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A B S T R A C T   

Appropriate biomimetic scaffolds created via 3D bioprinting are promising methods for treating damaged 
menisci. However, given the unique anatomical structure and complex stress environment of the meniscus, many 
studies have adopted various techniques to take full advantage of different materials, such as the printing 
combined with infusion, or electrospining, to chase the biomimetic meniscus, which makes the process 
complicated to some extent. Some researchers have tried to tackle the challenges only by 3D biopringting, while 
its alternative materials and models have been constrained. In this study, based on a multilayer biomimetic 
strategy, we optimized the preparation of meniscus-derived bioink, gelatin methacrylate (GelMA)/meniscal 
extracellular matrix (MECM), to take printability and cytocompatibility into account together. Subsequently, a 
customized 3D bioprinting system featuring a dual nozzle + multitemperature printing was used to integrate the 
advantages of polycaprolactone (PCL) and meniscal fibrocartilage chondrocytes (MFCs)-laden GelMA/MECM 
bioink to complete the biomimetic meniscal scaffold, which had the best biomimetic features in terms of 
morphology and components. Furthermore, cell viability, mechanics, biodegradation and tissue formation in 
vivo were performed to ensure that the scaffold had sufficient feasibility and functionality, thereby providing a 
reliable basis for its application in tissue engineering.   

1. Introduction 

The meniscus is a wedge-shaped fibrocartilage tissue that plays an 
important role during the movement of the knee joint. It is shaped with 
high edges and a low center, thus allowing it to be perfectly embedded 
between the femoral condyle and the tibial plateau. However, because of 
its unique shape, the meniscus is subjected to complex stress environ-
ment, including axial, hoop and compressive load [1]. Lesions in the 
meniscus are frequent clinical sports injuries. Currently, for severe 
meniscus injury, resection [2] or allogeneic meniscus transplantation [3, 
4] can be performed, but achieving good outcomes with these 

techniques, especially in the long term, is difficult for various reasons. 
The emergence of regenerative repair via tissue engineering has pro-
vided promising treatment methods. 

Ideal tissue-engineered scaffolds are supposed to closely simulate 
native tissues so that they can functionally replace the meniscus within a 
short period of time, delay the progress of osteoarthritis, and promote 
the regeneration and repair of defective tissues. Various different tissue 
engineering techniques have been studied for biomimetic applications, 
such as a silk-collagen scaffold by lyophilization [5], polylactic acid 
(PLA) electrospun scaffolds with human meniscus cells embedded in 
extracellular matrix (ECM) hydrogels [6], injectable BMSCs-laden ECM 
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hydrogels [7] and so on. At different perspectives, all of these scaffolds 
have verified their effcet on specific meniscal models. However, it is 
difficult for them to meet the requirements of complex and personalized 
shapes and properties in clinical patients. The development of 
three-dimensional (3D) bioprinting offers effective approaches for 
achieving improved biomimetic strategies. 

3D bioprinting is a novel printing technology for biomedical prod-
ucts that uses computer-aided design and manufacturing techniques to 
precisely print a variety of biological materials via layer-by-layer 
deposition. This method can rapidly achieve high-precision and 
personalized printing without the assistance of a mold. Thus far, re-
searchers have explored the 3D bioprinting of biomimetic menisci from 
different angles and printed synthetic materials with good mechanical 
properties [8], such as polycaprolactone (PCL), to pursue morphological 
and mechanical biomimetics, which makes it difficult to provide a good 
microenvironment for tissue regeneration. Some scholars have tried to 
improve it by immersing synthetic scaffolds into natural material 
[9–12], yet the process is relatively complicated and the biological 
materials cannot be assigned to a particular location. Furthermore, other 
researchers have fabricated the PCL supporting scaffolds for cell-laden 
hydrogel encapsulating poly(lactic-co-glycolic acid) (PLGA) micropar-
ticles carrying TGF-3 or CTGF in different regions to induce anisotropic 
phenotypes [13]; however, the study has not focused on the compo-
nents, compressive modulus or necessary space required for the ex-
change of substances. Therefore, the better solutions to these problems 
remain to be found. 

Based on the above studies, this study designed a meniscus-derived 
bioink with printability and cytocompatibility and a customized bio-
mimetic meniscal printing system, i.e., a dual-nozzle + multi-
temperature printing system, to integrate the advantages of PCL with 
that of the cell-laden bioink. One nozzle prints PCL by high-temperature 
melt deposition to construct a meniscal frame, thereby achieving 
morphological and mechanical biomimetics, and the other nozzle prints 
meniscus-derived bioink that consists of gelatin-methacryloyl (GelMA) 
+ meniscal extracellular matrix (MECM) + meniscal fibrocartilage 
chondrocytes (MFCs), at a fixed temperature to realize componential 
and microenvironmental biomimetics. In addition, this study also car-
ried out a series of experiments on cell viability, mechanics, biodegra-
dation, and tissue formation in vivo to ensure sufficient feasibility and 
functionality of the scaffold, thus providing a reliable basis for its sub-
sequent application in tissue engineering. 

2. Materials and methods 

2.1. Materials 

The following materials and tools were used in this study: GelMA 
(SunP Biotech, Beijing, China); MECM (Institute of Orthopedics, General 
Hospital of Chinese PLA); MFCs (Institute of Orthopedics, General 
Hospital of Chinese PLA); pepsin (Sigma-Aldrich, St. Louis, USA); Live/ 
Dead Viability/Cytotoxicity Kit (BioVision, San Francisco, UAS); fetal 
bovine serum (FBS, GEMINI, USA); Dulbecco’s Modified Eagle’s Me-
dium/Nutrient Mixture F-12 Ham (DMEM/F12, Corning, USA); 
penicillin-streptomycin (Thermo Fisher, Waltham, USA); phosphate- 
buffered saline (PBS, Cellgro, USA); collagenase from Clostridium histo-
lyticum (Sigma-Aldrich, St. Louis, USA); trypsin from the bovine 
pancreas (Sigma-Aldrich, St. Louis, USA); collagen I alpha 1 antibody 
(Novus Biologicals, USA); 3D Bioprinter (SunP Biotech, Beijing, China); 
TCS-SP8 laser scanning confocal microscope (Leica, Wetzlar, Germany); 
Q125 sonicator (Qsonica, USA); LS 13 320 laser particle size analyzer 
(Beckman Coulter, USA); EZ-LX single-stranded electronic universal 
testing machine (Shimadzu, Japan); 1525 high-performance liquid 
chromatography system (Waters, USA); micro-computed tomography 
(CT) system (GE Healthcare, USA); S-4800 scanning electron microscope 
(Hitachi, Tokyo, Japan); IVIS Spectrum in vivo imaging system (Perki-
nElmer, USA); CO2 incubator (Heraeus, Hanau, Germany); and Nano 

Indenter G200 (Agilent, USA). 

2.2. Preparation and characterization of the printable MECM 

2.2.1. Preparation characterization of the printable MECM 
Decellularized MECM was prepared by wet differential centrifuga-

tion from fresh porcine meniscal tissue [14]. The MECM components 
were verified in a previous study [15]. According to the processing 
method, the prepared MECM was divided into three groups: the raw 
group, the pepsin digestion group and the ultrasonic treatment group. 
MECM was treated with pepsin as previously reported [16]. The ultra-
sonic treatment was as follows: a Q125 Sonicator (Qsonica, USA) was 
used to crush the material in an ice trough at an amplitude of 70% and 
cycle times of 5 s for the pulse and 5 s for the interval. 

