0.05% glutaraldehyde at 4°C overnight, dehydrated through a graded series of ethanol, critical-point dried, and analyzed using the SEM technique (JEOL-6380LV, Tokyo, Japan). The extent of adhesion achieved and the distribution of the chondrocytes on the membranes were studied following previously reported methods (Xue et al., 2013; Zheng et al., 2014).
2.5 Macrophages and GT/PCL Membranes
2.5.1 Macrophage Seeding
GT/PCL membranes were punched into 14-mm discs to fit 24-well plates. The samples were disinfected with 70% ethanol and washed thoroughly with PBS prior to conducting the cell seeding process. Raw 264.7 macrophages at 80% confluence were detached using trypsin. Subsequently, the cells were centrifuged and resuspended in the medium. The seeding density of the macrophage on the scaffolds was 5 × 105 cells/cm2. The cell-seeded scaffolds were transferred to an incubator and cultured at 37°C. The medium was changed every 2 days. The samples were harvested at predesignated time points for further analysis.
2.5.2 Confocal Microscopy
The biocompatibility of the macrophages with the GT/PCL membranes was analyzed using the confocal microscope (Leica, TCS SP8 STED 3X, Wetzlar, Germany) technique. On day 2, the cell-seeded scaffolds were harvested and fixed with 4% paraformaldehyde and permeabilized with 0.1% Triton X-100 (time: 5 min). Subsequently, the treated samples were incubated with rhodamine-conjugated phalloidin for 30 min at room temperature in the dark. DAPI was used to stain the nuclei. The samples were imaged using a confocal microscope.
2.5.3 Enzyme-Linked Immunosorbent Assay
The supernatant obtained when the macrophages were cultured was collected after 24 h of incubation. The supernatant was used to conduct ELISA. Mouse IL-6 ELISA Kit, Mouse TNF-α ELISA Kit, and Human/Mouse Arginase 1/ARG1 ELISA Kit (all ELISA kits: MultiSciences, Hangzhou, China) were used for the studies. The protocols outlined by the manufacturers were followed. The macrophages directly seeded inside the 14-mm dishes were used as the negative controls. The macrophages treated with a solution of lipopolysaccharide (LPS; 2.5 μg/ml) were used as the positive controls. Cell culture experiments were performed in groups of four, and the experiments were repeated three times (Zheng et al., 2021).
2.5.4 Histological Analysis
Paraformaldehyde fixed macrophage-seeded GT/PCL membranes (14 mm diameter) were embedded in paraffin at days 2, 4, and 6. Sections were stained with hematoxylin and eosin (H&E) (Wang et al., 2021).
2.6 Preparation of Chondrocyte-Scaffold Constructs
The chondrocyte-GT/PCL constructs were prepared following the sandwich approach reported in the literature (Gong et al., 2011). Briefly, a chondrocyte suspension (5 μl) with a cell density of 100 × 106 cells/ml was seeded onto one slice of the GT/PCL membrane. The process was followed by stacking another slice of the GT/PCL membrane onto the previous one. Subsequently, it was seeded with the same number of chondrocytes until a 10-layer membrane stack was formed. The constructs were incubated for 2.5 h (37°C, 95% humidity, 5% CO2) to allow the cells to get attached. Following this, a pre-warmed medium (DMEM with 10% FBS) was applied gently to cover the constructs. The medium was changed twice per week. After 2 weeks, the constructs were either subjected to the conditions of gross, histological, and immunohistochemical analyses or subcutaneously implanted into autologous swine members to conduct in vivo tests.
2.7 Subcutaneous Implantation
After 2 weeks of in vitro culture, the chondrocyte-GT/PCL constructs were implanted subcutaneously into autologous swine (time: 3 and 6 weeks). Under conditions of endotracheal anesthesia, individual subcutaneous pockets were created in the abdominal area. One construct was implanted into each pocket. The incisions were closed, and the animals were allowed to recover. Penicillin was injected intramuscularly over a period of 3 days, commencing on the first-day post operation.
2.8 Gross Evaluation
The in vivo samples were harvested after 3 and 6 weeks had passed post subcutaneous implantation. The surrounding fibrous tissues were carefully removed, and the appearance (color and texture) and wet weight of the samples were studied.
2.9 Histological and Immunohistochemical Analyses
All the constructs targeted for histological analysis were bisected post gross evaluation. One-half of each construct was stored at −80°C for biochemical assays. The other half was fixed with 4% paraformaldehyde (fixing time: 24 h), embedded in paraffin, sectioned into slices (diameter: 5 μm), and mounted on glass slides. Sections were stained with hematoxylin and eosin (H&E) or Safranin O following standard protocols. Type II collagen, CD3, and CD68 were detected following the principles of immunohistochemistry. Mouse anti-human type II collagen monoclonal antibody (1:200 in PBS, Santa Cruz, CA, United States), mouse anti-human CD3 monoclonal antibody (1:200 in PBS, Santa Cruz, CA, United States), and mouse anti-human CD68 monoclonal antibody (1:200 in PBS, Santa Cruz, CA, United States) were used to study all the samples. Horseradish peroxidase (HRP)-conjugated anti-mouse antibody (1:200 in PBS, Santa Cruz, CA, United States) was then applied as a secondary antibody. Color development was achieved using diaminobenzidine tetrahydrochloride (DAB, Santa Cruz, CA, United States), and cell nuclei were counterstained with hematoxylin according to previously established techniques (Liu et al., 2016).
2.10 Biomechanical and Biochemical Analyses
Young’s moduli of thatic compression; biomechanical analyzer, Instron-5542, Canton, MA, United States) (Yan, et e 3- and 6-weeks specimens were detected and analyzed following previously established methods (Yan, et al., 2009). After mechanical testing, the samples were collected and minced for biochemical analysis. The sulfated glycosaminoglycan (GAG) content was determined by conducting the dimethylmethylene blue chloride (DMMB, Sigma-Aldrich, St. Louis, MO, United States) assay, and the results were expressed in mg/g wet weight (Farndale et al., 1982). The content of type II collagen was determined following an enzyme-linked immunosorbent assay approach (Zhou et al., 2018). Five samples were analyzed in each group, and all assays were performed in duplicate as per the manufacturer’s instructions.
2.11 Semi-Quantification Analysis
The areas corresponding to cartilage formation, undegraded scaffold, and inflammatory infiltration were quantified using the software used for picture analysis (ImageJ, National Institutes of Health (NIH), Bethesda, MD, United States). The corresponding regions were studied by analyzing the specific histological features. Subsequently, the total area in each structure was summed, and the corresponding areas of each parameter were divided by the total area of the samples.
2.12 Statistical Analysis
The quantitative data were recorded as mean ± standard deviation (SD). The differences among the groups in wet weight, GAG content, type II collagen content, and Young’s moduli (for the 3- and 6-week specimens) were analyzed by conducting the one-way ANOVA tests (n = 5). The area proportions corresponding to the cartilage tissue, undegraded scaffold, and inflammatory infiltration recorded for the 3-week specimens were also analyzed by conducting the one-way ANOVA tests (n = 5). A p-value less than 0.05 was considered statistically significant.
3 RESULTS
3.1 Influence of the GT/PCL Ratio on the Basic Properties of the Scaffolds and Chondrocyte Compatibility
We first examined the gross appearance, microstructure, and chondrocyte compatibility of the GT/PCL membranes. The results revealed that the GT/PCL membranes characterized by varying GT/PCL ratios appeared ivory-white. The diameters of the membranes were calculated to be 9 mm (gross observation; Figures 1A–C). Analysis of the SEM images revealed that the diameter of the fiber decreased slightly with an increase in the GT content (Figures 1D–F). Additional mechanical analyses were conducted. Significant differences in the mechanical properties were observed among the three groups of the GT/PCL membranes. The tensile strengths and Young’s moduli of the membranes increased significantly while the strain at break decreased with an increase in the PCL content (Supplementary Figure S1). The chondrocytes adhered and spread well on the membranes in all groups after 24 h of cell seeding. This indicated that all the GT/PCL membranes exhibited good biocompatibility with the chondrocytes (Figures 1G–I).
[image: Figure 1]FIGURE 1 | Gross view, microstructure, and cell compatibility of GT/PCL membranes. The membranes are easily trimmed into round shape, and no visible differences are observed among different GT/PCL content groups (A–C). SEM shows a similar fibrous microstructure while the fiber diameter slightly decreased with GT content (D–F), and chondrocytes can spread well on the surfaces of all the membranes after 24 h of cell seeding (G–I).
3.2 Influence of the GT/PCL Ratio on the Biocompatibility, Immunomodulatory Behavior, and Cell Distribution of the Macrophages (in vitro)
Analysis of the confocal microscopy images revealed that the macrophages grew well on the membranes with different GT/PCL contents after 24 h of incubation (Supplementary Figures S2A–C). No significant differences in TNF-α (M1 marker), IL-6 (M1 marker), and Arg-1 (M2 marker) were observed among the three groups, indicating that the GT/PCL membranes characterized by varying GT/PCL ratios exhibited low immunogenicity. The results also revealed the difficulty in realizing the polarization of the macrophages (Supplementary Figures S2D–F). Results from histological analyses revealed that the macrophages grew well on the surface of the GT/PCL membranes. It was also observed that the macrophages could not infiltrate the membranes even after 2 and 4 days (Supplementary Figures S3A–F). This indicated that the membranes provided a physical barrier that blocked macrophage infiltration. When G5P5 and G3P7 were studied, it was observed that the effect of the cell barrier could be observed at day 6 (Supplementary Figures S3H,I). For the G7P3 group, a small number of the macrophages could be detected inside the membranes at day 6 (Supplementary Figure S3G). This indicated that the barrier effect started to deteriorate under these conditions. This could be attributed to the rapid degradation of the G7P3 membranes.
3.3 Influence of the GT/PCL Ratio on the Process of in vitro Cartilage Formation
Before conducting the process of subcutaneous implantation, the samples generated in vitro were studied for cartilage formation following the processes of gross observation and histological staining. It was observed that the chondrocyte-GT/PCL constructs in all groups retained their original shapes and sizes when they were subjected to conditions of in vitro culture over 2 weeks (Figures 2A–C). Histologically, all the samples formed cartilage-like tissues with typical lacuna-like structures. The type II collagen could be positively stained (Figures 2D–I). The extent of ECM deposition observed in the cartilage present in the G7P3 group was higher than the extent of cartilage ECM depositions observed in the other two groups. This was revealed by analyzing the staining patterns of type II collagen (Figure 2G). In addition, the samples belonging to the G7P3 group exhibited better neocartilage integration. These samples did not exhibit the lamellar structure. Relatively loose lamellar structures separated by the GT/PCL membranes were observed in the G3P7 group. The results obtained from the in vitro studies indicated that the GT/PCL membranes characterized by low PCL contents could promote the formation of cartilage in vitro.
[image: Figure 2]FIGURE 2 | Gross view and histological examination of engineered tissues at 2 weeks in vitro. All the samples basically maintain the cylinder shape after cell seeding and retain the original shape after in vitro implantation (A–C). The samples in all groups form cartilage-like tissue with typical lacuna structure and positive staining of type II collagen (D–I). In the G7P3 group (G), the samples show obviously positive staining of type II collagen than the other two groups (H,I).
3.4 Influence of the GT/PCL Ratio on the Early Stage of Subcutaneous Cartilage Formation
We studied the early stages of cartilage formation in vivo using the GT/PCL membranes under conditions of varying GT/PCL ratios. We used a swine model for our studies. After 3 weeks of subcutaneous implantation (in autologous swine), the samples belonging to the G7P3 group shrank significantly and appeared yellow. The texture of the samples was soft (Figure 3A). Under the same conditions, the samples belonging to the G5P5 and G3P7 groups retained the original sizes and formed cartilage-like tissues that were hard and elastic (Figures 3B,C). The wet weight, Young’s moduli, GAG content, and Collagen Ⅱ content recorded for the G7P3 group were lower than those recorded for the G5P5 and G3P7 groups (Figures 3D–G). No significant difference in the data was observed for the G5P5 and G3P7 groups.
[image: Figure 3]FIGURE 3 | Gross view and quantitative analysis of engineered tissues at 3 weeks in vivo. The samples in G7P3 remarkably shrink and show yellowish appearance (A) while the samples in G5P5 and G3P7 groups retained the original size and show ivory-white appearance (B,C). Quantitative analysis demonstrates that the samples in the G7P3 group show lower values in wet weight, Young’s modulus, total GAG, and Collagen Ⅱ than those in G5P5 and G3P7 groups (D–G). No obvious differences are observed in terms of wet weight, Young’s modulus, total GAG, and Collagen Ⅱ between the G5P5 group and the G3P7 group (D–G). *Indicating significant differences (*p < 0.05; **p < 0.01).
Results obtained by conducting histological evaluations agreed well with the results obtained from gross view and quantitative analyses. Samples belonging to the G7P3 group formed sparse cartilage islands surrounded by abundant inflammatory cells and fibrous tissues (continuous lamellar scaffolds were absent), indicating that low PCL content was not favorable for cartilage regeneration in a large animal model (Figures 4A–E). The results did not reflect the results obtained by conducting in vitro studies. The results also did not agree well with the results obtained by studying a nude mouse model (Figure 2) (Zheng et al., 2014). The cartilage formed in the interior regions of the samples belonging to the G5P5 and G3P7 groups were more homogenous than those formed in the interior regions of the samples belonging to the G7P3 group. These cartilage were characterized by a typical lacuna-like structure. Positive staining of GAG and type II collagen (exception: some undegraded lamellar scaffolds) was observed in the neocartilage (Figures 4F–O). The formation of homogenous cartilage with fine interlayer integration was observed at the edge of the samples belonging to the G5P5 group. Significant levels of invasion of the fibrous tissues or inflammatory cells toward the interior of the sample were not observed (Figure 4G). The extent of tissue aggregation observed at the edge of the samples belonging to the G3P7 group was relatively lower than the extent of tissue integration observed in the G5P5 group. A significant amount of the fibrous tissues invaded the interior of the sample along with the lamellar scaffolds (Figure 4L). These results indicated that a significantly high PCL content was not favorable for cartilage regeneration in a large animal model.
[image: Figure 4]FIGURE 4 | Histological examination and semiquantitative analysis in engineered tissues at 3 weeks in vivo. In the G7P3 group, the samples show sparse cartilage islands surrounded by abundant inflammatory cells, fibrous tissue, and discontinuous laminar scaffolds (A–E). In the G5P5 and G3P7 groups, relatively homogenous cartilage is observed in the interior regions (blue box) of the samples with typical lacuna structure and positive staining of GAG and type II collagen (H–J,M–O), and continuous undegraded lamellar scaffolds (marked with *) are still observed among neocartilage (H,M). At the edge of the samples (red box), the G5P5 group shows relatively homogenous cartilage formation with fine interlayer integration and no obvious fibrous tissue invades toward the interior of the sample (G). In the G3P7 group, relatively inferior tissue integration is observed at the edge of the samples and obvious fibrous tissue invades toward the interior of the sample along with the interlayer gap (L). The semiquantitative analysis shows significant differences in area percentage of cartilage tissue, fibrous tissue, and undegraded scaffolds among the three groups (P–R). *Indicating significant differences (*p < 0.05; **p < 0.01).
The results obtained from semiquantitative analyses revealed significant differences among the three groups in terms of the area percentages corresponding to the cartilage tissues, fibrous tissues, and undegraded scaffolds (Figures 4P–R). According to the statistical results, the samples belonging to the G5P5 group presented the maximum percentage for the cartilage tissue area, the minimum percentage for the fibrous tissue area, and a moderate percentage for the undegraded scaffold area. This indicated that an optimum GT to PCL ratio helped the extent of cartilage regeneration achieved. It also helped reduce the extent of invasion of the fibrous tissue in a large animal model.
3.5 Influence of the GT/PCL Ratio on the Maturation of the Subcutaneous Cartilage
We then evaluated the in vivo fate of the engineered cartilage after a long period (6 weeks) following subcutaneous implantation. Analysis of Figure 5 reveals that the size of the 6-week-old specimen belonging to the G7P3 group is much smaller than the size of the 6-week-old specimen belonging to the G5P5 and G3P7 groups (Figures 5A–C). The wet weight, Young’s moduli, GAG contents, and collagen II contents recorded for the samples belonging to the G7P3 groups were significantly lower than those recorded for the samples belonging to the G5P5 and G3P7 groups (Figures 5D–G). It was also observed that Young’s moduli and collagen II contents recorded for the samples belonging to the G5P5 group were higher than those recorded for the samples belonging to the G3P7 group (Figures 5E,G). The results from histological analyses further confirmed the above observation. The samples belonging to the G7P3 group formed cartilage islands isolated by fibrous tissue (Figures 6A–E), and the samples belonging to the G5P5 and G3P7 groups formed continuous and homogenous cartilage in the interior of the samples (Figures 6H–J). The extent of distribution of the cartilage and fibrous tissues realized in the samples was consistent with the distribution of the tissues realized after 3 weeks. Satisfactory levels of cartilage integration were observed in the edge regions in the samples of the G5P5 group (Figure 6G). A small extent of fibrous tissue invasion was observed in this case. Poor tissue integration and significantly high levels of fibrous tissue invasion were observed at the edges of the samples belonging to the G3P7 group (Figure 6L).
[image: Figure 5]FIGURE 5 | Gross view and quantitative analysis of engineered tissues at 6 weeks in vivo. The samples in the G7P3 group remarkably shrink (A) while the samples in the G5P5 and G3P7 groups retain the original size (B,C). Quantitative analysis reveals that the samples in the G7P3 group show lower values in wet weight, total GAG, Collagen Ⅱ, and Young’s modulus (D–G) than those in the G5P5 and G3P7 groups. The samples in the G5P5 group show higher Young’s modulus and collagen II content compared to those in the G3P7 group (E,G). *Indicating significant differences (*p < 0.05; **p < 0.01).
[image: Figure 6]FIGURE 6 | Histological examination and semiquantitative analysis in engineered tissues at 6 weeks in vivo. Histological evaluation shows that the samples in the G7P3 group form cartilage islands isolated by fibrous tissue and discontinuous lamellar scaffolds (A–E) while the samples in the G5P5 and G3P7 groups form continuous and homogenous cartilage with continuous undegraded lamellar scaffolds in the interior area of the samples (H–J,M–O). The edge regions in the G5P5 group (G) show relatively satisfactory cartilage integration with little fibrous tissue invasion while the edge regions in the G3P7 group present relatively inferior tissue integration (separated by undegraded lamellar scaffolds *) with obvious fibrous tissue invasion (L). The semiquantitative analysis shows significant differences in area percentage of cartilage tissue, fibrous tissue, and undegraded scaffolds among the three groups (P–R).
Results obtained by conducting semiquantitative analyses revealed significant differences in terms of the area percentages corresponding to cartilage tissues, fibrous tissues, and undegraded scaffolds among the three groups. The G5P5 group exhibited the best extent of cartilage formation. The formation of the minimum amount of fibrous tissues and the presence of a moderate scaffold residual were also observed in this case. This indicated that an optimum GT to PCL ratio promoted cartilage regeneration in a large animal model (Figures 6P–R). Noticeably, the area percentages corresponding to the cartilage tissues, fibrous tissues, and undegraded scaffolds recorded for the 6-week samples were consistent with the results obtained for the 3-week samples. Significant differences among the groups were not observed, indicating that the results obtained for the 3- and 6-week-old samples could predict long-term results.
3.6 Influence of the GT/PCL Ratio on the Inflammatory Reaction (in vivo)
The 3-week specimens were further subjected to conditions of immunohistochemical staining using CD3 [T-cell marker (van Dongen et al., 1988)] and CD68 [monocyte/macrophage markers (Holness and Simmons, 1993)] to determine the status of the subcutaneous postimplantation inflammation. The results revealed that after 3 weeks of subcutaneous implantation (in autologous swine), the CD3- and CD68-positive cells presented highly consistent distribution in all the samples. The samples in different groups presented different distribution trends for CD3- and CD68-positive cells. A large number of CD3- and CD68-positive cells were observed throughout the samples surrounding the sparse cartilage islands and scaffold pieces (Figures 7A–C, Figures 8A–C) in the specimens belonging to the G7P3 group. This indicated that a low PCL content could potentially facilitate the infiltration of the inflammatory cells. In the G5P5 and G3P7 groups, CD3- and CD68-positive cells were only observed in the outer and edge regions. The presence of continuous, homogenous cartilage blocks characterized by a continuous layer of undegraded scaffolds (Figures 7D–I, Figures 8D–I) was observed at the central region. This indicated that a high PCL content could potentially help prevent the infiltration of the inflammatory cells. The presence of a large number of CD3- and CD68-positive cells was observed in the layered undegraded scaffolds at the edges of the specimens belonging to the G3P7 group. The tissue integration levels (between the layered undegraded scaffolds) (Figure 7I, Figure 8I) observed, in this case, were lower than the tissue integration levels observed in the samples belonging to the G5P5 group (with better cartilage-like tissue integration between the layered undegraded scaffolds) (Figure 7F, Figure 8F). This indicated that a significantly high PCL content might not be favorable for the prevention of inflammatory cell infiltration. This can be attributed to the low extents of cartilage regeneration and tissue integration achieved.
[image: Figure 7]FIGURE 7 | Inflammatory reaction characterized by CD3 staining. The samples in the G7P3 group show small and sparse cartilage islands surrounded by abundant CD3-positive cells (A–C). In the G5P5 and G3P7 groups, CD3-positive cells are observed in the outer and edge regions but not in the central regions (D–I). Compared to the G5P5 group (F), more CD3-positive cells are observed among layered undegraded scaffold in the edge regions of the G3P7 group (I).
[image: Figure 8]FIGURE 8 | Inflammatory reaction characterized by CD68 staining. The samples in the G7P3 group show small and sparse cartilage islands surrounded by abundant CD68-positive cells (A–C). In the G5P5 and G3P7 groups, CD68-positive cells are observed in the outer and edge regions but not in the central regions (D–I). More CD68-positive cells are observed among layered undegraded scaffolds in the edge regions of the G3P7 group (I) compared to the G5P5 group (F).
4 DISCUSSION
The subcutaneous environment of large animals is an immune environment that is similar to the environment of the human body. Successful cartilage construction realized in the subcutaneous environment of large animals can have important guiding significance in the field of clinical transformation. We have previously reported that the electrospun GT/PCL nanofiber membrane was a promising scaffold for cartilage regeneration. We had also observed that the GT/PCL membranes characterized by low PCL content promoted cartilage construction in a nude mouse model (Xue et al., 2013; Zheng et al., 2014). The results presented herein reveal that the membranes with different GT/PCL ratios can support the process of subcutaneous cartilage regeneration in an autologous swine model. The cartilage tissues formed in the samples belonging to the G5P5 group were more homogeneous than the cartilage tissues formed in the members of the other groups. The maximum cartilage formation area ratio, the minimum extent of fibrous tissue ingrowth, and the minimum extent of infiltration of the inflammatory cells were also observed in this case. These results indicated that the GT/PCL nanofiber membrane could serve as a good scaffold that could be used to support the process of subcutaneous cartilage regeneration in future clinical translation. An optimum GT/PCL ratio helped promote cartilage formation.
The scarcity of ideal scaffolds is one of the bottlenecks that restrict the clinical translation of cartilage regeneration technology. Many scaffolds are not suitable for subcutaneous cartilage regeneration in an immunocompetent large animal model, even though these scaffolds can be used to successfully generate cartilage in vitro or in nude mouse models (Asawa et al., 2012; Dumont et al., 2015; Francesca et al., 2018). The unsuitability of these scaffolds can be attributed to aggressive immune activities. We have previously reported that chondrocytes combined with the PGA/PLA scaffold could be used to successfully construct cartilage in vitro or in nude mice. However, these could not be used to regenerate good-quality cartilage in the subcutaneous environment of large animals as severe inflammation response results in the rapid degradation of the PGA fiber (Liu et al., 2010; Luo et al., 2013). Prolonged in vitro pre-culture methods should be conducted (>8 weeks) to dissipate the degradation products before implantation (Liu et al., 2016; Zhou et al., 2018) to realize satisfactory cartilage regeneration. However, a long-term in vitro culture method is time-consuming and expensive. The process also increases the risk of contamination. The GT/PCL electrospun membrane used in the current study is composed of the naturally occurring GT and polymeric PCL. GT is an accepted biosafety scaffold that has been widely used to realize multiple tissue regeneration. However, poor mechanical strength and rapid degradation time severely restrict its application in the field of cartilage regeneration (Huang et al., 2004; Aldana and Abraham, 2017). PCL is characterized by adequate mechanical strength, high elasticity, and long degradation time and can complement the weaknesses of GT (Woodward et al., 1985; Pham et al., 2006). Importantly, PCL and GT are Food and Drug Administration (FDA)-approved non-immunogenic materials that exhibit good biocompatibility. Therefore, theoretically, the use of the GT/PCL membrane should result in the generation of less extent of immune responses in large animal models. As evidenced in the current study, the various GT/PCL membranes (differing in the GT to PCL ratios) could not easily cause the polarization of the macrophages in vitro. This directly proved that the materials were characterized by low immunogenicity. Following the process of subcutaneous implantation, inflammatory cell infiltrations were observed in the samples belonging to the G5P5 group, even though an abundance of the layered undegraded scaffolds was observed in the surroundings. This also indicated the low immunogenicity of the GT/PCL membranes. The chondrocyte-GT/PCL constructs cultured in vitro over 2 weeks formed homogenous and mature cartilage-like tissues characterized by typical lacuna-like structures. Positive staining in GAG and collagen II was observed after 3 and 6 weeks of subcutaneous implantation in the autologous swine model. This indicated that the GT/PCL membranes could serve as a promising scaffold to realize subcutaneous cartilage regeneration. The use of these membranes could significantly save the in vitro culture time, reduce culture costs, and reduce the risk of contamination.
The quality of the engineered cartilage presented significant differences among the three groups varying in the GT/PCL ratio in the autologous swine model. It was also observed that the influence of the GT/PCL ratio on the efficiency of cartilage regeneration in the swine model did not agree with the influence exerted on the process of cartilage regeneration in a nude mouse model (Zheng et al., 2014). In some cases, opposite trends were observed. We had previously reported that the low-PCL-ratio group could be used to realize the best cartilage regeneration in nude mice. However, the results obtained by studying the autologous swine model indicate that in the presence of the low-PCL-ratio group, the worst cartilage regeneration was realized after 3 and 6 weeks of subcutaneous implantation. A significant extent of infiltration of the inflammatory cells and high levels of ingrowth of fibrous tissues throughout the sample were observed in the samples belonging to the G7P3 group. It was speculated that the nonspecific inflammatory response caused by implantation trauma, changes in the membrane structure, and the rapid degradation of the scaffolds resulted in poor cartilage regeneration in the samples belonging to the G7P3 group. Although the GT/PCL membranes hardly triggered immune responses, the process of implantation could inevitably cause acute trauma and nonspecific inflammatory responses, resulting in the high extent of infiltration of the inflammatory cells and secretion of inflammatory factors. The rapid change in the structure of the membrane with the extent of degradation also contributed to the process. Histological analysis reveals that the membranes with different GT/PCL ratios exhibited a barrier effect that helped block the infiltration of the macrophages (in vitro). The rapid degradation of the scaffold, attributable to the high GT content, resulted in the weakening of the barrier effect in the samples belonging to the G7P3 group. The barrier effect observed in this case was weaker than the barrier effect observed in the other two groups. The weakening was initiated on day 6. The GT/PCL membranes subjected to the process of subcutaneous implantation failed to retain their continuous layered structures and thus failed to block the infiltration of the inflammatory cells. It was also observed that the implanted samples cultured in vitro over a period of 2 weeks presented loose cartilage structures. This significantly facilitated the infiltration of the inflammatory cells toward the interior of the samples. As a result, the process of cartilage regeneration in the samples of the G7P3 group was significantly disrupted by the presence of inflammatory cells and factors. These results indicated that the GT/PCL membranes characterized by high GT contents could not promote the process of subcutaneous cartilage regeneration in a large animal model.
It was also observed that a high PCL content significantly delayed the process of scaffold degradation in the samples belonging to the G5P5 and G3P7 groups. Thus, the GT/PCL membranes retained the continuous layered structures, and the cell barrier effect was also observed. Nanoscale micropores (the pore size was smaller than the cell size) were present on the continuous layered structures. The presence of these pores can potentially help block the infiltration of the inflammatory cells and macromolecule factors. They can also allow the free transportation of nutrients and metabolized products. These pores potentially impart anti-inflammatory effects to the electrospun nanofibrous membranes (Wang et al., 2016). The results presented herein confirm the feasibility of the concept. In the samples belonging to the G5P5 and G3P7 groups, the CD3- and CD68-positive cells were only observed in the outer regions and edges of the samples. These cells were absent in the inner regions, indicating that the continuous layered structures formed an anti-inflammatory barrier that helped block the invasion of the inflammatory cells. The presence of continuous, homogenous, and stable cartilage was observed in the central region, indicating that the continuous undegraded GT/PCL membranes had no significant influence on the process of transportation of nutrients and metabolized products.
The results indicated that the GT/PCL membranes characterized by high PCL contents could better retain the continuous layered structures. The membranes helped block the infiltration of the inflammatory cells. This, in turn, helped enhance the quality of the engineered cartilage. It was also observed that a significantly high PCL content might not be favorable for the prevention of the process of inflammatory cell infiltration. The number of the CD3- and CD68-positive cells present in the layered undegraded scaffold at the edges of the samples belonging to the G3P7 group was higher than the number of the CD3- and CD68-positive cells present in the samples belonging to the G5P5 group. A relatively low extent of tissue integration (compared to the extent of tissue integration realized in the G5P5 group) between the layered undegraded scaffold was observed at the edges of the samples belonging to the G3P7 group. Better cartilage-like tissue integration was realized at the edge regions of the samples belonging to the G5P5 group. The low extent of tissue integration recorded for the G3P7 group characterized by a significantly high PCL content resulted in an increase in the extent of infiltration of the inflammatory cells. Better tissue integration in the G5P5 group was achieved under conditions of optimum PCL content. The infiltration of the inflammatory cells and factors could be blocked under these conditions. The poor extent of tissue integration observed in the G3P7 group can be potentially attributed to the hydrophilicity and mechanical strength of the high PCL-content material. We have previously reported that a high PCL content in the membranes hindered the process of early cartilage formation (in vivo) in 3-week-old nude mice (Zheng et al., 2014). Therefore, only the GT/PCL membranes characterized by an optimum GT/PCL ratio could serve as a satisfactory scaffold for subcutaneous cartilage formation in a large animal model.
5 CONCLUSION
Homogenous cartilage could be successfully regenerated in the subcutaneous environment of an autologous swine model using electrospun GT/PCL nanofibrous membranes and autologous auricular chondrocytes following 2 weeks of in vitro culture. A sandwich construction strategy was followed to regenerate the cartilage. The samples characterized by an optimum GT/PCL ratio (GT: PCL = 50:50) could be used to achieve efficient cartilage regeneration. The anti-inflammatory barrier of the nanofibrous membrane and the extent of tissue integration significantly influenced the process. The samples containing a large amount of GT (GT: PCL = 70:30) could not be used for efficient cartilage formation as under these conditions, the anti-inflammatory barrier attributable to the rapid degradation of the scaffold weakened. A poor extent of tissue integration was realized under conditions of high PCL contents. Thus, the samples characterized by high PCL contents (GT: PCL = 30:70) could not be used for effective cartilage regeneration at the edges. The results presented herein provide important information and a valuable model to realize effective subcutaneous cartilage regeneration in immunocompetent animals. The results can potentially help in the clinical translation of tissue-engineered cartilage.
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Anterior cruciate ligament (ACL) tear is common in sports and accidents, and accounts for over 50% of all knee injuries. ACL reconstruction (ACLR) is commonly indicated to restore the knee stability, prevent anterior–posterior translation, and reduce the risk of developing post-traumatic osteoarthritis. However, the outcome of biological graft healing is not satisfactory with graft failure after ACLR. Tendon graft-to-bone tunnel healing and graft mid-substance remodeling are two key challenges of biological graft healing after ACLR. Mounting evidence supports excessive inflammation due to ACL injury and ACLR, and tendon graft-to-bone tunnel motion negatively influences these two key processes. To tackle the problem of biological graft healing, we believe that an inductive approach should be adopted, starting from the endpoint that we expected after ACLR, even though the results may not be achievable at present, followed by developing clinically practical strategies to achieve this ultimate goal. We believe that mineralization of tunnel graft and ligamentization of graft mid-substance to restore the ultrastructure and anatomy of the original ACL are the ultimate targets of ACLR. Hence, strategies that are osteoinductive, angiogenic, or anti-inflammatory should drive graft healing toward the targets. This paper reviews pre-clinical and clinical literature supporting this claim and the role of inflammation in negatively influencing graft healing. The practical considerations when developing a biological therapy to promote ACLR for future clinical translation are also discussed.
Keywords: ACL reconstruction, anterior cruciate ligament, ACL, graft healing, biological therapy, inflammation, osteogenesis, angiogenesis
1 INTRODUCTION
1.1 Epidemiology of anterior cruciate ligament tears and current management
The anterior cruciate ligament (ACL) is a band of dense connective tissues that courses from the femur to the tibia, the function of which is to prevent excessive knee anterior–posterior translation and to maintain joint stability (Duthon et al., 2006; Zantop et al., 2006). Tears or ruptures of ACL are very common injuries in sports medicine, representing more than 50% of all knee injuries and affecting more than 200,000 people in the United States each year (Musahl and Karlsson, 2019).
ACL tears can impair knee function and increase the lifetime risk of knee osteoarthritis. Patients without and with meniscal tear had a 0%–13% and 21%–48% higher risk of developing knee osteoarthritis at 10 years after an ACL injury, respectively (Oiestad et al., 2009). The contribution of ACL tears to the burden of degenerative joint disease is substantial, accounting for an increase of 30,000–38,000 patients with symptomatic knee osteoarthritis and an additional 25,000–30,000 total knee arthroplasties each year in the United States. (Mather et al., 2013).
ACL tears are managed by conservative and surgical approaches. Cryotherapy, restrictive bracing, continuous passive motion, electrotherapy, and exercises aimed at reducing inflammation, restricting excessive knee motions, or strengthening muscles to improve knee symptoms and stability as well as to protect the joint are common conservative treatment options. However, conservative approaches for the management of ACL tears are poorly accepted by young active individuals. The continued active lifestyles of these individuals often lead to recurrent knee instability, chondral and meniscal injuries, and early onset of osteoarthritis (Raines et al., 2017).
ACL reconstruction is a surgical procedure that replaces the injured ACL with a tendon graft as the ACL does not heal after injury due to insufficient vascularization. Bone tunnels are artificially created in the distal femur and proximal tibia, and the tendon graft is inserted and fixed to the bone tunnels using staples, sutures, cross-pins, or interference screws. The procedure is usually assisted by arthroscopy to minimize the size of incision and reduce complications. The success rate of ACLR varied from 73% to 95% and the return to pre-injury activity level varied from 37% to 75% (Yunes et al., 2001; Fithian et al., 2005). Graft failure, presented as graft laxity and inferior mechanical properties compared with that of native ACL, is one of the main reasons for poor outcome after ACLR. A graft failure rate ranging from 1.5% to 5.7% has been reported (Yunes et al., 2001). Such graft failure is mainly attributed to surgical errors, traumatic injuries, failure of tendon graft-to-bone tunnel integration, and unsuccessful graft remodeling (George et al., 2006). Graft healing after ACLR is very slow, leading to long periods of carefully monitored rehabilitation and long delays before returning to full activity (Silva et al., 2012).
To tackle the problem of poor graft healing after ACLR, we believe a new research paradigm should be applied. An inductive approach, starting from the ideal endpoint of ACLR, should be adopted. The feasibility of translating the pre-clinical findings into clinical practice should be considered at the pre-clinical stage. This would enhance the future translation of the findings to benefit patients. Using this new paradigm of thinking, we believe that strategies that are osteoinductive, angiogenic, or anti-inflammatory should drive graft healing toward the ultimate goal of restoring ACL function after ACLR. This paper aims to present evidence from the literature to support this claim. The graft healing process is first summarized, with evidence supporting the role of inflammation in negatively influencing the healing response highlighted. Evidence supporting osteoinductive, angiogenic, or anti-inflammatory approaches to promote graft healing will then be systematically reviewed. Important issues requiring consideration when developing biological therapies for ACLR from the perspective of future clinical translation are then discussed.
2 GRAFT HEALING PROCESS AFTER ANTERIOR CRUCIATE LIGAMENT RECONSTRUCTION
Tendon graft-to-bone tunnel healing followed by graft mid-substance remodeling (collectively called “graft healing”) are two key healing processes that occur after ACLR (Figure 1). After ACLR, an inflammatory response is triggered, and inflammatory cells are recruited to the injury site. They clear cell debris and produce inflammatory cytokines, which attract mesenchymal stromal cells (MSCs) (formerly called mesenchymal stem cells) to the bone tunnel region and the intra-articular graft mid-substance. Next, cell necrosis in the implanted graft occurs. Re-vascularization and repopulation of tendon graft with MSCs then take place. The MSCs terminally differentiate and produce growth factors and extracellular matrix (ECM) to incorporate the tendon graft to the bone tunnel. On the other hand, with the help of the inflammatory cells and MSCs, the graft mid-substance remodels from a tendon to a ligament in a process called ligamentization (Scheffler et al., 2008).
[image: Figure 1]FIGURE 1 | Schematic diagram summarizing the graft healing process after anterior cruciate ligament (ACL) reconstruction. After ACL reconstruction (ACLR), inflammatory occurs, attracting immune cells and mesenchymal stromal cells (MSCs) to the injured site. The original cells in the tendon graft undergo necrosis and are replaced by MSCs infiltrating into the graft. Both MSCs and the inflammatory cells produce angiogenic factors and the MSCs proliferate and differentiate. The differentiated MSCs produce extracellular matrix and remodeling enzymes to incorporate the tendon graft-to-bone tunnel by Sharpey’s fibers and is associated with improved biomechanical properties of the healing complex. However, there is regional variation in healing along the bone tunnel. The original ACL insertion site is not re-established. The tendon graft mid-substance theoretically should remodel to a ligament. However, it degenerates due to excessive inflammation and poor angiogenesis after ACLR. Created with BioRender.com.
2.1 Tendon graft-to-bone tunnel healing
Tendon graft-to-bone tunnel healing is the weak link in the early stage of ACLR as it requires the attachment of a compliant material-like tendon to a relatively stiff material-like bone. The regeneration of a normal insertion site with formation of a unique transitional tissue called “enthesis” (Petersen and Laprell, 2000), characterized by gradual change in structure, composition, and mechanical behavior, is pivotal for efficient transfer of load and prevention of stress accumulation at the interface. Excessive inflammation (Song et al., 2017) at the graft-to-bone tunnel interface induces the formation of a fibrous scar tissue interface rather than a normal insertion site. The mechanical strength achieved by this scar interface is far from satisfactory.
Depending on how the collagen fibers are attached to bone, there are two types of entheses at the bone–tendon junction—direct and indirect insertions. Direct insertion (also called the fibrocartilaginous enthesis) is composed of four zones (Petersen and Laprell, 2000) in order of gradual transition: tendon, uncalcified fibrocartilage, calcified fibrocartilage, and bone. Indirect insertion has no fibrocartilage interface. The tendon/ligament passes obliquely along the bone surface and inserts at an acute angle into the periosteum and is connected by Sharpey’s fibers over a broader area of tendon and bone. Direct and indirect insertions confer different anchorage strength and interface properties at the tendon–bone interface. Although both direct and indirect insertions have been described in the literature as a better healing outcome after ACLR (Liu et al., 1997), it has been more widely accepted that the insertion type after ACLR is an indirect one. Our results have shown that the chondrocytes at the tendon–bone tunnel interface only functioned as an intermediate in endochondral ossification and were replaced by bone with time during healing (Lui et al., 2010). The placement of tendon graft inside an artificially created bone tunnel, while providing a large bone surface area for tendon graft-to-bone tunnel healing, also disrupts the physiological mechanical load, resulting in regional-dependent stress shielding and subsequent bone loss (Lui P. P. Y. et al., 2013; Stolarz et al., 2017). The healing is, therefore, not uniform at different regions of bone tunnel and at different bone tunnels, with some areas exhibiting better healing than the others (Wen et al., 2010; Lui et al., 2015). Tunnel widening and bone resorption negatively influence healing and increase the chance of graft pull-out. Tendon to bone tunnel healing is slow, and the direct insertion site of native ACL is not regenerated. The outcome of graft healing after ACLR, therefore, remains unsatisfactory.