2.2.2. Analysis of particle size 
An LS 13 320 laser particle size analyzer (Beckman Coulter, USA) 

was used to analyze the particle size distribution of the material. The 
experiment consisted of two parts. First, the effect of ultrasound time on 
the MECM suspension was examined, and the suspension was divided 
into 4 groups according to the ultrasonication time (30 s, 60 s, 90 s and 
180 s). Second, the effects of the different treatment methods on the 
MECM suspension were studied by dividing the samples into the raw 
group, the pepsin digestion group and the ultrasonic treatment group. 
The parameters of the test were as follows: The universal liquid module 
was used for the analysis of particles ranging in size from 0.04 μm to 
2000 μm in size at a sample shading rate of 2% and a pump speed of 
58%. 

2.2.3. Scanning electron microscopy (SEM) 
The samples were smeared on a cover glass, air-dried, and coated 

twice with palladium-platinum alloy at 40 mA. Then, the size and 
morphology of samples were observed using an S-4800 scanning elec-
tron microscope (Hitachi, Tokyo, Japan) in terms of size and 
morphology. 

2.2.4. Quantitative analysis of collagen 
A quantitative analysis of the total collagen was performed using a 

hydroxyproline assay kit (Nanjing Jiancheng Bioengineering, China) 
according to the kit instructions. Briefly, 200 μl samples were evenly 
coated on a cover glass and air-dried, and then they were subjected to 
type I collagen immunofluorescence staining (for details regarding the 
experimental procedures, refer to the instructions). 

2.3. Preparation and characterization of meniscus-derived bioink 

2.3.1. Preparation of meniscus-derived bioink and cell encapsulation 
Dry GelMA powder was prepared into a 20% (w/v) solution with PBS 

and then placed in a water bath at 80 ◦C for 1 h to ensure complete 
dissolution. Then, 3% MECM (w/v) suspension and lithium phenyl- 
2,4,6-trimethylbenzoylphosphinate (LAP) were added [17], and the 
bioink was mixed with PBS to a fixed concentration of 10% GelMA +
0.5% MECM + 0.25% LAP. Finally, we used the bioink to resuspend 
MFCs. Notably, to ensure cell viability during the long printing process, 
MFCs-laden bioink needs to be prepared with DMEM/F12 solution 
containing 20% FBS. Through the above steps, the meniscus-derived 
bioink, consisting of GelMA (10%, w/v), MECM (0.5%, w/v), LAP 
(0.25%, w/v), and MFCs (1 × 106/mL), was prepared. Crosslinking was 
achieved with blue light (405 nm) at an intensity of 90 mW/cm2 and a 
duration of 10 s. 

MFCs were obtained from New Zealand white rabbits at an age of one 
month. Isolation and culturing were performed as previously reported 
[18,19]. When cells reached 80%–90% confluence, they were passaged 
with 0.25% trypsin digestion. All cells used were P2–P5. 
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2.3.2. CCK-8 assay 
To perform the CCK-8 assay (Dojindo Molecular Technologies, 

Kumamoto, Japan), 2 × 103 MFCs were cultured in the 96-well plates 
followed by the immersion of hydrogels in media for 1, 3, 5, and 7 days. 
After washing with PBS, the MFCs were treated with Dulbecco’s modi-
fied Eagle’s medium (DMEM, 90 μL) and CCK-8 (10 μL) reagent for 2 h. 
The optical density at 450 nm was analyzed using an Epoch™ Multi- 
Volume Spectrometer system (BioTek, USA). 

2.3.3. Gene expression analysis through RT-PCR 
After culturing the samples for 14days, the total RNA of cells was 

isolated using TRIzol reagent (Tiangen Biotech, China) based on the 
manufacturer’s protocol. The RNA concentration was measured using a 
NanoDrop system (Thermo Scientifific, USA). Reverse transcription was 
performed with a cDNA synthesis kit (Thermo Scientifific, USA) 
following the manufacturer’s instructions. Gene expression was 
analyzed quantitatively with a SYBR-green using 7500 Real-Time PCR 
system (Applied Biosystems, Life Technologies, USA). The primers and 
probes for collagen type II (COL2A1), collagen type I (COL1A2), SOX9, 
and GAPDH were designed based on published gene sequences (NCBI 
and PubMed). GAPDH was choosen as an endogenous control for our 
study. The expression levels for each gene were normalized with GAPDH 
and analyzed using the 2-△△CT method. Each group had three samples. 

2.3.4. Cell skeleton and immunofluorescence 
The samples were cultured for the specific time, and then fixation, 

permeabilization and blocking were performed followed by incubation 
with primary antibodies (1:500) (Novus, USA) and rhodamine- 
phalloidin (1:200) (Cytoskeleton, USA) for overnight at 37 ◦C, and 
with secondary antibodies (1:200) (ZSGB-BIO, China) for 1 h at room 
temperature. Nuclei were counter stained with DAPI for 15 min and 
imaged using a confocal microscope. 

2.4. Rheological characterization of meniscus-derived bioink 

The rheological properties of the bioink were tested by an MCR 301 
Advanced Rotational Rheometer (Anton Paar, Austria) using plates with 
a parallel geometry and a sandblasted (PP25). To prevent the bioink 
from drying out, the exterior was sealed with paraffin oil. The gelation 
kinetics of the bioink were measured in the range of 15 ◦C–37 ◦C, and the 
viscoelasticity is expressed by the loss modulus (G′′) and the storage 
modulus (G’). The temperature increased by 1 ◦C per minute, the strain 
was 2%, and the frequency was 1 Hz. The temperature-sensitive hys-
teresis of the bioink was measured at different temperatures. The tem-
perature was rapidly reduced from 37 ◦C to a predetermined 
temperature and maintained for 30 min, and the change in viscoelas-
ticity was tested. The viscosity of the bioink was measured at a shear rate 
ranging from 100 to 103, and a dynamic frequency sweep was performed 
at an angular frequency ranging from 100 to 102. Based on the rheo-
logical properties of the bioink, the printability of the bioink was 
measured according to the spreading ratio. The inner diameter of the 
nozzle was 200 μm. Four positions were randomly selected to measure 
the wire diameter (spreading ratio = wire diameter/nozzle inner 
diameter). 

2.5. Printing of the primary model and biomimetic meniscal model 

The printing of the primary model included three procedures: (a) 3D 
printing of the hydrogel with MFCs (“GelMA/MECM” hydrogel, abbre-
viated as “hydrogel” in subsequent experiments) by the low-temperature 
nozzle; (b) 3D printing of the PCL scaffold by the high-temperature 
nozzle; and (c) 3D printing of the primary square models (PCL+
hydrogel+ MFCs) by the dual nozzles. The above printing process was 
completed using a 3D bioprinter (SunP Biotech, Beijing, China), and the 
printing parameters are shown in Table 1. The printing of the meniscal 
model consisted of the following steps: (a) the sheep meniscus was 

scanned by micro-CT (GE Healthcare, USA) to obtain DCM files. (b) the 
DCM files were input into Mimics software (version 21.0, Materialise, 
Belgium) for 3D modeling to generate STL files; (c) the modeling files (. 
stl) were input into the printer equipped with the software (Biomaker) 
for planning the printing path in G-code files (Supplementary Fig. 1); (d) 
the printing parameters were set (Table 1); and (e) printing began. Two 
nozzles and a triple temperature control system were used for printing. 
On the printing platform at 20 ◦C, one nozzle was used to fuse-deposit 
PCL at 85 ◦C, and the other nozzle was used to extrude MFC-laden 
bioink at 20 ◦C. Additionally, before printing, PCL was supposed to 
melted adequately in advance to make the printing process smooth. 
Each layer was printed with 5 s of blue light crosslinking and 5 s of final 
crosslinking of the whole meniscal scaffold. 