2.2 Graft mid-substance remodeling
As healing progresses, the weak link of graft healing gradually shifts from the tendon graft-to-bone tunnel interface to the graft mid-substance. The tendon graft undergoes “ligamentization,” in which the composition and organization of ECM are adapted to the functions of an active ACL.
Ligament fibroblasts have higher DNA content and are more metabolically active compared with tendon fibroblasts. Besides, the ECM of ligament contains more type III collagen and glycosaminoglycans but slightly less total collagen compared with tendons. Due to the direction of mechanical load, the collagen fibers of ligament are less orderly aligned compared with tendon. Moreover, the collagen fibrils in ligament are smaller but have more reducible cross-links compared with the fibrils in tendon (Amiel et al., 1984).
The process of ligamentization, therefore, requires the tendon graft to metabolically, compositionally, and ultrastructurally remodeled to adapt to the function of a ligament. However, the process is not successful as graft degeneration due to poor angiogenesis and ECM degradation were observed both clinically (Marumo et al., 2005) and in animal studies (Lui et al., 2014c; Yung et al., 2020).
3 ROLE OF INFLAMMATION IN INFLUENCING HEALING RESPONSE
Shortly after graft implantation, an inflammatory response, which is important for removing cell debris and activate tissue repair, ensues. Neutrophils and macrophages are recruited to the tendon–bone interface as early as 4 days after surgery (Wall and Board, 2014). They produce inflammatory cytokines and fibrogenic growth factors, which contribute to the formation of a fibrous tissue interface between the graft and host bone at the early healing phase (Ekdahl et al., 2008). While the fibrous tissue fills the gap and provides early mechanical support at the interface, excessive inflammation causes fibrosis, which interferes with graft osteo-integration. Excessive inflammation also causes bone tunnel widening, peri-tunnel bone loss, and graft degeneration. Combining histological and molecular analyses, a clear correlation between increased expression of inflammatory cytokines, M1 macrophage infiltration, and graft loosening has been reported in tissue samples of patients who underwent a second-look arthroscopy within the first year after arthroscopic ACLR (Song et al., 2017).
To confirm the association of inflammation with poor outcome of ACL graft healing, a systematic search and analysis of the literature was done (search strategy in Supplementary Information S1). The results showed that excessive inflammation due to 1) ACL injury, 2) surgical trauma in ACLR, and 3) tendon graft-to-bone tunnel motion were common reasons for poor tendon graft-to-bone tunnel healing and graft mid-substance degeneration (Table 1). These unfavorable biological and mechanical factors induce the release of inflammatory cytokines by macrophages, synoviocytes, or fibroblasts, stimulating the production of matrix metalloproteinases (MMPs), which degrade ECM, and activating osteoclasts for bone resorption. The role of each of these factors in inducing excessive inflammation and impacting the outcomes of graft healing after ACLR are discussed below.
TABLE 1 | A summary of the impact of inflammation on the outcomes of anterior cruciate ligament (ACL) graft healing.
[image: Table 1]3.1 Anterior cruciate ligament injury
Synovial fluid is an interstitial fluid produced by synoviocytes in the synovial membrane and functions to absorb shock and reduce friction as well as transport nutrient and waste in the joint. ACL injury has been demonstrated to increase the level of inflammatory cytokines and related substances in the synovial fluid, including TNF-α, IL-1β, IL-6, IL-8, IL-1ra, and IL-10 (Irie et al., 2003). The synovial fluid leaks into the bone tunnel and exposes the tendon graft to the pro-inflammatory cytokines and catabolic enzymes, contributing to bone resorption and poor graft healing. This is evident by Berg et al. (2001), who have reported that tunnel healing was slower and less complete in the articular part of the tunnel than in the tunnel part, which was farther from the synovial environment. Besides, the level of inflammatory cytokines (IL-1) in the synovial fluid taken intra-operatively was associated with higher pain score and anterior knee laxity as well as lower functional outcome and return to sports in patients undergoing ACLR at 1-year follow-up (Gupta et al., 2021). In addition, high concentration of IL-1 and MMP-3 in the synovial fluid early post-ACL injury was also associated with aberrant gait biomechanics in the injured limb at 6 months post-ACLR (Evans-Pickett et al., 2021b). In another clinical study, patients failing to meet the Knee Injury and Osteoarthritis Outcome Score (KOOS QoL) Patient Acceptable Symptom State (PASS) threshold and the International Knee Documentation Committee scores (IKDC) PASS threshold 2 years post-ACLR had significantly higher pre-operative concentrations of inflammatory cytokines and matrix remodeling enzyme in the synovial fluid (Lattermann et al., 2018). These studies support that the inflammatory cytokines in the synovial fluid after ACL tear negatively influences graft healing.
3.2 Surgical trauma in anterior cruciate ligament reconstruction
ACLR constitutes a second trauma to the acutely injured knee, resulting in further elevation of the concentrations of inflammatory cytokines in the synovial fluid (Larsson et al., 2017). In a secondary analysis of data from 14 patients in a clinical trial, ACLR triggered a second inflammatory hit in the knee with an increase in the levels of IL-1β and IL-6 in the synovial fluid (Hunt et al., 2021). In a second-look arthroscopy, there were higher expressions of pro-inflammatory cytokines and signaling mediators in the graft tissues in the graft loosening group compared with the expressions in the normal graft group. The activated M1 macrophages accumulated in the graft tissue, but no M2 macrophages were identified (Song et al., 2017). A significant negative correlation between the expressions of inflammatory cytokines and knee laxity function score was observed in the patient. The level of IL-1β in the synovial fluid at 3–4 days post-surgery predicted poor functional recovery at 3 months after ACLR (Inoue et al., 2016). In another clinical trial, all patients with tibial tunnel enlargement had elevated synovial levels of TNF-α, IL-6, and NO at 7 days post-operation (Zysk et al., 2004). These findings support that inflammation after ACLR negatively impacts graft healing.
The release of inflammatory cytokines attracts inflammatory cells to the injury sites. The inflammatory cells release inflammatory cytokines and stimulate further inflammation in a viscous cycle. Among the limited numbers of studies investigating the temporal changes of inflammatory cells after ACLR, neutrophils and macrophages accumulated sequentially at the healing graft-to-bone interface and repopulated the tendon graft. T-lymphocytes and mast cells were seen occasionally at the graft-to-bone interface (Kawamura et al., 2005). Unlike the allograft group, the ratio of CCR4+CCR6+ Th to Treg cells in the synovial fluid post-surgery did not correlate with anterior knee laxity after ACLR in the autograft group in a clinical study (Yang et al., 2012).
Macrophages play an important role in orchestrating graft healing after ACLR. In an animal study of the temporal changes of pro-inflammatory, phagocytic M1 macrophages and anti-inflammatory, regenerative M2 macrophages, the M1 macrophages appeared as early as 4 days after ACLR at the tendon-to-bone interface and led to the formation of a scar-tissue interface rather than the reformation of a normal insertion site. The M2 macrophages did not appear until day 11 after ACLR (Kawamura et al., 2005). Lui et al. (2015) have also reported that higher expressions of M1 macrophages, MMP1 and MMP13 at the peri-tunnel region were associated with greater peri-tunnel bone loss at the tibia after ACLR, and local administration of alendronate can reduce peri tunnel bone resorption, increase mineralized tissue inside bone tunnel probably by reducing the expression of MMP1, MMP13, and CD68-positive cells (Lui P. et al., 2013). Interestingly, the depletion of macrophages following ACLR significantly improved the histological and biomechanical properties of the healing tendon–bone interface (Hays et al., 2008) further supporting that macrophage-induced excessive inflammation caused poor graft healing after ACLR.
3.3 Tendon graft-to-bone tunnel motion
Besides, tendon graft motion inside the bone tunnel also induces an inflammatory response and is one of the mechanisms causing poor graft healing (Rodeo et al., 2006). It induces macrophage infiltration, increases inflammation, increases bone resorption, and impairs graft incorporation. In contrast, inhibition of early graft-to-bone tunnel motion reduces macrophage accumulation, reduces excessive inflammation, and promotes more effective graft incorporation. In this regard, graft healing in the femoral tunnel was inversely proportional to the magnitude of graft-tunnel motion. Daily low-magnitude cyclic axial load of ACL graft in the postoperative period induced greater infiltration of inflammatory macrophages and less bone formation in the bone tunnel compared with the immobilization group in a rat ACLR model (Brophy et al., 2011). On the contrary, there was better graft healing in the immobilization group compared with the graft healing in animals with normal cage activity. Graft failure at the intra-articular portion at a higher maximum load was observed in the immobilization group, whereas graft pullouts at a lower maximum load were observed in the normal cage activity group (Sakai et al., 2000). In another study, there were fewer M1 macrophages, more M2 macrophages at the tendon–bone interface, smaller interface width, higher collagen fiber continuity, higher failure load, and higher stiffness in the immobilization group compared with the free-cage activity group post-ACLR (Dagher et al., 2009). Therefore, suppressing inflammation by stable graft fixation and early healing with reduced tendon graft-to-bone tunnel motion are both crucial to the success of ACLR.
However, immobilization alone does not provide all the appropriate signals to improve healing. Rather, delayed and controlled mechanical loading after an initial period of immobilization is needed. This is evident by the greater suppression of MMP activities at the graft-to-bone interface and better graft healing in animals immobilized for 5 days or 14 days post-ACLR compared with the MMP activities and graft healing in the animals without immobilization or prolonged immobilization (Nakagawa et al., 2019). In another study, there were significantly fewer inflammatory M1 macrophages and significantly more resident M2 macrophages at the healing graft-to-bone interface in the day-4 and -10 delayed-loading groups compared with the counts in the immediate-loading and prolonged immobilization groups at 2 and 4 weeks after ACLR. There were less scar tissue and more bone formation at the interface as well as higher mechanical strength of the reconstructed ACL complex in the delayed mobilization groups compared with the immediate-loading group and prolonged immobilization group (Packer et al., 2014). Tight control of the mechanical environment at the graft-to-bone tunnel interface is hence, crucial to the maintenance of an anti-inflammatory and regenerative environment favorable for graft healing.
4 AN INDUCTIVE APPROACH FOR DEVELOPING NEW BIOLOGICS FOR IMPROVING GRAFT HEALING
To tackle the problem of biological graft healing, we believe that an inductive approach should be adopted, starting from the optimal endpoint after ACLR, and even the results may not be achievable at present, followed by developing clinically practical strategies to achieve this ultimate target. This would help in refining the scope of the clinical problem and directing us to test for the right strategies.
The motivation for ACLR is to replace the damaged ligament with the tendon graft and transform it into a ligament. Ideally, the tunnel graft should mineralize and completely be replaced by bone with re-establishment of a fibrocartilage transition zone at the original footprints of ACL. Both angiogenesis and inflammation are known to regulate tissue repair. Consequently, we believe that strategies that can enhance osteogenesis at the bone tunnel, promote angiogenesis, and suppress inflammation at the knee and bone tunnels would promote graft healing after ACLR. To support our claim, a systematic review of literature examining the efficacy of biological therapies in the promotion of graft healing was performed (search strategy in Supplementary Information S2). The results showed that most (41/49, 83.7%) of the biologics with positive effects on graft healing have either osteogenic, angiogenic, or anti-inflammatory properties (Table 2).
TABLE 2 | A summary of the nature and effects of biologics on graft healing after anterior cruciate ligament reconstruction (ACLR).
[image: Table 2]4.1 Osteogenesis
As indicated, the tunnel graft should ideally be mineralized, and the fibrocartilage transition zone should be re-established at the original ACL footprints. The importance of bone formation at the early stage of healing is demonstrated by the positive correlation of the mechanical strength of bone-tendon junction with the amount of osseous ingrowth, mineralization, and maturation of healing tissue (Sun et al., 2019; Zhang et al., 2019). Our previous study has shown replacement of tendon graft by bone at some regions at the femoral tunnel and juxta-articular segment of the tibial tunnel in a rabbit ACLR model, and we believe that this may represent the ideal healing inside the bone tunnel (Lui et al., 2010).
In preclinical studies, osteoinductive factors, such as bone morphogenetic protein-2 (BMP-2) (Crispim et al., 2018), α-fibroblast growth factor (α-FGF) (Lu et al., 2018), basic fibroblast growth factor (bFGF) (Kimura et al., 2008), granulocyte colony-stimulating factor (G-CSF) (Sasaki et al., 2008), and transforming growth factor-β1 (TGF-β1) (Yamazaki et al., 2005) enhanced tunnel bone formation and, hence, promoted tendon graft-to-bone tunnel healing after ACLR (Table 2). Besides, cells like ACL-derived CD34+ cell (Mifune et al., 2012; Mifune et al., 2013), tendon-derived stem cells (TDSCs) (Lui et al., 2014c), bone marrow-derived MSCs (BMSCs) (Hur et al., 2019), and adipose-derived stem cells (ADSCs) (Matsumoto et al., 2021) had been applied directly or made into cell sheets for the enhancement of bone formation after ACLR. These cells could release osteogenic factors and promote osteogenesis at the graft–bone interface. To enable the stable delivery and controlled release of osteogenic factors, both BMP-2 and TGF-β have been overexpressed in cells (Wang et al., 2010; Dong et al., 2012; Wang et al., 2017) to lengthen the therapeutic window and maximize their effect on bone formation. There was better tendon-to-bone integration and biomechanical properties of the bone–graft–bone complex in these groups compared with those in the control groups after ACLR. In consideration of the potential safety and difficulty in clinical application, weekly intra-articular injection of BMSC-conditioned medium (Sun et al., 2019) containing osteoinductive factors has been developed and is shown to promote tendon graft-to-bone tunnel integration and ligamentization after ACLR.
Clinically, platelet-rich plasma (PRP) containing osteogenic factors is frequently tested for the promotion of graft healing after ACLR with mixed results. It has been reported to prevent tunnel widening (Starantzis et al., 2014) and reduces the rate of revision of ACL surgery (Berdis et al., 2019). However, it has no significant effect on tunnel enlargement (Mirzatolooei et al., 2013; Vadalà et al., 2013) and graft incorporation (Silva and Sampaio, 2009) in other studies. This may be due to differences in study design (randomized controlled trials versus case series), PRP preparation, surgical procedures (single-bundle versus double-bundle and graft fixation methods), patient characteristics (adolescents versus adults), and rehabilitation protocols.
In summary, all pre-clinical studies have shown positive effects of osteoinductive factors on the promotion of bone formation and enhancement of tendon graft-to-bone tunnel healing, whereas the graft healing effect of PRP, which contain a complex mixture of bioactive proteins other than osteoinductive factors, remains controversial. More well-controlled studies are needed to confirm the effect of PRP on osteogenesis and graft healing after ACLR.
4.2 Angiogenesis
Adequate revascularization is critical for successful tendon graft-to-bone tunnel healing, by transporting MSCs and growth factors to the injury site. The infiltrated MSCs repopulate the tendon graft, release growth factors, produce collagen, and differentiated into cells of different lineages (bone, interface, or ligament) (Menetrey et al., 2008). Vascular endothelial growth factor (VEGF) has been shown to increase transiently, followed by blood vessel formation in the graft mid-substance at the early phase after ACLR in a rabbit model, suggesting that angiogenesis is involved in the early stage of graft mid-substance remodeling (Yoshikawa et al., 2006). On the other hand, low VEGF expression and vascularization were observed in tendon graft samples harvested in a patient with graft loosening in the second-look arthroscopy within the first year (Song et al., 2017), supporting that angiogenesis is important for successful graft mid-substance remodeling, in addition to tendon graft-to-bone tunnel healing.
The administration of angiogenic factors such as platelet-derived growth factor-BB (PDGF-BB) (Weiler et al., 2004), VEGF (Setiawati et al., 2017), and α-fibroblast growth factor (α-FGF) (Lu et al., 2018) has been reported to promote graft healing in different animal models of ACLR (Table 2). Furthermore, the application of cellular biologics in different forms, such as TDSCs (Lui et al., 2014c), ACL-derived CD34+ cell sheet (Mifune et al., 2013), or BMSC-conditioned medium (Sun et al., 2019) containing angiogenic factors, also promoted angiogenesis and accelerated graft healing after ACLR. However, excessive angiogenesis has also been reported to negatively impact the integrity of tendon graft, decrease the biomechanics of the reconstructed ACL, and increase the graft laxity (Yoshikawa et al., 2006). Tight control of the treatment dose and time of angiogenic factors is, hence, required.
There has been a long-term interest in the application of PRP and its related-blood preparations for the promotion of graft healing due to its angiogenic components (Sánchez et al., 2010). The administration of PRP enhanced graft mid-substance remodeling in some clinical studies (Seijas et al., 2013; Zeman et al., 2018), supporting that angiogenesis might be the plausible mechanisms underlying their action. However, there are also studies reporting that PRP was ineffective in the promotion of graft remodeling after ACLR (Komzák et al., 2015).
4.3 Suppression of inflammation
As discussed, inflammatory cytokines and fibrogenic growth factors contribute to the formation of a fibrous tissue interface between the graft and the bone tunnel at the early healing phase (Ekdahl et al., 2008). While the fibrous interface provides early mechanical support, it interferes with graft incorporation. Moreover, excessive inflammation causes bone tunnel widening, peri-tunnel bone loss, and graft degeneration. A correlation between M1 macrophage infiltration and graft loosening has been reported, while the depletion of inflammatory macrophages (Hays et al., 2008) promoted tendon graft-to-bone tunnel healing. In addition, intra-articular injection of alpha-2 macroglobulin, an MMP inhibitor, was reported to inhibit the enzymatic degradation of ACL after rupture in a rabbit model (Demirag et al., 2004). The collagen network was maintained, and the number of fibroblasts and fibrocytes was reduced in the ruptured ACL in the treatment group compared with that in the control group, supporting that suppression of inflammation can enhance graft integrity, which is crucial for providing mechanical strength of the ACL complex.
In our systematic search for biological interventions, only one preclinical study and one clinical study evaluating the efficacy of anti-inflammatory therapies could be identified. TGF-β1 is an anti-inflammatory growth factor. Kondo et al. transplanted TGF-β1-pretreated synovium-derived cells or TGF-β1 in a fibrin sealant sheet to a sheep ACLR model and found that both the pre-treated cells and TGF-β1 inhibited the deterioration of the intra-articular part of tendon graft with increased maximum load and stiffness of the bone–graft–bone complex at 12 weeks after reconstruction. Similar results were not observed after the transplantation of untreated cells in fibrin sealant sheet, suggesting that TGF-β1-inhibited graft degeneration is crucial for graft healing (Kondo et al., 2011), showing anti-inflammation effect. In a clinical study, intra-articular application of autologous conditioned serum (ACS) containing endogenous anti-inflammatory cytokines, including IL1Ra decreased bone tunnel widening after ACLR (Darabos et al., 2011a). The level of IL-1β in the synovial fluid of patients in the ACS group was significantly lower compared with that in the placebo group at early stage of ACLR, supporting that biological intervention, which inhibits intra-articular inflammation, can improve graft healing.
Despite the existence of clear evidence demonstrating the association of inflammation with poor healing outcomes (Role of inflammation in influencing healing response section), there has been relatively few original studies targeting inflammation in graft healing after ACLR compared with the number of studies investigating biological therapies targeting osteogenesis and angiogenesis. Improved understanding of the molecular mechanisms of inflammatory cells and cytokines in graft healing after ACLR would support the identification of new anti-inflammatory therapeutics.
5 PRACTICAL CONSIDERATIONS OF DEVELOPING BIOLOGICS FOR ANTERIOR CRUCIATE LIGAMENT RECONSTRUCTION—BRING IT CLOSER TO CLINICAL APPLICATION
While pre-clinical studies have shown positive effects of various biological therapies on graft healing, additional factors need to be considered for translating them into clinical practices. We suggested considering the following factors when developing new biologics at the early pre-clinical stage for generating clinically viable treatment strategies.
5.1 Compatibility with arthroscopy
Arthroscopy is a minimally invasive surgical procedure on a joint in which an arthroscope is inserted into the joint through a small incision to assist in knee examination and surgery. It is a common orthopedic procedure, and about 60,000 arthroscopic surgeries are performed annually in England only (Jameson et al., 2011). For arthroscopy-assisted ACLR, only two small incisions are made, one for the arthroscope and the other for the surgical instruments to be used in the knee cavity. This reduces recovery time due to trauma of the connective tissue. This is different from animal models of ACLR wherein an open surgery is usually performed. As arthroscopy-assisted ACLR is becoming the standard in clinical practice, and new interventions for improving graft healing must be compatible with arthroscopy. Strategies about how to deliver the biologic through the small incision in the presence of large volume of fluid during arthroscopy need to be developed for the clinical application of the biological therapy.