2.6. SEM 

The samples were frozen at − 80 ◦C for 12 h and lyophilized for 48 h. 
The samples were sprayed with a palladium-platinum alloy twice at 40 
mA for 40 s each time before the samples were loaded. A S-4800 scan-
ning electron microscope (Hitachi, Tokyo, Japan) was used to observe 
the details of the scaffold. 

2.7. Cell viability 

A Live Death@ Viability/Cytotoxicity Kit (BioVision, San Francisco, 
America) was used to assess the viability of cells in the constructs. Ac-
cording to the printing technique, two experimental groups were 
formed: the single-nozzle group (hydrogel+ MFCs) and the double- 
nozzle group (PCL+ hydrogel+ MFCs) to assess the impact of these 
two printing techniques on cell viability. The printed constructs were 
cultured for 1 day and 14 days, which was followed by live-dead staining 
performed according to the reagent instructions. Because the constructs 
were relatively thick, the staining and cleaning times were appropriately 
extended. Then, we used a TCS-SP8 laser confocal microscope (Leica, 
Wetzlar, Germany) to image at 488 and 552 nm, and three randomly 
selected visual fields were used to quantify the cell viability with Image J 
(version 1.5.0, NIH). 

2.8. Biomechanical analysis 

A biomechanical analysis was performed to evaluate the effects of 
the dual-nozzle printing techniques on the scaffold by an EZ-LX single- 

Table 1 
Parameters for printing the biomimetic meniscal scaffold.  

Project Parameter 

3D Bioprinter  
Model Biomaker 
Design software Biomaker 
Printing system Dual-nozzle + Multitemperature printing system 
Power drive Stepping motor 
Printing nozzle  
Type  
Nozzle 1 (PCL) High-precision dispensing nozzle (400 μm in inner 

diameter) 
Nozzle 2 (hydrogel) TT nozzle (500 μm in inner diameter) 
Moving speed  
Nozzle 1 5 mm/s 
Nozzle 2 5 mm/s 
Temperature  
Nozzle 1 85 ◦C 
Nozzle 2 20 ◦C 
Printing approach  
Filling Cross mesh 
Curing Blue light crosslinking (405 nm) 
Strand spacing (center to 

center) 
1.5 mm 

Printing platform 
temperature 

20 ◦C  
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stranded electronic universal testing machine (Shimadzu, Japan). The 
samples were divided into the PCL + hydrogel group and the PCL group. 
The strain was set to 10% to simulate the physiological load in humans 
[20]. At room temperature, a cylindrical model (D = 5 mm, H = 2.5 mm) 
was used to perform a compression test at a compression rate of 1 
mm/min. The sample was also allowed to rebound at a recovery rate of 
1 mm/min. With reference to the radial strain (5%) of the physiological 
meniscus [21], the tensile model (L = 6 mm, W = 6 mm, H = 2.5 mm) 
was stretched at a rate of 3 mm/min at room temperature. All experi-
ments were performed three times. Young’s modulus was calculated 
from the linear portion after the toe region of the stress-strain curve. 

2.9. Subcutaneous degradation 

The degradation of hydrogels in vivo was investigated by measuring 
the fluorescence intensity of Cy7-labeled specimens subcutaneously 
implanted in mice (Kunming) using an IVIS Spectrum in vivo imaging 
system. The fluorescent dye Cy7 and bovine serum albumin (BSA) were 
mixed (referring to the instructions), and then the Cy7-bound BSA was 
mixed into the bioink for 3D printing. The printed model (L = 5 mm, W 
= 5 mm, four layers) was placed under the skin of mice in the GelMA, 
GelMA+MECM and PCL+GelMA+MECM groups, with four mice in each 
group. At the same time, in the PBS control group, while the same model 
was placed in PBS and cultured at 37 ◦C in an incubator out of light. 
Observations were performed once a week, and the test was terminated 
when the fluorescence disappeared in more than half of the specimens. 
The parameters of the IVIS Spectrum in vivo imaging system were as 
follows: excitation wavelength, 675 nm; emission wavelength, 760 nm; 
exposure time, 3 s; and binning factor, 8. ImageJ was used to quantify 
the fluorescence intensity. 

2.10. Degradation in situ 

A partial defect model in the sheep meniscus was designed to test the 
stability of the scaffold and whether the rates of tissue regeneration and 
scaffold degradation match. The experiment was carried out under a 
scheme approved by the Animal Ethics Committee of the PLA General 
Hospital, and the experimental animals were purchased from the 
Experimental Animal Center of the PLA General Hospital. 

2.10.1. Surgical procedure 
Two sheep weighing approximately 35 kg were included in the PCL 

group and the PCL + hydrogel group, with 6 samples in each group. The 
experiment was divided into two time points of 3 months and 6 months. 
The skin, subcutaneous tissue, and joint capsule were incised to expose 
the joint cavity and dislocate the patella. Two apertures were drilled in 
the anterior horn of the medial meniscus (d = 5 mm) with a corneal 
trephine (Supplementary Fig. 2), and one aperture was drilled in the 
anterior horn of the lateral meniscus (d = 5 mm). After the scaffolds 
were implanted and sutured, the joint capsule, subcutaneous tissue, and 
skin were sutured closed layer by layer. The incision was disinfected, 
and the animal was allowed to move freely. At the scheduled times, the 
animals were euthanized, and then material was collected for subse-
quent evaluation. 

2.10.2. Gross evaluation of implants 
The fully exposed femoral condyles and the tibial plateau were 

photographed, and the implants were scored [22]. Three researchers 
who were blinded to the experimental groups evaluated the menisci 
using the Gross Evaluation of Meniscus Implant Score (1–3), which was 
performed according to a previous report [8,23]. 

2.10.3. Nanoindentation and hardness test 
A nanoindenter (G200, Agilent, California, USA) with a Berkovich 

triangular tip was used to test the mechanical properties of the samples. 
Each sample was cold-set with epoxy resin and polished to prevent 

inaccurate data due to an uneven surface. The processed sample was 
fixed on the test bench, and the continuous stiffness mode was selected. 
The depth of indentation was 1 μm, and Poisson’s ratio was 0.4. Each 
sample was tested at five points. The data were processed and analyzed 
with GraphPad Prism (version 8.0, GraphPad Software, Inc.). 

2.10.4. Gel permeation chromatography (GPC) test 
Variations in the molecular weight of PCL were measured by GPC. 

The trial was performed with a Waters 1525 high-performance liquid 
chromatograph, and the detector was a Waters 1424 instrument. The 
sample (5 mg) was fully dissolved in tetrahydrofuran (THF) as the mo-
bile phase that was degassed under reduced pressure using ultrasound. A 
syringe was used to draw 100 μL of the mobile phase and evenly inject it 
into the injector for testing. The flow velocity was set at 1 mL/min, and 
the temperature was 35 ◦C. 