5.2 Localized and sustained intervention
As tendon graft-to-bone tunnel healing and graft mid-substance remodeling are complex healing processes with different endpoints (Ekdahl et al., 2008), localized and sustained interventions should be considered when developing new interventions. A carrier system that can localize the biologic to a specific site and supports its slow release is desired (Han et al., 2019). Collagen (Lu et al., 2018) and fibrin sealant (Kondo et al., 2011) were the carrier systems commonly used to deliver the biologics. Further studies on innovative carriers that can regulate the release of biologics consistent with the healing processes are needed.
5.3 Quality control
Various sources of cells have been used for ACLR (Wang et al., 2010; Wang et al., 2017; Hur et al., 2019). Issues related to the sources, purity, stability, storage condition, efficacy, safety, and delivery should be considered for clinical translation. MSC-based therapy is generally reported to be safe except in a few early reports wherein ectopic bone and tumor were observed in animal studies (Wang et al., 2015a; Zhong et al., 2017). Our previous study has shown that TDSCs are immune-privileged cells and might be used for allogeneic transplantation. Target TDSCs did not activate the immune system after immunization (Lui et al., 2014b). A low infiltration of T cells, M1 macrophages, M2 macrophages, and mast cells in the window wound was obtained after allogeneic TDSC transplantation to the tendon window wound (Lui et al., 2014a). A clinical-grade Good Manufacturing Practice-compliant (cGMP) stem cell bank and cell preparation protocol should be established for clinical application of stem cells for the augmentation of graft healing after ACLR.
PRP is another complex biological product that has been widely studied for the promotion of graft healing in ACLR both in preclinical and clinical studies with mixed results (Sözkesen et al., 2018; Berdis et al., 2019). There are different PRP preparations with different components including leukocyte-rich PRP, leukocyte-poor PRP, and platelet-rich plasma preparation rich in growth factors (PRGF) (Sánchez et al., 2010; Le et al., 2018). The standardization of PRP preparation with defined growth factor content is needed for its clinical translation.
Except pure proteins, biological therapies are usually complex products. In order to ensure their safety and efficacy in graft healing after ACLR, quality control is required. Figure 2 summarizes the treatment approaches and considerations for developing a clinically viable biological therapy for the promotion of graft healing after ACLR.
[image: Figure 2]FIGURE 2 | A summary of the treatment approaches and considerations for developing a clinically viable biological therapy for the promotion of graft healing after ACLR. The ultimate goal of ACLR is to replace the tunnel graft by bone with re-establishment of direct insertion at the original ACL footprint and remodel the tendon graft mid-substances to a ligament to meet the functions of an ACL. Biologics that promote bone healing, therefore, should promote tunnel healing, while biologics that enhance angiogenesis are expected to accelerate both tunnel healing and graft remodeling. As inflammation hampers graft healing, biologics that suppress inflammation are anticipated to promote both tunnel healing and graft remodeling. Researches developing osteogenic, angiogenic, or anti-inflammatory biologicals should consider if the proposed intervention is arthroscopy compatible, supports sustainable and site-specific application, and meets quality control requirements for successful future clinical translation. Created with BioRender.com.
6 CONCLUSION
The adoption of an inductive approach in the research and development of new biologics for improving graft healing after ACLR with the consideration of the feasibility of clinical translation would help in refining the scope of the clinical problem and directing the search for the right strategies.
The bone tunnels in ACLR are artificially created. The ultimate targets after ACLR are to replace the tunnel graft with bone with the re-establishment of a direct insertion at the original ACL footprints and remodeling of graft mid-substance to a functional ACL. However, the remodeling of graft mid-substance always fails due to its avascularity. In addition, there is amble evidence showing that excessive inflammation due to an increase in inflammatory cytokines in the synovial fluid after ACL injury, surgical trauma in ACLR, and graft-to-bone tunnel motion because of unstable fixation and slow healing contribute to tunnel widening, bone resorption, and graft mid-substance degeneration. Therefore, strategies that can promote osteogenesis, angiogenesis, and anti-inflammation have a good chance of enhancing graft healing. This claim is supported by the detrimental effects of excessive inflammation on the healing outcomes, and the osteogenic, angiogenetic, or anti-inflammatory properties of most of the biologics that showed positive effects on graft healing in a systematic literature search. To enhance the translational potential of a new biologic for graft healing, its compatibility with the standard ACL surgical procedures, such as arthroscopy, its localized and sustained release pattern, and its quality control, are key issues to be considered as early as at the pre-clinical stage.
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Although there have been remarkable advances in cartilage tissue engineering, construction of irregularly shaped cartilage, including auricular, nasal, tracheal, and meniscus cartilages, remains challenging because of the difficulty in reproducing its precise structure and specific function. Among the advanced fabrication methods, three-dimensional (3D) printing technology offers great potential for achieving shape imitation and bionic performance in cartilage tissue engineering. This review discusses requirements for 3D printing of various irregularly shaped cartilage tissues, as well as selection of appropriate printing materials and seed cells. Current advances in 3D printing of irregularly shaped cartilage are also highlighted. Finally, developments in various types of cartilage tissue are described. This review is intended to provide guidance for future research in tissue engineering of irregularly shaped cartilage.
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1 INTRODUCTION
Cartilage is widely distributed throughout the human body, and is mainly composed of extracellular matrix (ECM) with embedded chondrocytes (Anderson, 1962). The morphologies of the auricle, nose, trachea, and meniscus are irregular. The shape of cartilage varies, often forming irregular arcs or circular patterns depending on its function. These functions include maintaining the specific shape of a tissue or buffering mechanical forces that deform tissues during movement (Honkanen et al., 2016; Zhou et al., 2018). Due to a lack of blood perfusion, cartilage cannot be repaired as easily as other injured structures such as skin and bone that contain blood vessels. Current strategies for restoring damaged cartilage that is irregularly shaped have not met the initially high expectations (Le et al., 2020). For 3D printing of irregularly shaped cartilage, the challenges are specific to each structure.
For repair of auricular and nasal cartilage where aesthetic appearance is the primary consideration, modified autologous costal cartilage is commonly used for transplantation (Foerster, 1966a; Vuyk and Adamson, 1998). However, autologous transplantation may cause damage to the donor site, and patients are often unsatisfied with the appearance of the reconstructed area. In addition, there is a risk of postoperative complications such as infection (Thorne et al., 2001; Yamada, 2018). As an alternative to autologous implantation, commercial auricular prostheses are also a rational choice as they involve pre-assembled scaffolds with C- and Y-shaped frames made of composite porous polyethylene (Medpor) material (Cenzi et al., 2005). However, surgical implantation is often accompanied by complications like erosion, infection, absorption collapse, inflammation, and displacement (Younis et al., 2010). Furthermore, this treatment is only applicable to total replacement of the auricular scaffold, which is not appropriate for repair of local auricle defects (Yamada, 2018).
Nasal prostheses are not only used in repair of nasal cartilage defects caused by congenital diseases and trauma but also in rhinoplasty. Nasal septal cartilage, auricular cartilage, and alar cartilage are often used as grafts during autogenous cartilage transplantation. Bone grafting can also be used in rhinoplasty, but it is important not to ignore the side effects of rhinoplasty or complications such as open roof, stair-step, and rocker deformities, bony pyramid and nostril asymmetries, and limited donor sites (Vuyk and Adamson, 1998). The trachea and meniscus function in load bearing and supporting, which is difficult to restore following injury due to a lack of blood vessels (Fabre et al., 2013). In this case, the size and shape of the implanted scaffold can be customized with the aid of software according to the patient’s needs. In addition, incorporation of acellularized hydrogels into a scaffold can promote biocompatibility after implantation (Mouser et al., 2020).
Taken together, the lack of suitable repair materials of proper morphology, hardness, and biocompatibility is a major problem in cartilage defect repair, and 3D printing has come to the forefront of cartilage tissue engineering to address these problems. In 1986, 3D printing technology was introduced to the public (Hull, 1996). Among 3D printing technologies, fused deposition modeling (FDM) involves melting a polymer so that it flows through a nozzle, allowing the scaffold to be suitably shaped as it is printed layer by layer (Penumakala et al., 2020). In order to construct 3D tissues, 3D bioprinting was developed to build complex structures by incorporating cells and growth factors into a hydrogel and extruding the composite material layer by layer according to a pre-designed 3D model (Gu et al., 2016; Fenton et al., 2019; Mouser et al., 2020) (Scheme 1). In addition to precise control of scaffold shape, spatial resolution and mechanical properties can be controlled during 3D printing (Mouser et al., 2017).
[image: Scheme 1]SCHEME 1 | Schematics of different 3D bioprinters used in tissue engineering. (A) Vat photopolymerization, (B) Fused filament fabrication, (C) Selective laser sintering, and (D) Inkjet 3D printing (Gu et al., 2016).
This review summarizes studies of 3D printing of irregularly shaped cartilage scaffolds and discusses the current status of that research, including the use of common materials, cells, and related 3D printing technologies (Scheme 2). The intend of this review is to provide guidance for future research on irregularly shaped cartilage in tissue engineering.
[image: Scheme 2]SCHEME 2 | Schematic illustration of scaffold fabrication for cartilage engineering of the auricle, nasal cartilage, trachea, and meniscus. Polymers and hydrogel were made into irregularly shaped cartilage scaffolds using 3D printing technology. PLLA, poly(L-lactic acid); PCL, Poly(ε-caprolactone); PU: Polyurethane; PEG, polyethylene glycol; PEGDMA, polyethylene glycol dimeth-acrylate; PGA, polyglycolic acid; NFC, nanofiber cellulose; MECM, meniscus extracellular matrix.
2 MATERIALS USED FOR 3D BIO-PRINTED IRREGULARLY SHAPED CARTILAGE
3D printing technology has the potential to fundamentally enhance regenerative medicine (Rajabi et al., 2021). Several studies of 3D printing of irregularly shaped cartilage have reported the use of high molecular weight polymers, including poly (lactic-co-glycolic acid) (PLGA) (Wei P. et al., 2020), poly (lactic acid) (PLA) (Rosenzweig et al., 2015), poly (ε-caprolactone) (PCL) (Xu et al., 2019; Li et al., 2021), and polyurethane (PU) (Kim H. Y. et al., 2019), to print cartilage scaffolds that are stable due to their optimal mechanical properties. In addition, depending on the experimental requirements, hydrogels with good biocompatibility such as silk fibroin (SF) (Rosadi et al., 2019), alginate, gelatin (Yang et al., 2019), and chitosan (CS) are often chosen as printing materials or used as part of a cartilage scaffold. Such hydrogels can act as a cell matrix to support cell growth (Unagolla and Jayasuriya, 2020). The following sections describe each material in detail.
2.1 Synthetic Macromolecular Polymer Materials
2.1.1 Poly(Lactic-co-Glycolic Acid)
PLGA possesses ideal bio-compatibility and bio-degradation properties. PLGA is approved by the U.S. Food and Drug Administration for clinical applications, including drug synthesis and prosthesis fabrication (Gentile et al., 2014). PLGA is a type of thermoplastic, and its melting temperature is 190°C, which eliminates the possibility of printing PLGA with living cells (Kim et al., 2016). The characteristics of PLGA are determined by its molecular weight, the type of end caps, and the lactic acid (LA)/glycolic acid (GA) ratio. PLGA with an ester end cap is more stable during printing and degrades more slowly. In contrast, PLGA degradation is accelerated by an acid end cap. PLGA viscosity increases with increasing LA/GA ratio. Hence a PLGA scaffold with a higher LA/GA ratio and ester end cap is more suitable for preparation of cartilage scaffolds (Guo et al., 2017; Gradwohl et al., 2021). In addition, PLGA is also used to make electrospun scaffolds. Due to the bridging and pull-out properties of PLGA, materials mixed with PLGA may exhibit ductile fracture during bioprinting (Zhao G. et al., 2020).
2.1.2 Poly(ε-caprolactone)
PCL is a polymer obtained by ring-opening polymerization of ε-caprolactone monomers (Bhattacharjee et al., 2021). The compressive modulus of pure PCL is approximately 4.5 MPa, which is significantly lower than that of PLA and other materials (Popescu et al., 2018). Nevertheless, the elastic modulus of the PCL is about 30 MPa, which is closer to that of native cartilage and makes it more suitable for 3D printing of cartilage (Zhang et al., 2017). The low melting point of PCL (55°C) renders it easier to extrude in 3D printing (Dong et al., 2017). Owing to a low glass transition temperature and high thermal stability, PCL has great potential for tissue engineering (Chia and Wu., 2015). PCL can be fabricated into a scaffold by selective laser sintering (SLS) (Patel et al., 2015) and direct ink writing (Zhang et al., 2020). Because high temperature can damage cells, PCL with a lower melting point is more appropriate for acting as a protective layer on bioactive scaffolds (Kim et al., 2016).
2.1.3 Poly(Lactic Acid)
PLA is a type of thermoplastic polymer made from natural renewable resources, and is biodegradable (Wang et al., 2015). PLA can be processed into orthopedic implant materials by FDM, SLS stereolithography (SLA), and other 3D printing technologies (Van den Eynde and Van Puyvelde, 2018; Chen X. et al., 2019). When the temperature rises to 41.5°C, the DNA of cells will be damaged and the cells will die (Akihisa et al., 2004). The high temperature required for printing PLA harms cells seeded onto the surface of the scaffold, but printing PCL between two layers of PLA will make the cell mortality reduce since the melting point of PCL is 60°C. Heated PLA is continuously extruded into three layers by a nozzle, and layers of PCL are extruded between them. Cells encapsulated in sodium alginate are then deposited in the resulting space (Kim et al., 2016). Moreover, printing of scaffolds using layer-by-layer printing technology can improve survival of cells in hydrogel scaffolds (Baena et al., 2019).
When PLA and PCL are used together to prepare 3D-printed scaffolds, not only is cell damage reduced but scaffold mechanical properties are improved. When a PLA mesh covers the surface of a PCL scaffold, its strength significantly increases (Pensa et al., 2019). PLA can be added to a variety of polymers used in 3D-printing. It can also be modified to form poly (L-lactic acid) (PLLA) and poly (D-lactic acid) (PDLA) polymers by incorporating enantiomeric L- and D-lactic acid units, respectively (Masutani and Kimura, 2017). In addition, the toughness of PLLA can be increased by adding PCL to form poly (l-lactide-co-e-caprolactone) (PLCL) (Liu W. et al., 2020).
2.1.4 Polyurethane
PU is usually made from a combination of diisocyanate and polyol (Wang P. et al., 2019), and can be divided into two forms: thermosetting and thermoplastic (Griffin et al., 2020), both of which have good biocompatibility. Compared with other materials, PU has higher elasticity and tensile strength (Griffin et al., 2020). In addition, PU is thermally sensitive and exhibits a sol-gel transition at 37°C (Hsieh and Hsu., 2015). As a result, it has been used to fabricate scaffolds in some soft tissue engineering experiments (Luo K. et al., 2020; Farzan et al., 2020). PU is widely used in various fields of 3D printing by way of fused fiber fabrication (FFF), bio-plotting, SLA (Griffin et al., 2020), and FDM (Xiao and Gao., 2017). The tensile strength and break elongation of thermoplastic polyurethane (TPU) scaffolds printed by FDM can reach 46.7 MPa and 702%, respectively, by arranging the fiber at a 45° angle and forming the scaffold at 215°C (Xiao and Gao., 2017). 3D-printed scaffolds made of PU have excellent shape memory. In addition, they are biodegradable and osteogenic (Wang et al., 2018). Moreover, PU has been used in research on 3D printing of tendons. Scaffolds have been successfully printed by combining the advantages of PU and PCL (Merceron et al., 2015).
2.2 Natural Materials
2.2.1 Silk Fibroin
SF is a natural material extracted from silkworm cocoons. It is biodegradable and is widely used in medical fields. To date, SF has been used with 3D printing technology to repair defects in skin, bone, cartilage, and vascular tissues (Wang Q. et al., 2019). Pure SF has relatively poor mechanical strength, so it is often mixed with other materials such as hydroxypropyl methylcellulose, gelatin, PEG, and glycerol to improve its properties (Mu et al., 2020). The mixture of SF and hydroxy propyl methyl cellulose of methacrylate (HPMC-MA) has excellent mechanical properties that depend on methacrylate content. The compressive stress of the mixture is 25 KPa (Ni et al., 2020). In addition, the mechanical properties of silk fibroin scaffolds were improved by the technology of biomineralization and pre-mineralization (Neubauer et al., 2021). Biomineralization is the process of metabolizing cells to form minerals (Neubauer and Scheibel, 2020). Graphene oxide, β- Tricalcium phosphate, and nano hydroxyapatite can be added to silk fibroin fibers to pre-mineralize silk fibroin (Liu F. et al., 2020; Wang L. et al., 2020; Zafar et al., 2020). Except for the improvement of mechanical properties, the viscosity of the mixture made of silk fibroin and gelatin will be improved after tyrosinase induced crosslinking (Chameettachal et al., 2016).
In addition to common chemical cross-linking methods, SF can also be cross-linked by physical methods to improve its mechanical properties (Chi et al., 2018). Cartilage acellular matrix (CAM) has properties suitable for cell growth, but its extrusion properties are unsuitable for printing. The addition of SF endows CAM with a fluidity that makes it suitable as a bio-ink for 3D printing (Chi et al., 2018). A solution with useful nanostructural and mechanical properties can be prepared by dissolving SF in a CaCl2 formic acid solution. The maximum elastic modulus and final tensile strength of the stretched SF film in the dry state are 4 GPa and 106 MPa, respectively (Zhang et al., 2015).
2.2.2 Alginate
Alginate can be used in various fields, including wound healing, drug delivery, and tissue engineering (Liu et al., 2019; Wei X. et al., 2020; Oveissi et al., 2020; Khoshnood et al., 2021). Alginate is usually extracted from brown algae and possesses excellent biocompatibility. Ba2+ or Ca2+ salts can rapidly cross-link sodium alginate sol into a gel state (Zhang et al., 2019). It has been shown that cell activity in a ring scaffold cross-linked by BaCl2 is stronger than when cross-linked by CaCl2 (Dranseikiene et al., 2020). Cross-linking alginate can also increase its mechanical strength, which provides it with many applications in tissue engineering. Alginate gel is commonly used in 3D printing as it has favorable rheological properties (Kim M. H. et al., 2019). Sodium alginate gels mixed with gelatin to form a hybrid bio-ink possess improved viscosity and elasticity (Cheng et al., 2019; Liu et al., 2019; Soltan et al., 2019). The low degradation rate of alginate gel scaffolds make them poor implants for tissue regeneration. However, using gamma rays to change the molecular weight distribution can accelerate degradation of sodium alginate gels (Kong et al., 2004).
The mechanical strength of an alginate gel is quite low. Mixing PEG and sodium alginate produces a gel with high mechanical strength that is suitable for growth of human bone marrow mesenchymal stem cells (Melo et al., 2019). The rheological properties of alginate gel-based inks influence the shape fidelity and resolution of the printed structure, and they can be improved by mixing alginate gel with carrageenan hydrogels (Kim M. H. et al., 2019). A set of experimental studies has shown that the rheology (viscosity) of the bioprinting ink formed by mixing alginate gel with gelatin is dependent on the printing temperature (Liu et al., 2019). For cells mixed into the hydrogel, adhesion to the gel polymer is essential, and alginate gel modified by dopamine can significantly strengthen cell adhesion (Luo et al., 2019).
2.2.3 Gelatin
Gelatin is a water-soluble and biodegradable polypeptide produced by hydrolysis of collagen. Its enzyme degradation rate is unsatisfactory and it has poor mechanical stability, which limits its applications in biological tissue engineering (Raucci et al., 2019). However, combining gelatin with other materials can improve its viscosity and make it more suitable for 3D printing (Duan et al., 2013; Unagolla and Jayasuriya, 2020). Bio-inks containing gelatin exhibit good fluidity at 35°C, which is conducive to extrusion during 3D printing. After cooling down on the casting platform at 4°C, the scaffold solidifies rapidly (Dutta et al., 2021). In cartilage tissue engineering, MMP2 activity can be induced by gelatin to degrade the synthetic matrix. Then a pericellular zone is formed to accumulate extracellular matrix growth factors and the newly synthesized matrix, so as to the differentiation of chondrocyte is promoted (Chameettachal et al., 2016).
2.2.4 Chitosan
CS is prepared by alkaline deacetylation of chitin. CS has many desirable properties such as natural non-toxicity, histocompatibility, biodegradability, and antibiosis (Long et al., 2019). A fluid suitable for extrusion printers can be prepared by dissolving CS in acid solutions such as GA and LA. A solution made by dissolving CS in 30 wt% GA is suitable for preparation of CS catheters and 3D printing as its tensile strength and Young’s modulus are 10.98 ± 0.61 MPa and 12.38 ± 1.19 MPa, respectively (Zhao C. Q. et al., 2020). CS can also be used to improve the performance of other scaffolds. Adhesion of calcium phosphate to PLA can be increased by adding a layer of CS gel to a PLA scaffold, which also improves the mechanical properties of the scaffold (Schneider et al., 2018). Combining CS with mixtures that contain PLA can make the material more hydrophilic (Cheng and Chen, 2017). CS mixed with saline alginate gel can increase its viscosity, making it more suitable for 3D printing (Liu et al., 2018).
3 SEED CELLS USED FOR 3D BIO-PRINTED IRREGULARLY SHAPED CARTILAGE
Depending on the specific requirements, the best biomimetic effect can be achieved by including materials such as seed cells (Kačarević et al., 2018; Zhang and Song, 2018), and selection of an optimal seed cell is of vital importance to achieve cartilage regeneration. Chondrocytes and mesenchymal stem cells (MSCs) are commonly used in cartilage tissue engineering research.
Chondrocytes are often chosen as seed cells, but the tissue sites for obtaining them are limited and vulnerable to injury. Chondrocytes used in cartilage tissue engineering have low immunogenicity, but isolation methods are complex and less well developed than those for MSCs (Francis et al., 2018a)—and considering their multi-directional differentiation potential, MSCs are often preferred (Aggarwal and Pittenger., 2005). In addition, MSCs can inhibit inflammation in scaffolds implanted in vivo, and reduce damage resulting from foreign body reactions (Ding et al., 2016).
Some types of MSCs can differentiate toward cartilage cells. Among types of MSCs, bone marrow stem cells (BMSCs) are commonly used in cartilage tissue engineering. As the first identified mesenchymal stem cells, there are many studies on BMSCs (Strioga et al., 2012). BMSCs have the advantage of being plentiful and easy to obtain (Wang Y.-H. et al., 2020), and they have the ability to differentiate toward ecto-, meso-, and endodermal cell lineages, including adipocytes, germ cells, chondrocytes, osteoblasts, pancreatic islet-like cells, hepatocytes, myocytes, annulus fibrosus-like cells, and neuron-like cells (Li et al., 2018). However, BMSCs collected from the elderly are not entirely suitable owing to their limited ability to differentiate and low rate of proliferation (Pittenger et al., 1999; Zaim et al., 2012). There is still a great deal of controversy concerning selection of stem cells. Compared with BMSCs, adipose-derived mesenchymal stem cells (ADSCs) are more plentiful and easier to obtain (Ra et al., 2011; Jo et al., 2014). ADSCs have the potential to differentiate into mesoderm tissue lineages, including bone, cartilage, fat, and muscle (Francis et al., 2018b). Studies have shown that ADSCs are more likely to differentiate into cartilage than are BMSCs (Jang et al., 2015). Umbilical cord blood mesenchymal stem cells (UCB-MSCs) have a greater ability to differentiate into cartilage and express proteins and cytokines than do BMSCs (Lo et al., 2013). However, using BMSCs as seed cells is more conducive to collagen formation and cartilage repair (Contentin et al., 2019). Nevertheless, these conclusions are influenced by the different evaluation criteria used, and therefore the choice of MSC depends on the purpose of the experiment. It has been shown that a mixture of ADSCs and chondrocytes can be used for seeding cells onto a biodegradable scaffold (Morrison et al., 2018).
4 3D-PRINTED IRREGULARLY SHAPED CARTILAGE SCAFFOLDS
The structural complexity of irregularly shaped cartilage increases the difficulty of manufacturing scaffolds. However, the emergence of 3D printing technology provides a new solution for repair of irregularly shaped cartilage. On this basis, and considering the biocompatibility of materials and selection of seed cells, useful improvements have been made that are adapted to the specific requirements of different structures to facilitate study of 3D printing of irregularly shaped cartilage. This section summarizes progress in 3D printing technology used for reconstruction of four types of irregularly shaped cartilage: auricular, nasal, tracheal and meniscus.
4.1 3D-Printed Auricular Cartilage Tissue
Developments in medical procedures and knowledge have facilitated surgical repair or improvements of features that affect facial beauty. There is a long history of research on auricular repair, including treatment of mild injuries such as earlobe and earring injury, and severe injuries such as when the entire auricle is bitten or cut (Song et al., 2020). Because the auricle is an important facial feature, congenital auricle deformity or injury can damage mental health. 3D-printed auricular cartilage can be used for auricle shape reconstruction. The first step in 3D printing of an auricle is to design its shape, and one of two methods involving CAD software is typically used: either import DICOM files to synthesize auricle shape, or design the required graphics directly (Zhou et al., 2018). The resulting auricle model then needs to be converted into STL (structured template language) form. An iTOP (integrated tissue and organ printer) can also be used to print the ideal ear shape (Kang et al., 2016). Currently there are two main types of 3D-printed auricle scaffold. In the first, the auricle shape is printed directly using hydrogel, and in the second, the support structure of the auricular scaffold is first printed using biomaterials, and then the surface of the scaffold is covered by a cell-containing hydrogel using 3D printing or immersing the scaffold into the hydrogel (Jang et al., 2020).
4.1.1 Preparation of Auricular Scaffolds Using Hydrogel
Because of the pretty biocompatibility of hydrogels, some studies have been devoted to research on 3D printing of auricular scaffolds using hybrid hydrogels. Bio-ink produced by mixing gelatin with SF from two sources (Philosamia ricini and Bombyx mori) can be used to print auricular cartilage as it gels without cross-linking (Singh et al., 2019), which eliminates potential side effects of the cross-linker. This material shows excellent fidelity, stability, swelling properties, biodegradability, and promotes cell viability (Singh et al., 2019). In addition, a hybrid bio-ink can be photocured during 3D printing by adding methacrylic anhydride and a photoinitiator in a mixture of gelatin and hyaluronic acid. Scaffold degradation becomes prolonged after being freeze-dried, and the compression strength of lyophilized scaffolds is significantly greater than for other scaffolds. This cross-linking method allows sufficient time for preparation of composite materials and development of chondrocytes (Xia et al., 2018). Although freeze-drying results in some improvement in the mechanical properties of hydrogel scaffolds, it remains to be seen whether they remain stable as the gel degrades.
4.1.2 Preparation of Auricular Scaffolds With Polymer Materials and Hydrogel
The other kind of 3D-printed auricular cartilage is that made of composite polymer materials and hydrogel. Polymers such as PLA, PCL, and hydrogels are often combined to fabricate auricular scaffolds (Table 1). PCL material is often preferred for auricular cartilage scaffold printing because of its high compression modulus (Olubamiji et al., 2016). The compression modulus of the scaffold is affected by the properties of the material and the diameter of the scaffold, which are related to printing speed. For a given flow rate through the printer nozzle, the higher the printing speed, the smaller the diameter of the extruded stream, which alters the mechanical properties of the printed material. The compression modulus of the PCL scaffold decreases with increasing nozzle diameter, and its flexibility is affected by line spacing and angle. Running the 3D printer nozzle along the 0°/45° direction to print the scaffold will make the scaffold more flexible (Chung et al., 2020). Experimental studies have shown that scaffolds printed with PCL and hydrogel mixed with cells are more conducive to cartilage formation than if the cells are placed on the surface of the composite scaffold (Park et al., 2017).
TABLE 1 | Summary of 3D-printed auricular cartilage.
[image: Table 1]For the auricular scaffolds printed with PCL, the shape of the pores in the scaffold can affect the cells seeded into it. Spherical pore design not only facilitates chondrocytes adopting a shape characteristic of natural cartilage in vivo but also accelerates matrix deposition (Zopf et al., 2018). However, incorporation of hydrogel into scaffold pores cannot guarantee the desired cell content. Scaffolds with a sandwich structure can to some extent reduce the loss of hydrogel and cells. Cell survival has been promising in alginate hydrogels placed between two printed PCL scaffolds to form a sandwich structure for auricle implantation. This new method of constructing auricular cartilage considers both mechanical properties and cell viability (Visscher et al., 2019). When selecting a hydrogel loaded with cells, adding an acellular cartilage matrix (ACM) to the gelatin can produce a hydrogel more similar to that in vivo, which is conducive to cell growth (Jia et al., 2020) (Figure 1).
[image: Figure 1]FIGURE 1 | 3D-printed auricular scaffold and in vivo experiments. (A) Design of a 3D-printed auricle model and the resulting printed scaffold; (a) 3D digital model of the human auricle, (b) 3D mesh digital model, (c) PCL inner core, (d) human auricle-shaped PCL positive mold, (e) silicone casting mold, and (f) ACM/Gelatin-PCL scaffold. (B) Auricular scaffold before implantation and after implanting it into a nude mouse for 2 weeks. (C) Images of scaffolds cultured in vivo for 12 weeks. (D) H&E and safranin-O staining showed lacunar structure and cartilage-specific ECM deposition (Jia et al., 2020).
Covering a PCL scaffold with PGA has been shown to be beneficial to auricular chondrocytes. The scaffold remained intact and chondrocytes differentiated into cartilage 2.5 years after implantation. This study supported the feasibility of 3D-printed cartilage tissue for clinical applications (Zhou et al., 2018). For 3D printing, in addition to scaffold stability and cell survival in hydrogels, it is also necessary to consider the rheological and cross-linking properties of hydrogels. Bio-ink prepared by mixing nanofiber cellulose (NFC) with sodium alginate is promising for bio-printing because of the shear-thinning effect. Moreover, the hybrid material simultaneously offers a dual-cross-linking pattern and greater storage modulus (Markstedt et al., 2015). However, further in vivo and clinical trials of hybrid materials are still required to verify their efficacy. On this basis, bacterial nano-cellulose (BNC) was modified by a water-based anti-collision agent, and the Iβ phase of BNC was replaced by the Iα phase, which was more thermodynamically stable. Higher water retention and stronger mechanical properties were obtained in this way (Apelgren et al., 2019). Studies of the feasibility of tissue engineered cartilage have been carried out in animals. As early as 1997, a group of researchers implanted PLGA-PLA structure into mice lacking a thymus, which confirmed the feasibility of auricle construction using chondrocytes and biodegradable polymers (Cao et al., 1997).
4.1.3 3D-Printed Auricular Cartilage With a Sacrificial Layer
To make the 3D-printed scaffold more stable and complex, sacrificial layer technology was used to construct the support, with PEG as the sacrificial layer to stabilize the scaffold structure. At the same time, chondrocytes and adipocytes were implanted into corresponding positions in the scaffolds, including the cartilage and earlobe components for in vitro culture (Lee et al., 2014) (Figure 2). In recent years, in addition to commonly used materials such as PCL and PEG, the feasibility of using PU materials to print auricular cartilage has also been confirmed. Compared with the Medpor scaffold, PU has better histocompatibility and improved prospects for clinical applications.
[image: Figure 2]FIGURE 2 | 3D-printed auricular scaffold using sacrificial layer technology. (A) Fabrication of inverse porous pyramid structure employing sacrificial layer technology. (B) Schematic diagram of the multi-head tissue/organ building system (MtoBS). (C) Overhanging structure (20 mm × 10 mm × 6 mm). (D) The model designed by CAD software, slicing CAD model, and the Code generation to control XYZ movement of the MtoBS. (E) Scaffold after 3D printing. (F) The scaffold is flexible, and a line spacing of 1,000–1,200 μm yields a similar tensile modulus to that of the auricle (Lee et al., 2014).
4.2 3D-Printed Nasal Cartilage
Clinically, nasal cartilage defects have a significant impact on a person’s facial appearance and olfactory function. In nasal cartilage repair, autologous cartilage or bone is often implanted into the site that needs to be repaired. The materials commonly used for nasal scaffold transplantation include bone or cartilage obtained from the nasal septum, ribs, skull, and ear (Parkhouse and Evans, 1985). However, there is a risk of graft fracture and displacement when using a graft to repair the loss of nasal cartilage (Elik and Aktan, 2019; Cao et al., 2021). Therefore, the application of 3D printing in cartilage tissue engineering can provide a rational alternative for fabrication of nasal cartilage prostheses suitable for a given individual. Many researchers are committed to combining synthetic chemical materials and natural hydrogels into scaffolds using 3D printing. The use of PCL and various kinds of cellular hydrogels for scaffold fabrication has attracted much research interest in recent years (Table 2).
TABLE 2 | Summary of 3D-printed nasal cartilage.
[image: Table 2]4.2.1 Preparation of Nasal Scaffolds With Hydrogel
For 3D printing of nasal cartilage, researchers early on attempted to use pure hydrogel as the 3D printing material for nasal cartilage. However, performance of the printed nasal cartilage scaffolds can be increased by modification of the hydrogels. For example, swelling of the scaffolds can be increased significantly by adding extracellular matrix to the gel. When bio-ink for 3D printing is made of bio-cartilage, gellan gum, and alginate, the swelling rate of the scaffold is significantly greater than when it lacks bio-cartilage (Kesti et al., 2015). For scaffolds printed with hydrogel, the mechanical properties of the scaffolds can be improved by lyophilization (Xia et al., 2018) (Figure 3).
[image: Figure 3]FIGURE 3 | 3D-printed nasal cartilage scaffold. (A) The 3D model for printing and comparison of its shape and volume after 2 weeks of swelling (B) The Young’s modulus of the acellular structure (E = 230 ± 7.0 kPa) was significantly higher than that of the cellular structure (E = 116 ± 6.8 kPa). (C) The equilibrium swelling rate of bio-ink + HA was significantly lower than that of bio-ink + biocartilage or bio-ink alone (Kesti et al., 2015). (D) Nasal cartilage scaffold was prepared by photocured 3D printing and lyophilization. (E) The scaffold printed according to the 3D model was lyophilized. (F) compression strength of the scaffold (Xia et al., 2018).
4.2.2 Preparation of Nasal Scaffolds With Polymer Materials and Hydrogel
In order to make the mechanical properties of 3D-printed scaffolds approximate those of natural nasal cartilage, polymer and hydrogel were selected for 3D-printed nasal cartilage scaffolds. PCL is the most frequently used polymer. A multi-head disposition system can be applied to print PCL and alginate with both encapsulated cells and TGF-β. The cells in the printed scaffold maintained a high proliferation rate (Kundu et al., 2015). GELMA is also used to load cells and make nasal cartilage scaffolds with PCL. Moreover, 20% w/v gel is considered to be ideal for preparation of cartilage scaffold materials because of its rheology and improved biocompatibility (Ruiz-Cantu et al., 2020). To improve proliferation of chondrocytes on PCL scaffolds, dehydrated porcine nasal cartilage extracellular matrix was incorporated into the scaffold, which showed improved chondrogenic differentiation potential (Wiggenhauser et al., 2019). However, further research is urgently needed.
To improve nasal cartilage scaffolds, in addition to exploration of hydrogels, some have studied PCL as it mainly plays a role in maintaining shape. Filaments of carefully chosen mixtures of PCL and graphene are suitable for preparation of scaffolds by injection molding, which is conducive to growth of cartilage and can improve the mechanical properties of scaffolds (Rajzer et al., 2020). In printing cartilage scaffolds, the flexibility of the scaffold should also be considered in order to make the mechanical properties of the scaffold similar to those of nasal cartilage. Using an octahedral pore structure instead of a cube or lattice structure for 3D-printed nasal scaffolds can increase the flexibility of the scaffold and reduce the risk of prosthesis deformation and infection (Jung et al., 2014). A novel use of laser sintering to process PCL improved cell survival by controlling pore structure and promoting perfusion of the hydrogel (Zopf et al., 2015).
4.2.3 Olfactory Restoration via a Novel Nasal Cartilage Scaffold
In addition to focusing on aesthetics in nose reconstruction, the sense of smell should also be considered. A recent study of nasal cartilage 3D printing reported the addition of an olfactory sensing device, which may represent a future direction in nose reconstruction research in which function is considered along with appearance (Jodat et al., 2020). Electrospinning of gelatin fibers on the surface of 3D printing scaffolds can be transformed into gelatin after heating, which helps to capture cells and increase cell adhesion after inoculation. Thus they can be well distributed in the porous PLLA scaffold (Rajzer et al., 2018).
4.3 3D-Printed Tracheal Cartilage Tissue
Cricoid hyaline cartilage maintains tracheal shape and guides air flow into and out of the lungs. In addition, the glands in the inner layer of cartilage can release cells and granules into the body by secreting mucus (Brand-Saberi and Schäfer, 2014). There are two kinds of common tracheal diseases: tracheomalacia caused by injuries to the tracheal wall, and tracheal stenosis caused by tumors, congenital defects, and other tracheal diseases (Rich and Gullane, 2012). Severe tracheomalacia leads to tracheal stenosis and can be life threatening. Procedures for assisting breathing include noninvasive ventilation, tracheostomy, and airway stenting (Janssen et al., 2021).
Treatment of tracheal tumors depends on tumor size. If the length of a tracheal resection is greater than 6 cm, it cannot be repaired by end-to-end anastomosis (Fabre et al., 2013); an implantable scaffold offers an alternative approach. When choosing a suitable scaffold, the mechanical strength, cell compatibility, and adhesion of the scaffold should be considered, but at present there is no perfect bionic scaffold (Jagdeep et al., 2017). In addition, for repair of tracheal injury in children, the scaffold must grow with age (Hamilton et al., 2015). Although biological 3D printing may be used to address these issues, hydrogel on its own as a scaffold material is unsuitable as it is too compliant to maintain an open channel for air flow through the trachea.
4.3.1 Preparation of Tracheal Scaffolds Using Polymer Materials Combined With Hydrogel
Macchiarini et al. (2009) were the first to perform trachea replacement using an acellular allogeneic annular trachea. In combination with selecting human tissue to construct trachea, emerging 3D printing technology can provide patients with customized tracheal prostheses. Similar to auricular and nasal cartilage scaffolds, the material used in the initial study of tracheal printing was mostly PCL (Table 3) (She et al., 2021). An optimally structured PCL scaffold can be printed at 90°C with a heating nozzle (Ahn et al., 2019). Given the complexity of tracheal structure, the characteristics of each layer of a tracheal scaffold should be considered in its design. A 3D printing machine with a screw pump system and a pipe manufacturing controller has been used to print tracheal scaffolds composed of alginate combined with PCL and cells (Park et al., 2019). Porous PCL was located both inside and outside the scaffold, and the middle two layers of alginate + cells were separated by pore-free PCL.
TABLE 3 | Summary of 3D-printed tracheal cartilage.
[image: Table 3]The structure of PCL scaffolds can be improved by electrospinning technology, which can improve cell viability (Yu et al., 2021). For example, PCL nanostructured scaffolds were prepared as the inner layer of a tracheal scaffold using an electrostatic spinning technique, into which human bronchial epithelial cells (HBECs) were implanted. In addition, 3D-printed PCL scaffolds have been used as the outer layer of a tracheal scaffold. Induced pluripotent stem cell-derived mesenchymal stem cells (IPSC-MSCs) and induced pluripotent stem cell-derived chondrocytes (iPSC-Chds) were implanted into the outer layer of the scaffold. The outer layer of the scaffold maintained and supported the shape of the trachea. The nanostructure of the internal electrospun scaffold better simulates the extracellular matrix, which is more conducive to the growth of HBECs, enables rapid reconstruction of the mucosal layer, and can also reduce tracheal stenosis caused by incomplete reconstruction (Kim et al., 2020) (Figure 4). Comprehensive animal studies will be required before this method can be used for segmental bronchial transplantation.
[image: Figure 4]FIGURE 4 | Process diagram for manufacturing a 3D tubular artificial tracheal scaffold. (A) A PCL tubular nanofiber layer (inner layer) prepared by electrospinning was wrapped with 3D-printed PCL fiber. (B) Tracheal transplantation and endoscopic analysis. (C) Induced pluripotent stem cell-derived chondrocytes (IPSC-CHDs) and human bronchial epithelial cells (hBECs) were separately seeded on the outer and inner layers of the scaffold. Each layer was identified by pkh-26 staining (red; IPSC-CHDs) and DAPI (blue; hBECs) staining (scale = 200 μm). (D) The endoscopic images at 4 weeks. (E) Alcian-blue staining showed mucus (blue) generated by regenerated tracheal epithelium 4 weeks after transplantation. (F) Immunofluorescence staining for β-tubulin and keratin-5 at the implant site (Kim et al., 2020).
The composite material obtained by adding chitosan to PCL has been used for electrospinning, which can reduce the diameter of electrospun fibers and improve the mechanical properties of the scaffold (Kim et al., 2021). To provide 3D-printed trachea with improved structure, the sacrificial layer technique has also been used in printing of tracheal cartilage. A sacrificial mold containing hollow trachea was constructed by 3D printing, and then PLCL was injected into the mold to generate an annular tracheal structure. Gelatin sponges loaded with transforming growth factor-β1 (TGF-β1) and chondrocytes were placed between the annular structures to promote formation of cartilage tissue (Park et al., 2015).
In addition to commonly used PCL materials, two kinds of PU materials with different compositions were used for 3D printing of the hard and soft segments of tracheal wall cartilage, and the printed 3D scaffolds were then implanted into nude mice for 6 weeks. The results showed that the maximum tensile stress, Young’s modulus, and elongation of the 3D tracheal scaffold were 4.6 MPa, 21.1 MPa, and 106.2%, respectively, and the MSCs on the scaffold could be induced to differentiate into chondrocytes (Hsieh et al., 2018). TPU has elastic properties appropriate for use as a tracheal support material. Researchers printed TPU scaffolds with wave and straight pattern micro-morphology. Electrospinning was used to cover the inner and outer surfaces of the TPU scaffold to improve its biocompatibility. Electrospinning on 3D-printed tracheal scaffolds can improve cell adhesion to the scaffolds and their elastic properties (Ahn et al., 2019).
4.3.2 Blood Supply Improvement in 3D-Printed Tracheal Scaffolds