2.11. Tissue formation in vivo 

This experiment was performed under a protocol approved by the 
Animal Ethics Committee of the PLA General Hospital. The samples were 
divided into three groups: the PCL group, the PCL+hydrogel group and 
the PCL+hydrogel+MFCs group, with 8 specimens in each group 
divided into two time points, i.e., 4 and 8 weeks. The scaffold samples (L: 
5 mm, W: 5 mm, H: 2.5 mm) was subcutaneously implanted into female 
nude mice (18–20 g), and the mice were sacrificed at the predetermined 
time points. Frozen sections (thickness: 10 μm) of the implants were 
stained with picrosirius red (PR) and toluidine blue (TB) and subjected 
to type I collagen immunohistochemistry to assess meniscal tissue 
formation. 

2.12. Statistical analysis 

All data are expressed as‾x ± s and were analyzed with SPSS sta-
tistical software (version 22.0, IBM, USA). A comparison of the data 
among three groups was performed using one-way analysis of variance. 
A comparison of the data between two groups was performed via a t-test. 
P < 0.05 was considered statistically significant. 

3. Results 

3.1. Characterization of printable MECM 

Printing of the biomimetic meniscal scaffold was a complicated 
process (Fig. 1). It is essential to prepare a meniscus-derived bioink with 
printability. According to our study, for the bioink, more than 95% of 
the particles less than 200 μm in diameter could be printed through the 
nozzle smoothly. The results of the particle size analysis showed that the 
particle size of the raw MECM was very large, with 76.88% of particles 
larger than 200 μm, and more than 20% larger than 1000 μm (Fig. 2b 
and c); as such, these particles did not meet the printing requirements. 
Consequently, we applied ultrasound to improve the printability. With 
other parameters remaining the same, the effect of the ultrasonication 
time on the particle size was investigated first. The results show that the 
particle size gradually decreased with increasing ultrasonication time. 
After 30 s and 60 s of ultrasonication, 45.97% and 37.32% of the par-
ticles exceeded 200 μm in size, respectively. After 90 s of ultra-
sonication, 95.50% of the particles were less than 200 μm in size, and 
after 180 s of ultrasonication, all particles were less than 100 μm in size 
(Fig 2a, c), which is beneficial for printing a higher-resolution scaffold. 
To avoid excessive damage to the original ingredients and to ensure 
printability, 90 s of ultrasonication was selected for subsequent 
research. In addition, a particle size analysis was performed in combi-
nation with the approach of pepsic digestion in hydrochloric acid [16], 
which is a common treatment method to achieve ECM printability. The 
results showed that 97.39% of particles were less than 200 μm in size 
(Fig 2b and c), which also met the printing requirements. 
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Moreover, the effects of three treatments on the composition of 
MECM were compared. Firstly, ultrasonication and digestion by pepsin 
both obtained a uniform suspension compared with the raw MECM 
(Fig. 2d). Additionally, the SEM results showed that there was a network 
of large molecular chains in raw MECM that became smaller after 
ultrasonication, and these molecular chains became even smaller and 
blocky after digestion by pepsin (Fig. 2e). The results of type I collagen 
immunofluorescence showed that the difference between raw MECM 
and ultrasonicated MECM was not obvious, while the fluorescence in-
tensity of MECM treated with pepsin was significantly decreased 
(Fig. 2f). The quantitative results by the kit also supported the above 
analysis. The ratio of collagen in ultrasonicated MECM/raw MECM was 
0.946 ± 0.014 mg/mg (mean ± SD), and that in MECM subjected to 
pepsic digestion compared to raw MECM was 0.658 ± 0.044 mg/mg 
(mean ± SD) (Fig. 2g), which is similar to previous results [16]. 

3.2. Cytocompatibilty of meniscus-derived bioink 

By mixing the different materials at specific concentrations, we 
completed preparation of the meniscus-derived bioink. Since this study 
is the first to ultrasonically treat MECM, this experiment verifies the 
effect of ultrasonic MECM by comparing GelMA and GelMA/MECM. Cell 
toxicity and proliferation were analyzed by a Cell Counting Kit 8 (CCK- 
8) assay. After 5 days of culturing, more MFCs were observed in the 
GelMA and GelMA/MECM groups than in the control (Fig. 3a), while at 
the other time points, there is no significant difference, indicating they 
do not have cell toxicity and apparently enhance proliferation. In 
addition, chondrogenic genes of MFCs encapsulated in GelMA and 
GelMA/MECM hydrogels were analyzed. The results showed that the 
addition of MECM made a positive impact on the expression of COL I and 
COL II genes，while there is no merit on the chondrogenesis 

transcription marker like SOX9 (Fig. 3b). The above results were further 
confirmed in immunofluorescence staining. As shown in the images, 
COL I (Green) produced by MFCs in GelMA/MECM was significantly 
more than in GelMA at 3days and 14 days. However, compared with 
COL I at 3days, an apparent increase was not observed at 14 days, which 
was probably caused by its exudation from hydrogels. Moreover, with 
the prolonging of culturing time, cell (DAPI, blue) proliferation was 
significant in GelMA and GelMA/MECM, although the difference be-
tween two groups was not obvious. We also evaluated cell adhesion and 
migration in hydrogels by F-actin (Red). Initially, all cells were spherical 
and distributed evenly in hydrogels（Supplementary Fig. 3）. At 3days, 
a few MFCs displayed a spindle morphology in GelMA, while a greater 
number of MFCs spread sufficiently in GelMA/MECM at 14days, almost 
all MFCs in GelMA showed a dendritic morphology, indicating a sub-
stantial increase of actin. On the contrast, besides these, the cells in 
GelMA/MECM were also observed to be elongated and created mesh- 
like junctions (for additional details referring to Supplementary 
Fig. 4), which showed the addition of MECM was meaningful for the 
adhesion and migration of MFCs and the repair of cartilage maybe 
benefit from it [24]. 

3.3. Rheological characterization and printability of meniscus-derived 
bioink 

Comprehensively understanding the rheological characteristics of 
the bioink is helpful for estimating the shear force to that cells are 
subjected to during the 3D printing process. As shown in Fig. 4, with 
increasing oscillation frequency, the instability of GelMA became more 
obvious compared with that of GelMA/MECM (Fig. 4a), while there was 
little disparity on the shear thinning for the two bioinks (Fig. 4b). The 
bioink’s viscosity both gradually declined with the rise of shear rate. In 

Fig. 1. Process of printing the biomimetic meniscal scaffold. The bioink was prepared by mixing ultrasonicated MECM, GelMA and MFCs at specific concentrations. 
Meanwhile, the sheep meniscus was scanned by CT, modeled in Mimics, and used to plan the printing path. The prepared bioink and PCL were printed under the 
designed printing parameters according to the established printing path, and finally, printing of the biomimetic meniscal scaffold was completed. 
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addition, the experiment analyzed the effect of temperature on the ki-
netics of gelation. The two bioinks showed high sensitivity to tempera-
ture; that is, as the temperature decreased, the viscoelasticity decreased 
(Fig. 4c). When the temperature reached the gelation temperature, the 
elastic modulus increased rapidly, indicating that the bioink began to 
transform from a fluid to a colloid, which is a prerequisite for printing a 

hydrogel with good shape fidelity. More visualized displays were in 
gross observation. With the change of temperature, GelMA/MECM 
turned to be colloid (Fig. 4e) from fluid (Fig. 4f). GelMA showed the 
same characteristic (Fig 4i and j). The gelation temperature of GelMA/ 
MECM was 24 ◦C, and that of GelMA was 19 ◦C. The addition of MECM 
raised the gelation point of GelMA. The temperature sensitivity of the 