Blood vessels can promote growth of airway epithelium on the surface of 3D-printed scaffolds, therefore blood supply should be considered when designing tracheal cartilage scaffolds. As one approach to this problem, PLLA tracheal scaffolds were pre-cultured with chondrocytes in vitro and pre-vascularized in vivo, and then implanted with a muscle flap into tracheal defects in Manch rabbits (Gao et al., 2019) (Figure 5). The same group also transplanted 3D-printed trachea into sheep, which provided a basis for use of 3D-printed trachea in the clinic (Xia et al., 2019) (Figure 6).
[image: Figure 5]FIGURE 5 | Tracheal cartilage scaffolds were made by 3D printing technology and tested in vivo. (A) Schematic diagram of 3D-printed PLLA tracheal scaffold. (B) Pre-vascularization and tracheal reconstruction of cellular scaffold constructs in vivo. (C) The scaffold was implanted into sternal muscle for pre-vascularization. A complete segmental tracheal organ unit with pedicle muscle flap was formed. (D) The images of H&E, safranin O, and toluidine blue staining, and IHC of type II collagen of chondrocyte-scaffold constructs. (Scale bar: 500 μm; red arrow: small blood vessels around the engineered trachea) (Gao et al., 2019).
[image: Figure 6]FIGURE 6 | Tracheal cartilage scaffolds were made by 3D printing technology and tested in vivo. (A) Macroscopic (a) and SEM (b–d) images of 3D-printed PCL scaffold. (B) Implantation of a tracheal cartilage scaffold. (C) Four weeks after implantation, tracheal images were acquired at the upper, middle and lower anastomosis sites, respectively (a,b). Computed tomography (CT) sagittal images and representative sections of 3D-printing reconstruction after 4 weeks, in which the narrow area represents the upper and lower anastomoses (arrow) (c,d). (D) Bronchoscopy images and CT sagittal images after 8 weeks. (E) The scaffold of the experimental group was removed at the time of death (a). Hematoxylin and eosin staining of scaffolds at low magnification (b). Representative safranin O staining (c). Representative collagen II staining (d) (Xia et al., 2019).
Studies of segmental bronchial implants must also consider the problem of tracheal stenosis following transplantation. To solve this problem, some researchers use omentum to cover both ends of the prostheses to reduce complications, including luminal stenosis and mesh exposure (Teramachi et al., 1997). This method has also been used to facilitate tracheal scaffold blood flow (Masatsugu et al., 2014). In addition, by implanting a 3D-printed PCL scaffold into an animal’s omentum, it was shown that using the omentum as a 3D-printed scaffold bioreactor can not only improve blood flow and reduce the incidence of tracheal stenosis but also promote proliferation of tracheal epithelial cells (Park et al., 2018).
4.4 3D-Printed Meniscus Cartilage Tissue
The knee menisci are two fibrous cartilage discs in the joint that provide for shock absorption and load transmission. The lateral and medial menisci are semicircular and C-shaped, respectively (Chae et al., 2021). A meniscus can be divided into a white-white area, red-red area, and red-white area based on blood supply (Markes et al., 2020). Approximately ninety percent of meniscus injuries require meniscus removal because chondrocytes are not renewable. However, the incidence of osteoarthritis (OA) following meniscectomy is 7.4-fold higher than normal. Therefore, scaffolds with morphology and mechanical properties similar to menisci have attracted much research interest in recent years (Kwon et al., 2019; De Caro et al., 2020). For 3D printing of a tissue engineered meniscus, not only should morphological similarity be considered but also mechanical load-bearing and lubrication. A meniscus scaffold can be printed with PCL using FDM technology (Zheng-Zheng et al., 2016) (Table 4).
TABLE 4 | Summary of 3D-printed meniscus cartilage.
[image: Table 4]4.4.1 Preparation of Meniscus Scaffolds With Hydrogel
Among the hydrogels used in meniscus scaffolds, GelMA has superior properties for printing and can maintain higher fidelity (Daly et al., 2016). In addition, gelatin-alginate bio-ink containing cellulose nanofibers (CNF) has been shown to be useful for printing menisci (Luo W. et al., 2020). The mechanical properties of scaffolds made of silk fibroin and gelatin were greatly improved and made more similar to menisci by freeze-drying and cross-linking with EDC (1-ethyl-3-(3-dimethylamino propyl) carbodiimide hydrochloride) and NHS (N-hydroxysuccinimide) (Bandyopadhyay and Mandal, 2019). ECM extracted from menisci mixed with cells and growth factors is promising for use in meniscus tissue engineering (Romanazzo et al., 2017). Hydrogel produced by decellularized ECM and sodium alginate can be combined with PCL to prepare meniscal scaffolds (Chen M. et al., 2019). There are differences in the properties of ECM extracted from the inner and outer menisci: inner meniscus ECM can promote chondrogenesis of fat pad-derived stem cells, while outer meniscus ECM can promote development of cells with thinner and more fibroblast-like phenotypes (Romanazzo et al., 2017).
4.4.1 Preparation of Meniscus Scaffolds With Polymer Materials and Hydrogel
For meniscus scaffolds made of PCL, scaffold pore size influences ECM production, cell behavior, biomechanics, and hence successful repair. A scaffold with an average pore size of 215 μm not only has good tensile and compressive properties but can also promote proliferation and differentiation of MSCs (Zhang et al., 2016). A meniscus scaffold has been constructed of agarose and gelatin methacrylic acid (GelMA) hydrogels printed on both sides of a PCL scaffold. Production of glycosaminoglycans and type II collagen was promoted by agarose, while GelMA promoted production of type I collagen (Bahcecioglu et al., 2019). In addition, a scaffold made by placing silk fibroin on both sides of a 3D-printed PCL mesh also has good biocompatibility and is more suitable for tissue infiltration and blood vessel formation (Cengiz et al., 2019).
PLGA, in addition to being combined with hydrogel and ECM as a carrier of cells, can itself be loaded with cells and growth factors. For instance, PLGA microparticles loaded with MSC cells and TGFβ3 or CTGF can be deposited on a PCL scaffold to make a meniscus scaffold. Activity and proliferation of BMSCs were similar when loaded into seven types of hydrogel (Sun et al., 2020) (Figure 7). In addition to growth factors that promote cell proliferation, BMSC-specific-affinity peptide can enhance recruitment and retention of endogenous BMSCs when placed on the surface of composite scaffolds made of SF and PCL, thus reducing cell loss and enhancing scaffold chondrogenicity (Li et al., 2020). In addition to the materials discussed above, silicone can be made into a meniscus scaffold with excellent biocompatibility by using the method of heat-cured extrusion (Luis et al., 2019).
[image: Figure 7]FIGURE 7 | PCL and PLGA encapsulated cell-laden hydrogel was used to make a meniscus scaffold by 3D printing technology. (A) Schematic diagram of the design of a bioprinted composite material study for regeneration of a goat meniscus. (B) PLGA-encapsulated hydrogels containing MSCs cells exhibited good printability. (C) CAD model of the meniscus for 3D printing. The cell hydrogel and PCL were printed into 3D meniscus by 3D printing technology. (D) Zone-specific matrix phenotype analysis in engineered versus native tissue (Sun et al., 2020).
5 FUTURE PROSPECTS
To date there have been several technological advances in 3D printing of tissue-engineered cartilage, and 3D printing of irregularly shaped cartilage has evolved from simple morphological imitation to sophisticated biological tissue engineering. However there is still a need for in-depth research and continuous innovation to improve the effectiveness of complex tissue-engineered cartilage scaffolds.
5.1 Optimization of Technology and Materials Required for 3D Printing
For 3D printing of irregularly shaped cartilage scaffolds, further optimization of 3D printers is needed to increase the range of applications. For example, achieving more precise dynamic control of printing temperature for materials that require high or low temperature would allow for combining polymers and cell-loaded hydrogels into a single scaffold.
In terms of the choice of synthetic macromolecular polymers, the main problem to be solved is whether the hardness of the resulting material is close to that of natural cartilage. PU has been shown to have superior elastic properties, which may make it the first choice among cartilage materials in the future. For selection of cell carriers such as hydrogels, we need to identify biomaterials that can better promote cell viability. At the same time, it is hoped that some drugs, such as antibiotics or growth factors, can be mixed with hydrogels or evenly coated on 3D-printed scaffolds to reduce inflammation or promote cartilage regeneration, respectively. In addition, the material properties of synthetic macromolecular polymers and hydrogels can be modified to increase cell adhesion.
5.2 Optimization of 3D-Printed Cartilage Scaffolds
Research on printing of irregularly shaped 3D cartilage scaffolds has mainly focused on simulation of morphology, while only a few studies, such as those concerned with tracheal scaffolds, have considered optimization of function. For example, improving blood circulation in and around cartilage may increase biocompatibility of the overall scaffold, which may be achieved by implanting 3D-printed cartilage with embedded blood vessels into cartilage repairs. In the future, it may be possible to print auricular and nasal cartilage scaffolds and skin at the same time using 3D printing technology. For printed tracheal cartilage, materials that can adapt to airflow should be further studied. As for the meniscus, because its surface is smooth in the physiological state, this should also be true of the 3D-printed scaffold.
5.3 4D Printing
Based on 3D printing research, 4D printing is gradually being applied in the field of cartilage tissue engineering. The fourth dimension in 4D printing results from changes in conditions, e.g., light, electromagnetic fields, water, or temperature. Some materials with shape memory can restore their original shape under certain conditions (Wu et al., 2018). On this basis, the shape of the hydrogel loaded with a drug could be made to change after being implanted. This technique can not only alter the shape of the scaffold but also slow drug release. Hopefully, complex structural shapes can be optimized by 4D printing. In the future, it may also be possible to inject cells into the closed spaces when the 4D-printed scaffold is deformed in order to prevent loss of cells.
5.4 Applications In Vivo and in Clinical Trials
At present, although many kinds of research are devoted to 3D-printed cartilage scaffolds, most lack sufficient clinical trials and are not mature enough to be used in the clinic. A perfect cartilage scaffold needs in vitro and in vivo experiments to verify its feasibility. If it is to be used in the clinic, follow-up clinical trials are also essential. Therefore, there is still a great need for further research on 3D printing of tissue-engineered cartilage. Nevertheless, some 3D-printed scaffolds are expected to replace implant materials currently on the market.
6 CONCLUSION
3D-printed cartilage has been successfully utilized in various medical fields. This review discusses in detail selection and preparation of various irregularly shaped cartilage scaffolds, including auricle, nasal, tracheal, and meniscus. Using 3D printing technology, scaffolds printed with biocompatible high molecular-weight polymer materials can be combined with hydrogel and chondrocyte matrix to produce ideal irregularly shaped cartilage scaffolds. In addition, we look forward to optimization of 3D printing technology and the materials required for 3D printing. 3D printed cartilage scaffolds can be optimized by increasing blood supply, adding the concept of 4D printing, and increasing research in vivo which moves on to clinical trials. We are hopeful that these considerations will be integrated into future research.
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The meniscus is composed of an avascular inner region and vascular outer region. The vascular region has been shown to contain a progenitor population with multilineage differentiation capacity. Strategies facilitating the isolation and propagation of these progenitors can be used to develop cell-based meniscal therapies. Differential adhesion to fibronectin has been used to isolate progenitor populations from cartilage, while low oxygen or physioxia (2% oxygen) enhances the meniscal phenotype. This study aimed to isolate progenitor populations from the avascular and vascular meniscus using differential fibronectin adherence and examine their clonogenicity and differentiation potential under hyperoxia (20% oxygen) and physioxia (2% oxygen). Human vascular and avascular meniscus cells were seeded onto fibronectin-coated dishes for a short period and monitored for colony formation under either hyperoxia or physioxia. Non-fibronectin adherent meniscus cells were also expanded under both oxygen tension. Individual fibronectin adherent colonies were isolated and further expanded, until approximately ten population doublings (passage 3), whereby they underwent chondrogenic, osteogenic, and adipogenic differentiation. Physioxia enhances clonogenicity of vascular and avascular meniscus cells on plastic or fibronectin-coated plates. Combined differential fibronectin adhesion and physioxia isolated a progenitor population from both meniscus regions with trilineage differentiation potential compared to equivalent hyperoxia progenitors. Physioxia isolated progenitors had a significantly enhanced meniscus matrix content without the presence of collagen X. These results demonstrate that combined physioxia and fibronectin adherence can isolate and propagate a meniscus progenitor population that can potentially be used to treat meniscal tears or defects.
Keywords: meniscus, hypoxia, tissue engineeering, meniscus progenitor cells, chondrogenesis
INTRODUCTION
The menisci are located on the medial and lateral tibial plateau of the knee joint that aids in load bearing, force transmission (e.g., compression, tension, and shear), and lubrication during joint motion. It also protects the underlying articular cartilage from high impact forces that can induce cartilage lesions and result in early osteoarthritis (Makris et al., 2011; Madry et al., 2016; Verdonk et al., 2016). The meniscus is a fibrocartilaginous tissue that has two distinct regions: an inner avascular region and an outer vascularized region. The avascular region resembles articular cartilage with a high proportion of collagen type II and glycosaminoglycans, while the vascular region of the meniscus contains a higher proportion of collagen type I (Ghadially et al., 1983; McDevitt and Webber, 1990; Verdonk et al., 2005). Meniscal tears or lesions are a common injury with a high annual incidence (66 per 100,000) throughout the world (reviewed by Bansal et al., 2021). Patients with meniscal tears undergo partial or total meniscectomy, but this leads to exposure of the underlying cartilage, resulting in altered joint biomechanics that increases risk of developing early osteoarthritis (Englund et al., 2009; Paradowski et al., 2016). Nowadays, clinicians have begun to preserve the meniscus, although the capacity for repair depends on the localization of the injury. Specifically, tears in the vascular region can be healed by applying sutures, whilst tears in the avascular region have a limited repair capacity, partially due to the low vascularity in this part of the meniscus. Methods to treat meniscus tears are required to prevent further damage to the meniscus and underlying tissues, thus preventing the onset of early osteoarthritis.
Cell-based treatment strategies for meniscus repair have focused on treating the avascular region of the tissue. Studies using mesenchymal stromal cells (MSCs) have shown their superior regenerative properties compared to meniscal cells (Pabbruwe et al., 2010; Nakagawa et al., 2015; Whitehouse et al., 2017; Zellner et al., 2017). The use of these cells in patients has also resulted in improved clinical outcomes (Whitehouse et al., 2017; Olivos-Meza et al., 2019; Sekiya et al., 2019). However, studies using MSCs have demonstrated the induction of cartilage hypertrophy that upon in vivo implantation, leads to ectopic bone formation (Pelttari et al., 2006). Furthermore, many countries only permit the use of homologous approaches for treating tissues, which limits the use of MSCs from various tissue sources for clinical treatments.
Previous studies have demonstrated that the meniscus from both animal (e.g., bovine and rabbit) and human sources contains a progenitor population with the ability to differentiate to the adipogenic, osteogenic, and chondrogenic lineage (Mauck et al., 2007; Muhammad et al., 2014; Huang et al., 2016; Gamer et al., 2017; Seol et al., 2017; Chahla et al., 2021; Wei et al., 2021). Specifically, these progenitors were mainly located in the vascular region and horns of the meniscus (Mauck et al., 2007). Muhammad et al. (2014) and Seol et al. (2017) showed that a meniscus progenitor cell population can also be isolated via cell migration from meniscus explants derived from bovine or human tissues. The former study showed that these progenitor populations were derived from the superficial layer of the meniscus (Muhammad et al., 2014). A recent investigation has also demonstrated the presence of progenitor population within the avascular meniscus regions (Chahla et al., 2021).
A method to isolate progenitor populations is the use of differential adhesion to fibronectin. Fibronectin is present in both the stem cell niche and meniscus tissues (Salter et al., 1995). It enables selection of progenitor populations due to the presence of alpha-5/beta-1 integrin on their cell surface (Dowthwaite et al., 2004). Previous investigations have isolated multipotent progenitors from skin and bone marrow using this technique (Jones and Watt, 1993; D'Ippolito et al., 2004; Williams et al., 2010). Articular cartilage progenitor cells (ACPs) isolated via fibronectin adhesion were found to express stem cell markers (e.g., CD90, CD105, and Notch), increased telomerase activity, and have multilineage differentiation potential. In contrast to MSCs, use of ACPs in an animal model resulted in cartilage regeneration with no evidence of bone formation (Dowthwaite et al., 2004; Williams et al., 2010). Furthermore, a recent study has shown that fibronectin adherent populations exist in osteoarthritic meniscus tissue that are clonogenic, have a high proliferation capacity, express MSC surface markers and maintain differentiation potential at high passages compared to non-fibronectin adherent meniscus cells (Korpershoek et al., 2021). Thus, differential fibronectin adherence has the potential to isolate an appropriate cell type from the tissue that can be used for meniscus treatment or regeneration.
In vivo, the meniscus is under a low oxygen environment or physioxia (2%–5% oxygen) similar to articular cartilage (Lund-Olesen, 1970; Ivanovic, 2009; Lafont, 2010; Ivanovic and Vlaski, 2015). In general, physioxia has shown a donor-dependent enhancement in cartilage-related gene expression and matrix content for chondrocytes and chondrogenic MSCs under physioxia compared to normal oxygen tension (20% oxygen) or hyperoxia (Pattappa et al., 2019b). In the case of meniscus cells, studies have also demonstrated that physioxia has a beneficial effect on their gene expression and matrix content (Adesida et al., 2006; Adesida et al., 2007; Adesida et al., 2012; Berneel et al., 2016; Liang et al., 2017; Szojka et al., 2021). Studies examining stem cells also indicate that low oxygen tension helps maintain their stemness and extends their proliferation capacity compared to normal oxygen tension (D'Ippolito et al., 2006).
The present investigation combined the use of differential fibronectin adhesion and physioxic culture to investigate the presence of progenitor cells from avascular and vascular regions of human meniscus. Isolated progenitor populations expanded under hyperoxia and physioxia, subsequently underwent differentiation to the adipogenic, osteogenic and chondrogenic lineage at passage 2 (≈ 10 population doublings). In-depth analysis of chondrogenic differentiation was investigated to determine the matrix-forming capacity of these progenitors and their potential in treating meniscus tears. In parallel, experiments were replicated for non-fibronectin adherent (NFA) avascular and vascular meniscus cells. Based on previous investigations, it was hypothesized that fibronectin facilitated the isolation of a meniscus progenitor population and that physioxia has a beneficial effect on the clonogenicity and differentiation potential of these cells.
MATERIALS AND METHODS
Meniscus Cell and Fibronectin Isolation
Human meniscus tissue was collected from patients (n = 7; mean age: 60 ± 7) with no previous meniscus injury and undergoing total knee arthroplasty, following informed consent from patients and using procedures approved by the local ethics committee (University Hospital Regensburg; Ethic approval no.: Nr. 18-837-101). Meniscus tissue was split into its two regions (inner two-thirds for the avascular region and outer one-third for the vascular region), minced into small pieces and digested in pronase (70 U/ml; Roche Diagnostics, Switzerland) in DMEM-LG (Invitrogen, Karlsruhe, Germany) + 5% FBS (PAN-Biotech, Aidenbach, Germany) + 1% penicillin-streptomycin (Sigma-Aldrich, Steinheim, Germany) for 45 min and then overnight in collagenase type II (230 U/ml; Worthington) in DMEM-LG + 5% FBS + 1% penicillin-streptomycin at 37°C (Figure 1).
[image: Figure 1]FIGURE 1 | Schematic describing the experimental plan for non-fibronectin adherent (NFA) avascular and vascular meniscus cells and isolation of fibronectin adherent progenitors (avMPCs and vMPCs) expanded and differentiated under hyperoxia (HYP/20% oxygen) and physioxia (PHY/2% oxygen).
For the fibronectin adherence, six-well plates were coated with 10 mg/ml bovine fibronectin (Sigma-Aldrich, Steinheim, Germany) in PBS with magnesium and calcium chloride ions (Sigma-Aldrich, Steinheim, Germany) and incubated overnight at 4°C. Following collagenase digestion, the number of avascular and vascular meniscus cells was counted using a hemacytometer, then each cell type was seeded at 2 × 103 cells/ml (200 cells/cm2) onto fibronectin-coated plates and incubated for 20 min in either a standard cell culture incubator at 20% oxygen and 5% CO2 or a low oxygen incubator (ThermoFisher Scientific, Regensburg Germany) set at 2% oxygen and 5% CO2. For this manuscript, hyperoxia refers to 20% oxygen, while 2% oxygen is termed as physioxia. Following a 20-min incubation period, media containing non-fibronectin adherent meniscus cells was removed and replaced with expansion media composed of DMEM + 10% FBS + 5 ng/ml basic fibroblast growth factor (Peprotech, Hamburg, Germany) + 1 ng/ml TGF-beta1 (R&D Systems, Oxford, UK). Non-fibronectin adherent avascular and vascular meniscus cells were seeded at 5 × 103 cells/cm2 with equal numbers of flasks placed under both oxygen tensions and cultured using the same the expansion media. Media changes were performed twice per week using pre-equilibrated media at the same oxygen tension. Upon observation of colonies, individual meniscus progenitor cell colonies were isolated as previously described (Williams et al., 2010). Three clones were evaluated for each meniscus region under their respective oxygen tension. Henceforth, clones isolated via fibronectin are either avascular fibronectin adherent meniscus progenitors (avMPCs) or vascular fibronectin adherent meniscus progenitor (vMPCs) cells. Non-fibronectin adherent (NFA) avascular and vascular meniscus cells, avMPCs, and vMPCs were expanded for 50 days and cell counts were recorded for population growth curve using previously described calculations (Pattappa et al., 2020).