Fig. 2. Characterization of printable MECM. (a) Effect of ultrasonication time on the particle size of MECM. (b) Effect of treatment method on the particle size of 
MECM. (c) Quantitative distribution of the particle size. (d) Gross observation. (e) SEM images (scale bar: 1 μm). (f) Type I collagen immunofluorescence images 
(scale bar: 500 mm). (g) Quantitative analysis of the collagen concentration (**P < 0.01, ***P < 0.001). 
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two bioinks showed a certain time delay (Fig. 4d). When the tempera-
ture dropped rapidly from 37 ◦C to the gelation temperature, the 
viscoelasticity of GelMA/MECM started to increase rapidly and reached 
a preliminary stability at 3 min. After that, the storage modulus 
increased slowly, while the loss modulus showed a steady trend, and 
both were essentially stable at 30 min. Compared with GelMA/MECM, 
GelMA showed a more obvious delay in viscoelasticity with the variation 
in temperature, and its viscoelasticity increased relatively slowly. The 
loss modulus was almost stable at 10 min, whereas the storage modulus 
was not stable until 30 min. In addition, we compared the viscoelasticity 
of GelMA/MECM hydrogels at different temperatures and found that 
lower temperatures led to significant increases in the storage modulus of 
the bioink from 408.0 Pa to 1943.3 Pa but little change in the loss 
modulus from 17.5 Pa to 13.4 Pa. These findings indicated that fluctu-
ations of the printing temperature may have a certain effect on the shear 
force experienced by cells. In general, the addition of MECM improves 
the temperature-sensitive delay exhibited by GelMA, thereby increasing 
the stability of the printing process. 

Bioinks with good printability are useful for creating high-precision 
and stable constructs. General observations did not identify obvious 
differences between the fidelity of the bioinks (Fig. 4g, k). Microscopic 
observations (Fig. 4h, l) and quantitative analysis (Fig. 4m) showed that 
the spreading ratio of GelMA/MECM was 2.49 ± 0.12 and that of GelMA 
was 2.62 ± 0.52. There was little difference between the two groups, but 
the strand of GelMA + MECM was more uniform and stable. 

3.4. Development of the biomimetic meniscal scaffold system 

The keys to printing the biomimetic meniscal scaffolds were the 
coordination of the two printing materials and the feasibility of the 
complex meniscal model. Consequently, the development of the system 
was divided into two parts: printing of the primary model to explore the 
printing conditions of each material and coordinate them, and printing 
of the biomimetic meniscal model to solve the unknown problems in the 
complicated process. Firstly, we explored the conditions for printing the 
primary model, including hydrogel (GelMA/MECM) (Fig. 5a, left) and 
PCL (Fig. 5b, middle) with a single nozzle, respectively, and a simple 
square model (PCL + hydrogel) with dual-nozzle (Fig. 5a, right). As 
shown in the figures, every construct was printed with high precision 
(Fig 5b–d). The meniscal model was then studied. Printing of the 

biomimetic meniscal scaffold was a complicated process (Fig. 5e) that 
required the adequate knowledge of all details of the printing process. 
However, this complexity and the comprehensive study of the primary 
model together contributed to the high success rates and precision of the 
biomimetic construct according to the model designed (Fig. 5f). Finally, 
we achieved the printing of the biomimetic meniscal scaffold (Fig. 5e, 
Supplementary video 1). The actual diameter of the hydrogel strands 
was 992.4 ± 28.6 μm and that of the PCL strands was 515.2 ± 23.65 μm 
(Fig. 5g), which primarily verified the feasibility of the biomimetic 
meniscal printing system. 

3.5. Cell viability 

Shear force is the main factor that causes cell damage during print-
ing. In the dual-nozzle printing model, the high-temperature PCL, long 
printing time and relatively insufficient exchange of substance may also 
affect cell viability. Thus, the cell viability in structures printed via a 
single nozzle and dual nozzles was tested. We observed that the cell 
viability was 90.92 ± 2.10% after single-nozzle printing and 90.03 ±
2.69% after dual-nozzle printing (Fig 6a, d), indicating the good per-
formance of the parameters of the dual-nozzle model. In the meanwhile, 
the panoramic scanning (4×4) displayed the bulk of the constructs 
printed by single nozzle (Fig. 6b) and dual nozzles (Fig. 6c), and similar 
cell viability was observed. In addition, we cultured the two constructs 
for 14 days. The cell viability of the constructs produced by single nozzle 
and dual-nozzle printing was 96.87 ± 0.22% and 99.14 ± 0.14%, 
respectively. Compared with that at 1 day, there was a slight increase in 
viability (Fig 6a, d), demonstrating that the scaffold had good cyto-
compatibility and provided the effective space for the exchange of nu-
trients and oxygen. 

3.6. Biomechanical analyses 

In dual-nozzle printing, unreasonable parameters and the model 
design lead to unstable and unrepeatable constructs. Therefore, in 
addition to investigating the biomimetic mechanical properties for 
human menisci, we also sought to demonstrate the stability and 
repeatability of the scaffold by mechanical tests. In the compression test, 
samples in the PCL + hydrogel group and the PCL group exceeded the 
elastic deformation range at 9.36% and 9.26%, respectively, and these 

Fig. 3. Cytocompatibility of the meniscus-derived bioink. (a) CCK-8 assays results of MFCs cocultured with different hydrogels for 1–7 days. (b) Comparative gene 
expression analysis for chondrogenic SOX9, COL1A2 and COL2A1 in GelMA and GelMA/MECM at 14days. (c) Immunofluorescence images showing the chondrogenic 
phenotype of MFCs in GelMA and GelMA/MECM constructs by COL type I staining (Green), cell nuclei (DAPI, blue) and F-actin (Rhodamine-phalloidin, red) (scale 
bar: 500 μm). (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.) 
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values were similar to the physiological compression strain in humans 
(10%). Additionally, the samples showed good rebound (Fig. 7a). The 
compressive modulus in the PCL + hydrogel group was 12.63 ± 2.10 
MPa, which was lower than that in the PCL group, at 22.48 ± 1.04 MPa 
(Fig. 7b). These results were probably caused by the interaction of the 
two materials. Concerning the tensile test, the PCL + hydrogel samples 
remained within the elastic strain scope, while the PCL samples excee-
ded the range at 2.67% (Fig. 7c), which was considerably different from 
the estimated physiological strain (5%). The tensile modulus in the PCL 
+ hydrogel group was 24.86 ± 0.43 MPa, which was less than that in the 
PCL group, at 30.59 ± 1.93 MPa (Fig. 7d). Moreover, the small within- 
group difference verified the stability of dual-nozzle model. 

3.7. Subcutaneous degradation 

The biodegradation of hydrogels in the scaffolds was analyzed by 
subcutaneous implantation (Fig. 8c). During the experimental process, 
one mouse in the PCL group died after 3 days for unknown reasons. We 
observed that the fluorescence intensity of the PCL + hydrogel did not 
change significantly in PBS (Fig. 8a, Supplementary Fig. 5), indicating 

that fluorescence quenching will not occur in the dark over time and that 
the fluorescence will not decrease without biodegradation. These results 
are similar to that of other researches [25], whereas there were different 
degrees of biodegradation in the hydrogel group (Fig 8a and b). On 
imaging, we selected the region of interest (ROI) to quantitatively 
calculate the fluorescence intensity. At 14days, the remaining fluores-
cence intensity in the hydrogel group and the PCL + hydrogel group 
were 24.42 ± 0.79% and 67.95 ± 14.74%, respectively. The biodegra-
dation rate in the PCL + hydrogel group was significantly slower than 
that in the hydrogel group (P < 0.05). It might be reasonable to assume 
that the PCL framework had a protective effect on the internal hydrogel 
and slowed biodegradation. At 21 days, the remaining fluorescence in-
tensity was 7.51 ± 13.00% in the hydrogel group, and at 28 days, it was 
19.33 ± 17.43% in the PCL + hydrogel group, showing that the full 
degradation time was slightly prolonged. Dissection was carried out 
after finishing the test (Fig. 8d).Residual hydrogel or obvious signs of 
inflammation, including redness, swelling and bleeding, were not 
observed [26]. 

Fig. 4. Rheological characteristics and printability of the bioinks. (a–d) Rheological characteristics of the bioink: (a) Loss modulus (G′′) and storage modulus (G′) at 
different angular frequencies. (b) Variation in viscosity with varying shear rate at the gelation temperature. (c) Gelation kinetics from 15 ◦C to 37 ◦C. (d) Variations in 
loss modulus (G′′) and storage modulus (G′) from 37 ◦C (T0) to a fixed temperature (T1, referring to legends). The above experiments were repeated in triplicate. 
GelMA/MECM’s transition of state from sol at 37 ◦C (e) to gel at 20 ◦C (f). (g) Printability of GelMA/MECM (scale bar: 1 cm). (h) GelMA/MECM hydrogel under a 
light microscope (scale bar: 1 mm). GelMA’s transition of state from sol at 37 ◦C (i) to gel at 15 ◦C (j). (k) Printability of GelMA (scale bar: 1 cm). (l) GelMA hydrogel 
under a light microscope (scale bar: 1 mm). (m) Spreading ratio of the bioinks (ns: P > 0.05). 

Z. Jian et al.                                                                                                                                                                                                                                     



Bioactive Materials 6 (2021) 1711–1726

1719

3.8. Degradation in situ 

The biodegradation of PCL in the scaffolds was analyzed by im-
plantation in situ. The general effectiveness was divided into three terms 
as depicted in Table 2. Due to unexplained meniscal tears in the PCL 
group at 6 months, two implants were lost. With regard to the integrity 
of implants, at 3 months, limited differences were observed between the 
two groups and slight damage had occurred. At 6 months, there was no 
visible scaffold, but the sutures of some implants were observed in the 

reborn tissue (for additional details, referring to dissecting specimens in 
Supplementary Fig. 6). In terms of the regenerative tissue, at 3 months, 
implants of the two groups were mostly able to integrate into the new 
tissue. At 6 months, it was clearly seen that the reborn tissue filled the 
defect in the PCL + hydrogel group, while the PCL group just had the last 
one implant that repaired the defect (Fig. 9a). 

Additionally, histological and mechanical analyses of the PCL +
hydrogel constructs were performed. Histological staining indicated that 
collagen type I and glycosaminoglycans (GAGs) initially formed at 3 

Fig. 5. Development of the biomimetic meniscal scaffold system. The primary model(a-d): the gross observations (a) (scale bar:1 cm), the microscopic images (b) 
(scale bar: 1 cm) and SEM images (c, d) (scale bar: 500 μm) of the hydrogel scaffold (“GelMA/MECM” hydrogel, abbreviated as “hydrogel” in subsequent experi-
ments), PCL scaffold and simple square scaffold from left to right. (e) Process of printing the biomimetic meniscal scaffold. (f) Specific details of the meniscal model. 
(g) Actual diameter of the strands of the meniscal scaffold. 

Fig. 6. Cell viability after printing with a single nozzle (hydrogel+MFCs) and dual nozzles (PCL+hydrogel+MFCs). (a) Confocal images of two constructs after live- 
dead staining at two time points (scale bar: 500 μm). The panoramic scanning (4×4) of the constructs printed by a single nozzle (b, black part was hole) and 
dualnozzles (c, black part was PCL) at 1 day (scale bar: 1 mm). (d) Quantitative results for cell viability (*P < 0.05, ns: P > 0.05). 
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months, and well-ordered collagen type I was discovered at 6 months 
(Fig. 9e). By contrast, the compressive modulus was still an order of 
magnitude lower than that of the native meniscus (Supplementary 
Fig. 7), which suggested that the neotissue had poor function and still 
required further reconstruction. The biodegradation of the PCL frame-
work was reflected by the molecular weight measurements and the 
nanoindentation experiment in the PCL + hydrogel group. The results 
showed that the molecular weight of PCL did not vary substantially at 3 
months but was significantly reduced at 6 months (Fig. 9b). The elastic 
modulus and hardness also presented the similar trend (Fig. 9c and d). 

3.9. Tissue formation in vivo 

The formation of collagen was assessed by PR staining and collagen 
type I immunohistochemistry, and the production of GAGs was judged 
by TB staining. In PR staining, strong, birefringent, red and yellow fibers 
represent collagen I, weak, birefringent, multicolor, loosely networked 
fibers represent collagen II, and weak, birefringent, green fibers repre-
sent collagen III. Generally, there is no obvious degradation of the PCL 
frame in each group, and the gap among newborn tissue represented its 
location. Because it was difficult for the implants to perform intact 
frozen sections, the boundary of the PCL frame and newborn tissue was 
not clear. In Fig. 10, it was clearly shown that there was little effect on 
enhancing the formation of cartilage tissue in the PCL group at two time 

points. By contrast, some collagen and GAGs could be observed in the 
other groups at 4 weeks. Furthermore, neotissue gradually displayed an 
ordered arrangement in the PCL + hydrogel group at 8 weeks, especially 
based on the collagen type I immunohistochemistry, while more 
newborn tissue was observed in the PCL + hydrogel +MFCs group, 
indicating that the cells played a role for tissue regeneration. 

4. Discussion 

With the development of multi-nozzle printing technology [27–29], 
many researchers have attempted to apply it to different medical fields 
[30,31].In this study, a customized printing system and 
meniscus-derived bioink were designed according to the characteristics 
of the meniscus to pursue improved performance and provide a feasible 
solution for the treatment of meniscal injury by tissue engineering. 

Well-designed biomimetic constructs can provide a suitable micro-
environment for the regeneration of meniscal tissue. Thus, in this study, 
we attempted to develop meniscus-derived bioinks with both print-
ability and satisfying cytocompatibility. Bioinks currently applied for 3D 
bioprinting are mainly composed of natural polymers, including sodium 
alginate, gelatin, collagen, chitosan, fibrin, hyaluronic acid, and ECM 
[32–38]. Among them, ECM, which retains most of the native compo-
nents and lacks cellular immunogenicity, is an ideal biological material 
that can promote cellular proliferation and differentiation [39,40]. 

Fig. 7. Mechanical properties of the scaffolds printed by single nozzle and dual-nozzle. (a) Compressive stress-strain curve. (b) Compressive Young’s modulus (**P <
0.01). (c) Tensile stress-strain curve. (d) Tensile Young’s modulus (**P < 0.01). 
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However, due to the complex components of ECM, it is insoluble in 
water and organic solvents; hence, ECM is difficult to extrude from a 
printing nozzle. To achieve the printability of ECM, Donald O. Freytes 
et al. [16] firstly used pepsin and hydrochloric acid to dissolve it and 
then adjusted the temperature to form a hydrogel for more than 30min, 
but its relatively long gelation time is not suitable this model. In addi-
tion, Lin [41] found that, compared with collagen I, pepsin-digested 
ECM did not show the obvious advantages of improving the behav-
iours of cells. Therefore, for the first time, this research developed a 
comparatively simple method based on ultrasound [42] was used to 
treat MECM to yield a small particle size with a uniform distribution 
within the printable range. However, this study only uses collagen I to 
reflect the effect on the overall composition of MECM, thus further 
research is needed to determine changes in more active constituents. 
Since MECM alone shows a poor gelation performance and unsatisfac-
tory shape fidelity. GelMA, a derivative of gelatin, was introduced in this 
experiment. Reversible temperature-sensitive gelation coupled with 
simple and fast photocrosslinking resulted in a broad range of applica-
tions for GelMA. Moreover, its great biocompatibility makes it an 
excellent option [43,44]. Therefore, in this study, the meniscus-derived 
bioink that presented both printability and cytocompatibility was 
formulated by mixing MECM with GelMA at specific concentrations. 