Colony-Forming Unit Assay (CFU-F)
Colony-forming unit (CFU) assay was performed on P1 NFA meniscus cells from both oxygen conditions and on uncoated and fibronectin-coated dishes. In brief, 10-cm Petri dishes were seeded with NFA avascular or vascular meniscus cells at 20, 5, and 2 cells/cm2 with a set of dishes also coated with 10 mg/ml fibronectin as described above. After 10 days of cultivation, formed colonies were stained using 0.5% crystal violet/methanol and imaged (Sigma, Steinheim, Germany), and individual colonies were counted as previously described (Kohler et al., 2013; Alberton et al., 2015).
Differentiation
All differentiations were performed on passage 2 (≈10 population doublings) NFA avascular and vascular meniscus cells, avMPCs, and vMPCs under their respective expansion oxygen conditions using previously described protocols (Alberton et al., 2015).
Osteogenic Differentiation and Alizarin Red Staining
Cells were seeded at 2 × 103 cells/cm2 into 12-well plates and incubated under their respective expansion oxygen conditions. Following 24 h after seeding, media was replaced with osteogenic medium [DMEM-HG (Invitrogen, Karlsruhe, Germany) + 10% FBS + 0.05 mM L-ascorbic acid-2-phosphate + 10 mM β-glycerophosphate + 0.1 mM dexamethasone (all Sigma-Aldrich, Steinheim, Germany)] and cultured for 21 days with media refreshed twice per week. For controls, cells were cultured In DMEM-HG + 10% FBS + 1% penicillin-streptomycin for the duration of culture. At 21 days of culture, calcium deposition was visualized using alizarin red staining using previously described protocols (Alberton et al., 2015). Monolayers were imaged using an inverted microscope (Nikon, Japan).
Adipogenic Differentiation and Oil-Red-O Staining
Cells were seeded at 5 × 103 cells/cm2 into a 24-well plate and then incubated in expansion media till 80% confluence. Media was then replaced with adipogenic induction media composed of DMEM-HG (Invitrogen) + 10% FBS + 1% penicillin-streptomycin + 0.1 mg/ml insulin (PAN Biotech, Aidenbach, Germany) + 1 μM dexamethasone + 0.2 mM indomethacin + 0.1 mg/ml insulin + 1 mM 3-isobutyl-1-methylxanthine (all Sigma Aldrich, Steinheim, Germany). Control cultures were cultured in adipogenic maintenance media composed of DMEM-HG + 10% FBS + 1% penicillin-streptomycin + 0.1 mg/ml insulin. Cells were stimulated for 21 days with a week cycle for adipogenic cultures consisting of 5 days adipogenic induction media and 2 days of adipogenic maintenance media. Lipid vacuoles were visualized by Oil-Red-O staining by using a standard protocol and imaged using an inverted microscope (Olympus, Japan) (Alberton et al., 2015).
Chondrogenesis: GAG Assay and Histological Staining
Hyperoxia and physioxia expanded crude meniscus cells, avMPCs, and vMPCs were used to form pellet cultures as previously described (Pattappa et al., 2019b). In brief, pellets were formed by centrifuging 2 × 105 cells at 250× g for 5 min in 300 µl of chondrogenic medium in polypropylene V-bottom 96-well plates. Chondrogenic media consisted of serum-free high-glucose DMEM containing 10 ng/ml TGF-β1 (R&D Systems), 100 nM dexamethasone, 50 μg/ml ascorbic acid-2-phosphate (all Sigma-Aldrich, Steinheim, Germany), 1 mM sodium pyruvate (Invitrogen, Karlsruhe, Germany), and 1% ITS (PAN Biotech GmbH, Aidenbach, Germany). Media changes were performed three times per week and then collected for analysis after 21 days.
Pellets were collected for wet weight and GAG assay using protocols previously described (Pattappa et al., 2019b). A set of pellets were also fixed in 4% PBS buffered paraformaldehyde, rinsed briefly in PBS, and then incubated in increasing sucrose concentrations (10%–30%). Pellets were photographed with an optical microscope (PL 2000, Optech, Germany) and then embedded in Tissue-Tek (Sakura, Zoeterwnde, Netherlands). Cryosections (10 µm thick) were created using a cryotome (HM500 OM; Microm, Berlin, Germany) and then stained with DMMB for visualization of glycosaminoglycans using previously published protocols (Pattappa et al., 2019b; Pattappa et al., 2020).
Sections were immunohistochemically labeled for human type I collagen (mouse monoclonal antibody, 1:50; C256; Sigma-Aldrich), human type II collagen (mouse monoclonal antibody, 1:200; CP18, Calbiochem, Darmstadt, Germany), and type X collagen (mouse monoclonal antibody, 1:50; X53, ThermoFisher Scientific), then labeled with a corresponding fluorescently labeled secondary antibody [tetramethylrhodamine (TRITC)-conjugated anti-mouse IgG (1:200; Jackson ImmunoResearch, Cambridge, UK)] using previously described protocols (Pattappa et al., 2019b). Sections were imaged on an Olympus XC10 camera on an Olympus BX61 fluorescence microscope (Olympus, Japan).
Gene Expression Analysis
RNA was extracted from a pool of six pellets from crude avascular and vascular meniscus cells and avMPCs and vMPCs from each condition using previously described protocols (Pattappa et al., 2019b). Total RNA was quantified and 250 ng was reverse-transcribed using Transcriptor first strand kit (Roche, Mannheim, Germany). qPCR reactions for chondrogenic genes (see Supplementary Table S1) were performed using Brilliant SYBR Green QPCR mix (Stratagene, San Diego, CA, United States) and measured using a Biorad CFX96 system (Biorad Laboratories, Munich, Germany). Results were analyzed using the ΔΔCt method with Proteasome subunit beta type-4 (PSMB4) used as a housekeeping gene and then presented as fold change under physioxia relative to hyperoxia for avMPCs, vMPCs, and crude meniscus cells (Pattappa et al., 2019b; Pattappa et al., 2020).
Statistical Analysis
All statistical analysis was performed using GraphPad Prism v7 (GraphPad, La Jolla, CA, United States). Data were checked for normal distribution using a Shapiro-Wilk test. A comparison of pellet wet weight and GAG content between hyperoxia and physioxia was performed using two-way ANOVA with Tukey post-hoc test, with significance set at p < 0.05. Gene expression data were calculated as a fold change in physioxia relative to hyperoxia and then analyzed using a Mann–Whitney test with significance set at p < 0.05.
RESULTS
Non-Fibronectin Adherent Vascular Meniscus Cells Contain a Progenitor Population With Trilineage Differentiation Potential
No differences were observed in cellular morphology between NFA avascular (Figure 2A) and vascular (Figure 2B) meniscus cells under hyperoxia and physioxia. There was no difference in cumulative cell doublings between NFA avascular and vascular meniscus cells expanded under hyperoxia or physioxia (Figures 2A,B). Lipid droplet formation was observed for both meniscus populations (NFA) independent of oxygen tension with avascular meniscus cells (NFA) observed to have fewer lipid vacuoles compared to vascular meniscus cells (Figure 2C). In contrast, osteogenic differentiation of meniscus cells showed only positive alizarin red staining for vascular meniscus cells (NFA) under both oxygen conditions, whereas avascular meniscus cells showed no alizarin red staining independent of oxygen tension (Figure 2C).
[image: Figure 2]FIGURE 2 | Representative photomicrographs of hyperoxia (HYP) and physioxia (PHY) expanded NFA (A) avascular and (B) vascular meniscus cells with corresponding population growth curves (n = 7; mean ± S.D.). (C) Representative photomicrographs of Oil-red-O staining for lipid droplet and alizarin red staining for calcium deposition for meniscus populations under hyperoxia (HYP) and physioxia (PHY). Pellet (D) wet weight (E) GAG content for avascular and vascular meniscus cells with representative (D) macroscopic and (E) DMMB-stained pellets.
There was no significant difference in pellet wet weight and GAG deposition between meniscus regions under different oxygen tension for chondrogenic differentiation (Figures 2D,E). Examination of individual donors demonstrated that 70% of donors had an increase in pellet wet weight and GAG deposition under physioxia compared to hyperoxia for both meniscus cell types (Figures 2D,E). Macroscopic images and DMMB staining of a donor that was physioxia responsive showed that avascular and vascular meniscus pellets appeared larger and had greater metachromasia staining compared to corresponding hyperoxia pellets (Figures 2D,E). There was an upregulation in SOX9, COL2A1, COL1A1, and ACAN under physioxia for both meniscus regions, while there was a downregulation in COL10A1 under physioxia for vascular meniscus cells (Supplementary Figure S1A). Increased type I collagen and type II collagen staining for avascular and vascular meniscus cells was observed under physioxia, while there was no staining for collagen X for both regions independent of oxygen tension (Supplementary Figure S1B).
Fibronectin Adherence and Physioxia Isolates a Progenitor Population From the Avascular and Vascular Regions of Meniscus With High Clonogenic and Multilineage Differentiation Capacity
CFU-F evaluation showed that physioxic cultures had increased colony formation compared to hyperoxic cultures, with fibronectin adherent colonies observed to have larger diameter colonies compared to those formed on uncoated plates (Figure 3A). Physioxia significantly increased colony number for avascular and vascular meniscus cells on both plastic and fibronectin-coated dishes compared to corresponding dishes cultured under hyperoxia (*p < 0.05; Figure 3B). Furthermore, a similar pattern was observed for the CFU-F efficiency, whereby a higher efficiency was observed under physioxia with a tendency towards increased CFU-F efficiency upon combining physioxia and fibronectin (*p < 0.05; Supplementary Figure S2). There was no difference in avMPCs and vMPCs cell morphology between oxygen conditions (Figure 3C). Specifically, physioxic vMPCs appeared to have greater cumulative population doublings compared to equivalent hyperoxic vMPCs (Figure 3D). However, no significant difference was observed between cumulative population doublings or doubling time at each passage under physioxia compared to hyperoxia for avMPCs or vMPCs (Figure 3D). Adipogenesis was exhibited by both hyperoxic and physioxic avMPCs and vMPCs with greater lipid vacuoles formed for hyperoxic avMPCs and vMPCs (Figure 3E). In contrast, alizarin red staining for osteogenesis indicated a mineralized matrix by hyperoxic vMPCs, while both physioxic avMPCs and vMPCs also stained for alizarin red (Figure 3E).
[image: Figure 3]FIGURE 3 | (A) Representative crystal violet-stained colonies cultured under hyperoxia (HYP) and physioxia (HYP) on uncoated (PL) and fibronectin (FN)-coated dishes. (B) Number of colonies counted from conditions described in (A) from avascular and vascular meniscus cells (n = 6; data represent mean ± S.D.; *p < 0.05). (C) Representative photomicrographs of a fibronectin colony and avMPCs and vMPCs cultured under hyperoxia and physioxia with (D) population growth curves for expanded avMPC and vMPC population under hyperoxia and physioxia [n = 4 (3 clones/donor); data represent mean ± S.D.]. (E) Representative Oil-red-O staining for lipid droplet formation and alizarin red staining for calcium deposition for avMPCs and vMPCs.
Physioxia Isolated avMPCs and vMPCs Show Enhanced Matrix Capacity With Minimal Collagen X Expression
Physioxia vMPCs showed a significant increase in both wet weight (*p < 0.05; Figure 4A) and GAG deposition (*p < 0.05; Figure 4B) compared to hyperoxic vMPCs. Physioxic avMPCs had both an increase in wet weight and a significant increase in GAG content compared to hyperoxic avMPCs (*p < 0.05; Figure 4B). Macroscopic images and DMMB staining showed larger pellets and greater DMMB staining formed for physioxia meniscus progenitors (Figures 4A,B).
[image: Figure 4]FIGURE 4 | Chondrogenic differentiation of avMPCs and vMPCs under hyperoxia and physioxia. Dot plot for pellet (A) wet weight and (B) GAG content for isolated clones (each dot represents mean of individual three clones) cultured under hyperoxia and physioxia with representative (A) macroscopic and (B) DMMB-stained pellets. (C) Gene expression data for meniscus matrix genes for (i) avascular and (ii) vascular MPCs. Data represent fold change for (i) avascular and (ii) vascular MPCs cultured under physioxia relative to corresponding clones under hyperoxic conditions (data represent mean ± S.D.; n = 5 donors; *p < 0.05). (D) Representative images of avMPC and vMPCs pellets stained with collagen I, collagen II, and collagen X cultured under hyperoxia and physioxia. Positive and negative controls are in Supplementary Figure S1.
A significant upregulation in SOX9, and matrix genes COL2A1, COL1A2, and ACAN was observed for physioxic avMPCs or vMPCs compared to corresponding hyperoxic progenitors (*p < 0.05; Figure 4C). An increase in type I and II collagen staining was also observed for physioxia avMPCs and vMPCs compared to corresponding hyperoxic progenitors (Figure 4D). Furthermore, there was no collagen X staining for progenitors cultured under either oxygen condition (Figure 4D).
DISCUSSION
The present study has demonstrated that a progenitor population can be isolated via combined differential fibronectin adhesion and physioxia from the avascular and vascular regions of the meniscus with enhanced clonogenicity and differentiation potential of these populations (Figure 3). Similar to previous studies using ACPs, physioxic culture of avMPCs or vMPCs demonstrated an increase in matrix content by these cells with minimal presence of collagen X (Figure 4) (Anderson et al., 2016). In comparison, examination of non-fibronectin adherent meniscus population only indicated that the vascular region of the meniscus contained a population with trilineage differentiation potential with no difference in cell expansion between oxygen tensions (Figure 2).
Previous studies have described the presence of multipotent meniscus cell populations from either animal sources (e.g., bovine), human meniscus tissue, or debris (Mauck et al., 2007; Muhammad et al., 2014; Gamer et al., 2017; Liang et al., 2017; Seol et al., 2017; Sun et al., 2020; Chahla et al., 2021; Wei et al., 2021). Specifically, the horns and vascular regions of the tissue appear to contain progenitor populations (Mauck et al., 2007). However, few studies have investigated their differentiation potential under physioxia. Liang et al. (2017) showed that physioxia enhanced and maintained the adipogenic and chondrogenic potential of meniscus cells for up to 10 population doublings, with no osteogenesis observed under both oxygen tensions. However, there was no separation between regions in the stated study. The results of the non-fibronectin adherent meniscus cells suggest that the vascular region of the meniscus contained a population with trilineage differentiation potential under both oxygen conditions similar to the previously stated investigations (Figure 2). The results of the chondrogenic data showed a donor-dependent increase in matrix deposition for meniscus cells under physioxia, similar to recent studies for chondrocytes or chondrogenic MSCs (Anderson et al., 2016; Pattappa et al., 2019a; Pattappa et al., 2019b). An upregulation in COL1A1 and COL2A1 expression and greater collagen I and II staining was observed for avascular and vascular meniscus cells (NFA) under physioxia compared to hyperoxia expanded cells, similar to results from previous studies (Supplementary Figure S1) (Adesida et al., 2006; Adesida et al., 2007; Berneel et al., 2016).
The second part of this study combined physioxia with differential fibronectin adherence to understand whether progenitor populations can be directly isolated from both avascular and vascular regions of the meniscus using this method (Figures 3, 4). Isolation using differential fibronectin adherence for articular cartilage yielded a population with increased telomerase activity that enabled it to undergo high population doublings with maintenance of their differentiation capacity in both healthy and osteoarthritic cartilage (Dowthwaite et al., 2004; Williams et al., 2010). A recent investigation demonstrated that from OA meniscus tissue, fibronectin adherence enabled the isolation of a progenitor population that maintained both its clonogenicity and multipotency at high passages with expression of stem cell markers (e.g. CD90 and CD105) compared to non-fibronectin adherent meniscus cells (Korpershoek et al., 2021). In contrast to the stated study and the results from the non-fibronectin adherent meniscus cells, the present study demonstrated that the combined use of differential fibronectin adherence and physioxia yielded a progenitor population from both the avascular and vascular meniscus regions with trilineage differentiation capacity (Figures 3, 4). This result supports the results of recent investigations that have demonstrated the presence of progenitor populations in avascular regions of the meniscus (Muhammad et al., 2014; Chahla et al., 2021). Additionally, the presence of fibronectin has a tendency to increase CFU-F efficiency of avascular and vascular meniscus cells under physioxia, indicating that fibronectin could efficiently isolate meniscus progenitor populations (Supplementary Figure S2).
It should be noted that the osteogenic lineage demonstrated variable differentiation among the avMPCs and vMPCs examined, particularly upon physioxic culture. Previous publications have contrasting data regarding whether physioxia either inhibits (D'Ippolito et al., 2006) or enhances (Wagegg et al., 2012; Yu et al., 2019) osteogenic differentiation. Our results show that the majority of clonal progenitors studied differentiated to the osteogenic lineage under physioxia. However, there were also progenitors with no osteogenic induction that may be related to physioxia inhibiting osteogenesis. Furthermore, this could also be related to inherent multipotency of the specific clonal progenitor. Loncaric et al. (2019) demonstrated that even within MSC cultures, only 40% of clonal populations derived from a single cell exhibit multipotency and sustain their clonogenicity at high passages (Loncaric et al., 2019). Thus, further clonal progenitor isolation would need to be performed for fibronectin adherent meniscus cells (avMPCs and vMPCs) with single cells taken from these clones to understand whether these are true multipotent progenitors. Additionally, this would also show whether the inhibited osteogenesis for avMPCs and vMPCs under physioxia was due to the oxygen tension or inherent differentiation capacity.
To demonstrate that the avMPCs and vMPCs are progenitor populations, examination of their cell surface marker expression needs to be performed. Single-cell RNAseq analysis has identified progenitor populations within healthy and osteoarthritic meniscus (Sun et al., 2020). They showed that a CD146-positive population had progenitor characteristics within healthy meniscus, while in osteoarthritic meniscus, this changed to a CD318-positive population via attenuation of TGF-β-related pathways (Sun et al., 2020). CD146-positive cells are termed pericytes and found to be present near vasculature (e.g., bone marrow) and have stem cell characteristics (Crisan et al., 2008). Korpershoek et al. (2021) showed a significant increase in CD318 expression in their fibronectin adherent meniscus progenitors compared to non-fibronectin-adherent meniscus cells, indicating that these are dervied from osteoarthritic meniscus. Future investigations would study cell surface markers from the populations described in the present study.
The use of physioxia significantly enhanced the clonogenicity of the meniscus population with fibronectin producing colonies with larger diameter (Figures 3A,B). This is potentially related to the stem cell property of cellular migration that assists in self-renewal and cellular proliferation and has been known to be enhanced upon culture on fibronectin (Singh and Schwarzbauer, 2012). The subsequent growth under both oxygen conditions demonstrates that the avMPCs and vMPCs under both oxygen conditions have the potential to be expanded to high population doublings with no discernible changes in doubling time or differentiation potential (Figure 3D). Further analysis is required to see whether their differentiation potential remains the same with passage for this clonal population compared to non-fibronectin adherent meniscus cells (Korpershoek et al., 2021). However, in spite of combined fibronectin and physioxia isolating progenitors from both meniscus regions, there remains an open question regarding the additional benefit of fibronectin towards creating a cell-based therapy for meniscus regeneration. Previous studies have shown that physioxia helps maintain the stemness and expression of stem cell genes (D'Ippolito et al., 2006), whilst fibronectin adherent progenitors have demonstrated similar properties with the additional benefit of increased telomerase activity compared to non-fibronectin adherent populations (Dowthwaite et al., 2004; Williams et al., 2010). Due to the similarities in their effect on progenitor populations, future investigations would seek to understand the specific effects of fibronectin on isolation of meniscus progenitors both on its own and in combination with physioxia. Furthermore, this would help justify the use of fibronectin for meniscus progenitor isolation, as this step adds additional costs towards the creation of cell-based therapies for meniscus treatment.
Physioxic culture of avMPCs and vMPCs had a significant increase in cartilage matrix genes, GAG deposition, and collagen I/II staining for both meniscus regions compared to hyperoxic cultures (Figure 4). Furthermore, similar to findings for ACPs, no collagen X staining was found in these progenitor populations, independent of oxygen tension (Anderson et al., 2016). A limitation of bone marrow MSCs for chondrogenesis is that it expresses markers for hypertrophy in vitro and forms bone upon in vivo implantation, inspite of physioxic expansion (Pelttari et al., 2006; Pattappa et al., 2019b). Thus, the present results demonstrate the importance of physioxia for the induction of a meniscus phenotype, specifically for matrix deposition and preventing collagen X expression that could lead to hypertrophy in vivo. Future studies would evaluate the feasibility of these meniscus progenitors for clinical translation by isolating progenitors from animal meniscus and then test their healing potential in treating either meniscal tears or pars intermedia defects (Angele et al., 2008; Koch et al., 2019). Additionally, the presence of these progenitor populations provides an additional rationale for the development of biomaterial-based technologies that allow cellular migration via suitable chemoattractants, which enables natural healing of meniscus tears without the necessity for extensive cell culture (Qu et al., 2017).
CONCLUSION
Physioxia enhances the clonogenicity of avascular and vascular meniscus cells, with larger diameter colonies formed on fibronectin. Combined physioxia and fibronectin adherence isolated a progenitor population with trilineage differentiation potential from the avascular and vascular meniscus regions. Specifically for meniscus tissue engineering, these progenitor cells were observed to have enhanced matrix content under physioxia with suppression of collagen X that could make them less susceptible to hypertrophy upon in vivo implantation. Therefore, combined differential fibronectin adherence and physioxia is a potential method for isolating progenitor populations from the meniscus that can be used for the development of cell-based therapies for the treatment of meniscus tears/defects.
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Study
type

Human

Human

Human

Human

Human

Human

Human

Human

Human
Rat

Rat

Rat

Rat

Rat

Mice

Note. N.B.

Causes of inflammation®/
cells
and factors involved

[}
IL-6

)

IL-6, MMP-3

(1)

IL-1a, IL-1ra, MMP-9

me
MMP-3, IL-6

@
IL-8

@

IL-6, IL-8, TNF-a, M1
Macrophage

@

IL-10, IL-1B, IL-6, IFN-y
@

IL-1p

@

TNF-q, IL-6, NO

@

MMP1, MMP13, CD68" cells
@

MMP1, MMP13, CD68" cells

@

Macrophages

[€)

ED1 macrophages

®
ED1macrophages
ED2 macrophages

@)
MMP -2, -3, -9, -13

Results

IL-6 levels were significantly higher in the group with <6 weeks of injury than in the group with
>12 weeks since injury. IL-6 was significantly elevated in painful igamentous injury of knee,
showed negative correlation with Lysholm knee scores at 2 months, 6 months, and 1 year of
follow-up, and showed negative correlation with Tegner level of sports activity at 1 year of
follow-up

High concentration of IL-6 and MMP-3 in the synovial fluid early post-ACL injury was associated
with aberrant gait biomechanics in the injured imb at & months post-ACLR.

At2 years of follow-up, patients that failed to reach the QOL PASS threshold after surgery (1 = 6,
27%) had significantly greater IL-1a, IL-1ra, MMP-9 concentrations on the day of surgery. Patients
that failed to reach the IKDC PASS threshold (= 9, 41%) had significantly greater IL-1a
Individuals with lesser biomechanical loading on the ACLR limb at the 6-month follow-up exam,
compared with the contralateral imb, demonstrate greater concentrations of plasma MMP-3 and
IL-6 early after ACL injury and during the early postoperative period

Patients with Remnant Preserved (RP)-ACLR had better knee stabiity within 8 months which was
associated with higher expression of IL-8 in the synovial fluid compared with the patients with
conventional ACLR

Graft loosening was closely related to increased gene and protein expression of inflammatory
cytokines (TNF-a, IL-6, and IL-8) within the first year of ACLR. There was a probable role of M1 but
not M2 macrophages in the pathological process leading to graft loosening

Increased level of IL-10, IL-1B, IL-6, IFN-y in the synovial fiuid at 3-4 days post-ACLR was
associated with a prolonged recovery

There is an association between tibial bone tunnel enlargement and elevated synovial fluid
concentrations of IL-1p concentrations postoperatively after ACLR. A lower expression of IL-1B in
the synovial fiid after autologous conditioned serum (ACS) treatment was associated with
reduced tunnel widening 6 months and 1 year after ACLR.

An elevated synovial fluid concentration of IL-6, TNF-a, and NO at 7 days after ACLR was
associated with tibial bone tunnel enlargement at 38 + 7 weeks after surgery

The peri-tunnel bone loss correlated with high expression of MMP1, MMP13, and CD68" cells at
the graft-bone tunnel interface at week 6 after ACLR.

Alendronate reduced peri-tunnel bone resorption, increased mineralized tissue inside bone tunnel
as well as histologically and biomechanically promoted graft-bone tunnel healing at week 6,
probably by reducing the expression of MMP1, MMP13, and CD68-positive cells
Macrophage depletion following ACLR significantly improved histological and biomechanical
properties of the healing tendon-bone interface at 42 days

Short-duration of low-magnitude cyclic axial loading of the ACL graft was associated with more
inflammatory ED1 macrophages and less bone formation in the bone tunnel at 5, 14, 28 days
post-ACLR.

Interface width was smaller and collagen fiber continuity was greater in the immobilized group.
Immobiized animals exhibited fewer ED1 + macrophages at the healing interface at 2 and

4 weeks. In contrast, there were more ED2 + macrophages at the interface i the immobilized
group at 2 weeks

Ashort period of immobilization after ACLR enhanced graft-to-bone tunnel healing by mifigating
excessive MMP expression at day 30

dCauses of inflammation: (1) ACL infury; (2} surgical trauma in ACLR, and (3) tendan grafi-to-bone iunnel motion.
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Bone-derived extract
(Bone Protein, Sulzer
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with VEGF gene or
SFLT-1
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Synovium-derived
cells pre-treated with
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hBMSC-CM

Muscle-Secreted
Factors

a-FGF

ACL-derived CD34"
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BMP-2
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ACL-derived CD34*
cell sheet
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Human Studies
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PRP
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Suppression of
inflammation
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Outcomes
of graft
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(+/-/no
effect)

No effect
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No effect

No effect

No effect

Remarks

ADSCs stimuiate bone-forming
actities. ADSC sheets improved
biomechanical strength, prevented
bone tunnel enlargement, and
promoted tendon-bone interface
healing and graft remodeling in
ACLR

BMSCs stimulate bone formation. It
promoted grat osteoirtegration at
the tendon-bone intertace after
ACIR

The incorporation of BMP-2
binding peptides into materials
used for ACLR enhanced bone
formation and healing inside bone
tunnels

BMSCs are stem cels with
osteogenic differentiation capacity.
TGF-p is an osteogenic growth
factor. BMSCs overexpressing
TGF-p promoted tendon-to-bone
healing after ACLR by upregulating
the TGF-B/MAPK signaiing
pathway

BMSC has osteogenic
differentiation potential and PRP
can stimulate this potential. PRP
significantly stimulated osteogenic
differentiation of BMSCs. The
combination of PRP and BMSCs
enhanced bone formation,
maturation of graft-to-bone tunnel
interface, and biomechanical
properties of the bone~graft-bone
complex

SHMSP is an osteogenic factor. It
enhanced tunnel bone formation
after ACLR

TGF 4§ is an osteogenic growth
factor. Hamstring tendon transfected
with ATGFp1 gene promoted
healing of terddon-bone interface
after ACLR

hUCB-MSCs enhanced tendon-
bone healing through broad
fiorocartilage formation with higher
histological scores and decreased
femoral and tibial tunnel widening
compared with the control group
BMSCs have osteogeric
diferentiation potential BMP-2 can
incluce osteogenic and chondrogenic
diferentiation of puripotent stem cels
and bore progenitor cels The
transplantation of BMSCs gereticaly
modfied with BVP-2 erhanced the
osseontegration of the tendon graft
within the host bone

BMP-2 is an osteogenic growth
factor. It enhanced osteogenesis
at the tendon graft-to-bone tunnel
interface after ACLR.

The mixture of PRP/DPB
enhanced chondrogenesis,
Sharpey's fiber formation and graft
incorporation into the bone tunnel
at 60% PRP

TGF-p1 is an osteogenic growth
factor. It enhanced tunnel bone
formation

TGF-B increases both collagen
and noncollagenous protein
synthesis. EGF stimulates
fioroblast proliferation n vitro.
Application of TGF-p and EGF
improved the structural properties
of the bone-graft-bone complex
after ACLR

Bone-derived extract (Bone
Protein, Sulzer Biologics, Wheat
Ridge, Colorado) is effective in
augmenting bone ingrowth. It
improved healing of a tendon graft
in abone tunnelin an intra-articular
ligament-reconstruction model
ACL-derived CD34" cells
expressing moderate levels of
VEGF improved tendon graft
maturation and biomechanical
strength; however, CD34"
overexpressing VEGF promoting
excessive angiogenesis impeded
graft healing and mechanical
strength. The transplantation ACL-
derived CD34" cel sheet secreting
SFLT4, a soluble VEGF inhibitor
decreased angiogeness, delayed
graft maturation, and decreased
biomechanical strength of the
bone-graft-bone complex

VEGF is an angiogenic growth
factor. Excessive angiogenesis
reduced integrity and stiffness as
well as increased laxity of graft
PDGF has a positive effect on
revascularization. The local long-
term appiication of PDGF using a
biodegradable drug delivery tool
biomechanically and histologically
improved free tendon graft
remodeling after ACLR

The transplantation of synovium-
derived cells cultured in TGF-B1 or
TGF-p1 inhibited the deterioration
of the intra-articular part of tendon
graft after ACLR

PRP contains PDGF, VEGF, and
TGF-p. It increased the bioactivty
of the tendon-bone interface and
resulted in histological
improvement at the tendon-bone
junction

hBMSC-OM cortairs a variety of
growth factors, induding TGFp,
VEGF, and IGF. It acoelerated graft
osteo-ntegration and mid-
substance ligamentzation after
ACLR

Muscle-secreted factors
influences revascularization and
tendon-bone closure. Using a rat
model of ACLR showed that
conditioned media derived from
human muscle tissue accelerated
femoral tunnel closure, a key step
for autograft integration

a-FGF is a mitogenic factor of
osteoblasts and chondrocytes as
well as an angiogenic factor. It
induced fibrocartiage formation at
the tendon-bone interface after
ACLR

ACL-derived CD34" cells
transduced with BMP-2 can
stimulate angiogenesis and
osteogenesis at the graft-bone
interface. ACL-derived CD34" cells
transduced with BMP-2
acoslerated graft-bone integration
after ACLR

BMSCs have osteogenic potential
and VEGF promotes angiogenesis
Al parameters using MRI, collagen
type Ill expression, and
biomechanical analysis of pullout
strength of the graft showed that
application of intra tunnel BM-
MSCs and VEGF enhanced
tendon-to-bone healing after
ACLR

bFGF can promote angiogenesis
and BMP-2 has osteogenic
potential. The addition of BMP-2 or
bFGF by gene transfer resuited in
better celularity, new bone
formation, and higher mechanical
property, which contributed to the
healing process after ACLR
ADRCs searete signficartly larger
amaunts of growth factars, such as
VEGF, hepatccyte growthfector then
BMSCs. Local administration of
ADRCs promoted the eatly healng
process at thetendon-bene jurction,
bath histologicaly and mecharicall,
after ACLR

Transplantation of fibrin clot
improved graft healing as shown
by histology and MRI

TDSCs are stem cells with
osteogenic differentiation capacity.
TDSC shest expressed bFGF,
TGF-1 and BVP-2 which have
angiogenic and osteogenic effects.
The transplantation of TDSC sheet
promoted bone formation,
enhanced graft osteointegration
and graft mid-substance integrity,
as well asimproved biomechanical
properties of the bone-graft-bone
complex

TGF-p1 increases angiogenesis
and induces fioroblast, monocyte,
and macrophage migration to sites
of injury, promoting ligament
healing. Injection of TGF-p1
plasmid in iposomes into bone
tunnel improved biomechanical
characteristics of the
bone-graft-bone complex

CD34" cells are endothelial cells
that secrete angiogenic and
osteogenic factors. The
transplantation of ACL-derived
©D34* cell sheet enhanced
healing of the bone-tendon
junction and the grafted tendon by
promoting proprioceptive
recovery, graft maturation, and
biomechanical strength. The
outcomes were better after
transplantation of the cell sheet
compared with cell injection
CD34" cells are endothelial cells
which secrete angiogenic and
osteogenic factors. Intracapsular
injection of CD34* cells post-
ACLR increased biomechanical
strength of the bone-graft-bone
complex via enhancement of
angiogenesis and osteogenesis at
graft-bone interface at early stage
after ACLR

Platelet contains PDGF, VEGF,
and TGF-. The addiion of blood
platelets resulted in significant
reduction in anterior-posterior
knee laxity after ACLR

G-CSF contributes to
angiogenesis and osteogenesis. A
local application of G-CSF-
incorporated getatin significantly
accelerated bone-tendon interface
strength via enhanced
angiogenesis and osteogenesis

The transplantation of allogeneic
hUCB-MSCs did not show any
clinical advantage such as the
prevention of tunnel enlargement,
knee laxity, and ciinical outcomes.
PRP contained bone growth
factors. The administration of PRP
decreased the rate of second ACL
injury compared with the literature
The administration of PRP did not
prevent tunnel enlargement after
ACLR

PRP contained bone growth
factors. The appiication of PRP
prevented femoral tunnel widening
in ACLR

The appiication of PRP did not
reduce tunnel enlargement after
ACLR

PRP contained bone growth
factors. It enhanced the formation
of focal areas of sclerotic cortical
bone with subsequent fusion intoa
thick tibial tunnel wall after ACLR
The admiistration of PRP to bone
tunnels reduced tunnel widening,
but the difference was not
statistically significant

PRP contained growth factors with
osteogenic actiities. There was no
signiicant improvement in tendon
graft incorporation to the bone
tunnel after ACLR

PRPG contains PDGF. It
decreased edema and increased
vascularity at the tiial tunnel after
ACLR

PG contained PDGF. It enhanced
vascularization at the tibial tunnel
interface and intra-articular part of
the graft

The administration of PRF did not
significantly improve grat failure
and graft ligamentization up to

12 months post-ACLR

The administration of PRP did not
accelerate graft interface healing
and graft ligamentization after
ACLR

PRFM has a substantial amount of
growth factors (such as TGF-p1,
PDGF, VEGF). PRFM-augmented
patients showed a statistically
significant higher patient-reported
knee function

The administration of PRP
acoelerated graft mid-substance
remodeling after ACLR.

PRP contained PDGF, TGF-p1,
and VEGF which were osteogenic
and angiogenic. The
administration of PRP enhanced
graft mid-substance remodeling
compared with the untreated
grafts

ACS contains endogenous anti-
inflammatory cytokines including
IL-1Ra and growth factors (GF-1,
PDGF, and TGF-b1) in the liquid
blood phase. Intra-articular
administration of ACS decreased
bone tunnel widening and reduced
the level of IL-1p inthe synovial fluid
after ACLR
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Material

PCL

PCL/GelMA

Gelatin/Alginate/CNF

Silk fibroin/gelatin

Meniscus extracellular matrix
(MECM)/sodium alginate

Decellularized meniscal
extracelular matrix (ECM)/
PU/PCL

Seed cells

BMSCs

Fibrochondrocytes

Rabbit
fibrochondrocytes (rFCs)

Porcine
fiorochondrocytes
Meriscal
fiorochondrocytes
(MFCs)

BMSCs

Bioprinting Technology

Fused deposition
modeiing (FDM)

Bioscaffolder system (SYS +
ENG, SalzgitterBad, Germany)

Extrusion printing

Extrusion printing

Fused deposition
modeling (FDM)

FDMW/Extrusion

Key points

PCL was printed into meniscal scaffolds with
different pore sizes using the melt deposition
technique

Agarose and gelatin metherylate (GelMA) hydrogels
were printed on the inside and outside of PCL
scaffold, respectively

The gelatin-alginate bio-ink modified with cellulose
nanofibers (CNF) has been verified for its feasibility
to print meniscus

The scaffold made of silk fibroin and gelatin has
good performance after freeze-drying

The scaffold was made of MECM-alginate bio-ink
and 3D-printed PCL.

Hydrogel made from decellularized extracellular
matrix and a mixture of PCL and PU was used to
make meniscal scaffolds
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Material

Nanofibrillated cellulose (NFC)/
Alginate hydrogels
PCL/PEG/Alginate hydrogels

PCL/methacrylate Gelatin (GelMA)/
Hyaluronic acid (HAMA)/Pluronic F-
127 hydrogel

Type | collagen gel/PCL

PU

PCL

PCLIPGAPLA
Getatinvfibrinogen/hyaluronic acid

(HAYglycerol/PCL/Pluronic F-127
hydrogel

Seed cells

Human nasoseptal chondro-
cytes (ANC)

Human adipose derived stem
cells (ASCs)

Bone marrow-Gerived human
(BMSCs) Mesenchymal stem
cells (MSCs)

Porcine auricular cartiage

Tonsil-derived mesenchymal
stem cells

Picrotia chondrocytes (MCs)

3T3 fibroblasts

Bioprinting
Technology

Extrusion printing
Extrusion printing

Extrusion printing

EOS P100 laser
sintering system

Fused deposition
system
Fused deposition
system

Anintegrated
tissue-organ printer
(ITOP)

Key point

The hybrid bio-ink, mixed at an 80:20 ratio of NFC
to alginate, s printed by an extrusion printer
PEG and PCL were used as the sacrificial and
main materials of the framework

PCL and GelMA-HAMA were used for hybrid
printing, Pluronic F-127 was selected as a
sacrificial material

The cels were embedded in collagen | gel solution
and the cell suspension was then pipetted into the
PCL scaffolds

3D printing of auricular cartiage scaffold was
performed with PU material

Creating auricular model and 3D printing with PCL
material

The auricular scaffold used PCL as an inner core,
‘which was wrapped with PGA unwoven fibers and
coated with PLA.

3T3 cells were mixed in the prepared hydrogel, the
auricular scaffold structure was printed
simultaneously with PCL, and Pluronic F-127
hydrogel was used to print the sacrificial layer to
maintain scaffold structure
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Material

PCL

PCL
PCL

PLLA

PU

PCL/
Alginate

Seed cells

Human bronchial epithelial cells (NBECS)/iPSC-derived
mesenchymal stem cells (PSC-MSCs)iPSC-derived
chondrocytes (PSC-Chds)

Rabbit chondrocytes

Goat auricular chondrocytes

Rabbit chondrocytes

Mesenchymal stem cells (MSCs)

Rabbit bone marrow-derived mesenchymal stem cells
(bMSC)/Epithelial Cells

Bioprinting Technology

Fused deposition system

Fused deposition system

Fused deposition system

Fused deposition system

Liquic-frozen deposition
manufacturing (LFOM)

Key points

Combined electrospinning technology and 3D
printing technology to print tracheal cartiage

The 3D-printed scaffold printed with PCL was
loaded with cuitured chondrocytes

PCL was used to print the cel scaffold, and the
scaffold was cellularized

The 3D-printed scaffolds were seeded with
chondrocytes obtained from autologous
auricles

A tracheal scaffold printed by Pu was tested in
vivo

Atificial trachea containing two cell types were
fabricated by three-cimensional bioprinting
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Groups

Control group
Hulth group
MHCD group
F

P

Age (vear)

1293 +1.24

13.09 + 1.20

13.16 + 1.58
1.333
0.311

Weight (kg)

6.43 £ 0.28

6.45 + 0.30

6.37 £+ 0.34
2.809
0.113

Knee circumference (cm)

15.29 + 0.47

15.20 + 0.50

15.50 + 0.85
2.363
0.150

Crown
sacral length (cm)

46.12 + 1.36

46.30 + 1.51

46.48 £ 1.71
0.508
0.619
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Type of bioprinting

Inket

Extrusion-based

Vat polymerization

Laser-assisted

Cell type
Chondro-cytes
MSC

cPC

Chondro-cytes

Chondro-cytes

Chondro-cytes
Chondro-cytes
Mesench-ymal stromal cells

MSC

Bioink materials

PEGDA
PEGDMA

GelVA

Aginate

HA alginate

PLA scaffold

Aginate

TG

PCL scaffold

GelMA

Decelularized cartiage ECM
GelMA

HAMA

Collagen
Nano-hydroxyapatite
Aginate

Cell viability

90%
>80%

Up to 89%
>85%

85-97%

Up to 95%

Ref

Cui et al. (2014)
Gao et al. (2015a)

Yuetal. (2013)
Antich et al. (2020)

Kundu, (2013)

Chen et al. (2019)
Lam et . (2019)
Keriquel et al. (2017)

Gruene et al. (2010)

CPC, cartilage progenitor cells; ECM, extracellular matrix; GelMA, gelatin methacrylate; HA, hyaluronic acio; HAMA, methacrylated hyaluronic acid; MSC, mesenchymal stem cel; PEGDA,
poly(ethylene glycol diacrylate; PEGDMA, poly(ethylene glycol) dimethacrylate; PLA, polylactic acid: PCL, polycaprolactone; TGF-B, transforming growth factor-B.





OPS/images/fbioe-09-727643/crossmark.jpg
©

|





OPS/images/fbioe-09-727643/fbioe-09-727643-g001.gif
Hulth Method

~ i

<Y






OPS/images/fbioe-09-754113/fbioe-09-754113-g004.gif