Many factors influence the behaviours of cells in the three- 
dimensional culture of hydrogels, including the composition, concen-
tration, viscoelasticity [45], mechanical properties [46], etc. These 

properties often influence each other and it is hard to control a single 
variable. In the study, the ECM digested with pepsin and the 
meniscus-derived bioink (GelMA/MECM) were quite different in terms 
of viscoelasticity and mechanics, so we did not compare the two bioinks. 
By comparing GelMA and GelMA/MECM, the function of ultrasonic 
MECM was initially explored. However, due to the complex components 
of MECM, it is difficult to prove which components played a role. This 
study only preliminarily proved that MECM played a certain role in 
promoting collagen secretion and cell extension, and the functions of 
specific components and whether other positive effects occur require 
further research. 

Analyzing the characteristics of bioink is essential for optimizing the 
printing parameters. Some researchers have investigated the rheological 
performance of GelMA [47] and revealed certain stability and 
shear-thinning properties. The results of subsequent research fully 
characterizing the rheological features of GelMA/MECM showed that 
the bioinks have analogous features. In addition, this study reveals that 
GelMA/MECM bioink is sensitive to temperature and has an obvious 
delay, with more than 30 min required to reach stability. Because of the 
mutual thermal interference between parts during printing, there may 
be some fluctuations in the viscoelasticity of GelMA/MECM that can 
influence the smoothness of printing and the viability of cells. Accord-
ingly, in this study, a motor drive was selected over a pneumatic drive; 
thus, even if GelMA/MECM exhibits certain changes in viscoelasticity 
due to temperature fluctuations, the smoothness of the printing process 

Fig. 8. Quantitative fluorescence analysis of subcutaneous hydrogel degradation. (a) Variation in the fluorescence intensity of all specimens. The specimens in green 
circle cultured in PBS as control group. (b) Quantitative fluorescence analysis of three subcutaneous specimens from each group. (c) The process of surgical operation. 
(d) Dissection of the samples’ position after the fluorescence disappearance. (For interpretation of the references to color in this figure legend, the reader is referred to 
the Web version of this article.) 

Table 2 
The status of implants and regenerative tissue. Each parameter was scored from 1 to 3.   

Features 
PCL+hydrogel PCL 

3 months 6 months 3 months 6 months 

S1 S2 S3 Mean S4 S5 S6 Mean S7 S8 S9 Mean S10 S11 S14 Mean 

Implant position 3 3 3 3.0 3 3 3 3 3 3 3 3 1 1 3 1.7 
Integration 3 2 2 2.3 1 1 1 1 3 2 1 2 1 1 1 1 
Tissue 2 2 2 2 3 3 3 3 2 2 1 1.7 3 1 1 1.7  
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will not be apparently disturbed. In addition, the printing temperature 
was set to 20 ◦C to prevent the material from transitioning from gel to sol 
under the high temperature of the PCL nozzle. 

Multi-nozzle printing technology significantly expands the range of 
materials that can be selected, which is conducive to the construction of 
complex 3D models. However, the coordination of different nozzles and 
different materials still involves many details. Therefore, it is necessary 
to explore the printing conditions for each material. In terms of the 
printing of cell-laden hydrogels [48,49], there are a few differences 
based on the type of bioinks and cells. In this research, to ensure high 
fidelity and high cell viability (greater than 90%), various parameters, 
including the GelMA/MECM concentration ratio, the inner diameter of 

the nozzles, the printing temperature, and the printing speed, were 
repeatedly adjusted. The printing of PCL is relatively simple, and the 
only key point is adjusting the printing temperature and speed. The 
challenge in this study was coordinating the two nozzles and materials 
well to simultaneously guarantee the structural stability, cell viability 
and desired mechanical properties. When we explored the conditions for 
dual-nozzle printing of the preliminary square model, the first problem 
we encountered was the instability of the printed construct, which was 
prone to delamination under external forces. Thus, the printing model 
was modified to print of PCL strands three times with the aim of ensuring 
that the height of the PCL strands exceeded that of the hydrogel strands 
in each layer, thus allowing the PCL strands in the different layers to 

Fig. 9. Analysis of the biodegradation of scaffolds in situ. (a) Gross view of the implant and femoral condyles (scale bar: 1 cm)，with the implants location shown in 
red circles. (b) Variation in the molecular weight of PCL. (c) Variation in the elastic modulus of PCL (****P < 0.0001). (d) Variation in the hardness of PCL (***P <
0.001). (e) Histological evaluation by collagen type I immunohistochemistry and picrosirius red (PR) and toluidine blue (TB) staining (scale bar: 500 μm). (For 
interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.) 

Fig. 10. Preliminary evaluation of the regenerative effect of scaffolds in a nude mouse model (scale bar: 500 μm).  

Z. Jian et al.                                                                                                                                                                                                                                     



Bioactive Materials 6 (2021) 1711–1726

1723

firmly bond. This approach had a few merits, including ensuring the 
stability and fluency of the printing process, preventing delamination of 
the construct and damage to cells, and generating some pores for cells to 
supply oxygen and nutrients. Because the stability of the entire structure 
purely depends on the bonding of intersecting PCL strands, the diameter 
of the PCL strands must not be excessively thin because this parameter 
directly influences the bonding area at the intersection. Moreover, the 
hydrogel strands cannot be excessively narrow either; otherwise, the 
hydrogel, on account of the hydrophobic character of PCL, cannot firmly 
combine with the PCL strands and may even float out of the framework 
after immersion in medium. More importantly, thin strands would easily 
dry out during the long printing process. In addition, the printing tem-
perature is key to maintaining printing stability. Since the viscosity of 
PCL decreases with increasing temperature, higher printing tempera-
tures may allow the PCL strands to deposit on the hydrogel strands more 
easily under gravity, which would affect both cell viability and the shape 
of the construct. However, lower printing temperatures are not condu-
cive to the bonding of two PCL layers. After repeated trials, 85 ◦C was 
eventually determined to be the optimal PCL printing temperature, and 
the hydrogel printing temperature of 20 ◦C was determined based on the 
gelation kinetics. The printing platform temperature of 20 ◦C is also a 
decidedly prominent condition, contributing to preventing the Gel-
MA/MECM gel from transforming into a solution due to the relatively 
higher room temperature before crosslinking. Otherwise, pore forma-
tion may be disrupted. In fact, a full understanding of the materials and 
printing principles is required to resolve key issues in the whole process, 
and such an understanding will allow for the smooth creation of many 
customized models in different areas. 

Cell viability and mechanical properties were the preliminary 
criteria used to verify the success of the model in this study. Many fac-
tors, including the bioink components [50,51] and the printing model 
and parameters [52], influence cell viability in printing process. As there 
have been few related studies on printing MFCs and GelMA/MECM 
hydrogels, we refer to some studies of dual-nozzle printing with live 
cells. Joydip Kundul [53] printed PCL and chondrocytes encapsulated in 
a sodium alginate hydrogel and found that the cell viability reached 
85%. S. Romanazzo [54] wrapped fat pad-derived stem cells in an 
alginate-ECM hydrogel and then printed them with PCL, and the cell 
viability was maintained at 80%–90%. In this study, cell viability tests 
were performed using both single nozzle and dual-nozzle printing fol-
lowed by culturing for 1 day and 14 days in vitro. The cell viability 
exceeded 90%. Moreover, the hydrogel was cultured for up to 6 weeks 
(Supplementary Fig. 8), and the cell viability remained above 90%. 
These data prove the feasibility of the printing model and good cyto-
compatibility of the materials used in this research. Except for these, cell 
proliferation in the single-nozzle model was significantly better that in 
dual-nozzle model, which may be caused by relative reduced superficial 
area for the exchange of substance, despite we have designed the pores 
in the dual-nozzle model. In fact, pores are essential for the similar 
model, which even decrease the cell viability as previously reported 
[55].Therefore, how to better solve the issue still require a more inge-
nious design. 

Currently, multi-nozzle printing model has been applied in many 
medical fields, but some researchers has not performed mechanical tests 
[29,31,53], while others have only carried out partial tests [13,56]. 
Hence, we have tested some valuable mechanical properties related to 
the meniscus and summarized them. Generally, there are three vital 
problems in the dual-nozzle printing model. First, the stability of the 
construct, i.e. the delamination as mentioned above, principally impacts 
on the mechanical test and the suture of experiments in vivo. Obviously, 
the most simple and effective way of resolving this issue is declining the 
quantity of the bioink, which probably influence the repair effect in 
animal tests, thus we designed a new model in this study. Second, the 
uniformity of the scaffolds printed by different batches is hard to guar-
antee, particularly for the temperature-sensitive materials. The most 
important cause is the deficiencies of printer, such as unstable 

temperature control, and a lack of knowledge on the materials, such as 
an inadequate melt of PCL and fluctuant modulus of the bioink. Thirdly, 
there is a gap of mechanical properties is observed between the scaffold 
and native tissue, which is definitely restrained by the materials and 
models. As a whole, this study has resolved the issue of stability and 
uniformity, and in terms of mechanical properties, we have tried to in-
crease the PCL strand spacing and decreased the PCL strand diameter to 
achieve better mechanical biomimetics. Eventually, the PCL strand 
diameter was set to 500 μm and spacing was set to 1000 μm. The 
compression modulus of the construct was 12.63 MPa, which is higher 
than that of the human meniscus (0.3–2 MPa) [57,58]. In addition, 
limited by the integral model, the tensile modulus was 24.86 MPa, 
which is close to that of the meniscus in the radial direction (4–20 MPa). 
However, compared with the circumferential tensile modulus (78–120 
MPa) [59], there is still a large disparity. These findings are similar to 
those of other studies [8,9]. 

In regenerative medicine, the ideal goal is to perfectly match the 
degradation rate to the regeneration rate [60]. If the scaffold degrades 
too quickly, then the support for tissue growth will be greatly decreased, 
while excessively slow biodegradation will hinder regeneration and can 
even prompt fibrosis [61,62]. It is certainly crucial for researchers to 
evaluate biodegradation and optimize regeneration. Although there 
have been numerous related studies on PCL degradation, the main as-
sessments were performed in vitro, such as in PBS [63,64], an acid or 
base [65], or an enzyme [66,67]. Some scientists have also tried to study 
biodegradation in the rabbit skull [63]; however, the evaluation of 
orthotopic implants in large animals is not common. In general, the 
present research confirms that the biodegradation rate of PCL is asso-
ciated with the initial molecular weight. The early stage mainly involves 
a decrease in molecular weight, while a decrease in quality gradually 
occurs in the later stage. The complete biodegradation of PCL takes a 
long time (several years). The biodegradation of hydrogels is chiefly 
determined through decreases in quality or volume, and such assess-
ments will require a large number of animals and involve many un-
controllable factors and sources of error. With the development of 
fluorescence imaging technology [68–70], hydrogels can be continu-
ously monitored in vivo in a noninvasive manner, thus providing an 
effective and reliable method for assessing the biodegradation of 
hydrogels. This study took these factors into consideration and designed 
a customized biodegradation research scheme combined with available 
technology. Firstly, we cultured printed cell-laden hydrogel scaffolds for 
up to eight weeks to verify the essential stability (Supplementary Fig. 9). 
Then, we implanted the scaffold in situ to evaluate the biodegradation of 
the PCL and implanted the Cy7-labeled scaffold subcutaneously in mice 
to monitor the degradation of the hydrogel by in vivo imaging. Our 
results showed that biodegradation of the hydrogel in the scaffold 
required approximately one month, which is similar to the findings of a 
previous report [71]. The molecular weight and results of the nano-
indentation test were used to evaluate the degradation of the PCL 
framework in situ. The results regarding the biodegradation of the PCL 
structure were analogous to those of other studies. The molecular weight 
of the scaffold was not markedly different at 3 months but was lower to a 
certain extent at 6 months. However, some of the scaffolds started to 
show damage at 3 months, and only the remains of these scaffolds were 
visible at 6 months. It may be that the initial microenvironment has little 
effect on the integrity of the scaffold, and the strength of the scaffold 
gradually weakened with the prolonged exposure to forces and the 
decrease in molecular weight, thus leading to the above results. This 
result reveals that the mechanical environment of the meniscus may 
play a decisive role. 

The nude mouse model is a primary method used to observe the 
formation of tissue-engineered cartilage in vivo [72]. The reduced im-
mune system of athymic nude mice allows the implantation of xenoge-
neic cells. Thus, in this study, scaffolds seeded with cells were implanted 
subcutaneously into nude mice to analyze the resulting formation of 
fibrocartilage. Preparing regular cryosections of scaffolds printed using 
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two nozzles is an arduous process that increased the difficulty of 
observing portion of the PCL frame that had not actually been degraded 
in the stained sections. As demonstrated by the results, the GelMA/-
MECM hydrogel and MFCs assisted in the formation of meniscal struc-
tures, which indicates the biofunctionality of the construct. However, 
owing to the obvious difference between the subcutaneous microenvi-
ronment in nude mice and the native microenvironment of the human 
meniscus, the scaffold still requires validation in large animal studies. 

5. Conclusions 

In general, by virtue of a customized dual-nozzle + multitemperature 
printing system and meniscus-derived bioink, this study fully integrates 
the advantages of PCL and GelMA/MECM/MFCs to initially achieve a 
biomimetic scaffold similar to the native meniscus in terms of 
morphology, mechanics, components, and microenvironment. This 
approach obviously improves both the level and efficiency of bio-
mimetic meniscal scaffolds in tissue engineering. Furthermore, a variety 
of experiments were carried out to assure the feasibility and function-
ality of the scaffold for various applications. However, the scaffold is still 
different from the native meniscus in some aspects. PCL has substantial 
hardness and insufficient flexibility. MECM loses its original physical 
properties after decellularization, and the componential biomimetics is 
only achieved by the layer-by-layer stacking of materials, which is 
distinct from the ring-shaped arrangement of highly crosslinked 
meniscal collagen fibers. Therefore, improvements in materials science 
and printing technology may be key to advancing in tissue engineering. 
Currently, the combination of different techniques may be effective for 
achieving higher-level biomimetics of the meniscus. 
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