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ARTICLE INFO ABSTRACT

Keywords: A meniscus injury is a common cartilage disease of the knee joint. Despite the availability of various methods for
Meniscus ) ) the treatment of meniscal injuries, the poor regenerative capacity of the meniscus often necessitates resection,
Tissue engineering leading to the accelerated progression of osteoarthritis. Advances in tissue engineering have introduced meniscal
Iggir:fseilte tissue engineering as a potential treatment option. In this study, we established the size of a standardized

meniscal scaffold using knee Magnetic Resonance Imaging (MRI) data and created a precise Polycaprolactone
(PCL) scaffold utilizing 3-Dimensional (3D) printing technology, which was then combined with Fibrin (Fib)
hydrogel to form a PCL-Fib scaffold. The PCL scaffold offers superior biomechanical properties, while the Fib
hydrogel creates a conducive microenvironment for cell growth, supporting chondrocyte proliferation and
extracellular matrix (ECM) production. Physical and chemical characterization, biocompatibility testing, and in
vivo animal experiments revealed the excellent biomechanical properties and biocompatibility of the scaffold,
which enhanced in situ meniscal regeneration and reduced osteoarthritis progression. In conclusion, the inte-
gration of 3D printing technology and the Fib hydrogel provided a supportive microenvironment for chondrocyte
proliferation and ECM secretion, facilitating the in situ regeneration and repair of the meniscal defect. This
innovative approach presents a promising avenue for meniscal injury treatment and advances the clinical uti-
lization of artificial meniscal grafts.

Fibrin (Fib)
Polycaprolactone (PCL)

1. Introduction

The meniscus is a semilunar annular fibrocartilage located between
the femoral condyle and the tibial plateau. It protects the articular
cartilage from excessive strain and harm by redistributing loads,
absorbing impacts, and contributing to the movement of the knee joint
through its buffering capabilities [1-3]. The meniscus has a limited
number of nerves and blood vessels, leading to delays in the detection

and healing of injuries to this structure. Therefore, most symptomatic
patients require partial or total meniscectomy, which accelerates joint
aging and promotes the progression of osteoarthritis [4,5]. Several
studies have shown that meniscal transplantation, particularly the
allogeneic and synthetic menisci, is the most effective treatment option
[6-9]. However, both meniscal scaffolds have shortcomings and cannot
be widely used. Therefore, preparing a tissue-engineered meniscal
scaffold with excellent mechanical properties, biocompatibility, and
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regeneration ability is of great significance for in situ meniscal
regeneration.

With the rapid development of materials science in recent years, the
tissue-engineered meniscus is expected to treat meniscal injuries effec-
tively. Tissue engineering involves a combination of seeded cells, scaf-
fold materials, and bioactive factors [10,11]. The scaffold material acts
as an extracellular matrix (ECM), which bears the mechanical stress and
provides a microenvironment for cell metabolism. Among the existing
tissue engineering methods, 3-Dimensional (3D) printing technology
and polymer synthetic degradable materials have been widely used for
tissue regeneration and repair [12,13]. With 3D printing technology, the
diameter inside the scaffold can be precisely designed, and the wire
diameter and pore size can be controlled to achieve a bionic effect that
can promote the regeneration and repair of tissues and organs [11,12,
14]. Therefore, tissue-engineered menisci created using scaffold mate-
rials with excellent mechanical properties and biocompatibility and 3D
printing technology show great potential in the treatment of meniscal
injuries. Commonly used 3D printing materials in tissue engineering
include polycaprolactone (PCL) [15,16], polyurethane (PU) [16], pol-
yglycolic acid (PGA) [17] and polylactic acid (PLA) [18],.among others.
Among them, PCL has low immunogenicity and biodegradability, and its
degradation products can be metabolized through the tricarboxylic acid
cycle without causing toxic side effects. It has been approved by the U.S.
Food and Drug Administration and is widely used in regenerative
medicine research [19,20]. Its melting temperature of 60 °C makes it
easy to process and can simulate the morphology and controllable
microstructure of collagen fibers inside the meniscus. In addition, PCL
exhibits good mechanical properties and resistance to degradation.

Although PCL can support cell adhesion and proliferation, its hy-
drophobicity affects cell attachment to a certain extent, which may
affect the therapeutic effect of the tissue-engineered meniscus [21].
Fibrin (Fib) is a natural biopolymer produced by crosslinking fibrinogen
and thrombin. It is a long glycoprotein composed of a polypeptide chain
containing three disulfide bonds [22,23]. Fib scaffolds are mainly
divided into three forms: Fib hydrogel, Fib glue, and Fib microbeads
[24]. The Fib hydrogel is made of purified fibrinogen, thrombin, and
calcium salt. It is readily processable, extensively utilized, and regarded
as one of the most promising biomaterials in the field of tissue engi-
neering. On one hand, studies have shown that the molecular structure
of the Fib hydrogel can improve the biomechanical properties of the
material [25]. On the other hand, compared to other hydrogel materials,
it can promote coagulation and neovascularization, significantly pro-
moting the in situ regeneration and repair of the meniscus [22,26-28].
Ultimately, its excellent biocompatibility, it is widely used in the
regeneration and repair of soft tissues, such as skin, blood vessels,
muscles, and nerves [29,30]. Additionally, it has been widely used in
clinical work as a carrier for autologous chondrocyte transplantation
[31]. What’s more, studies have demonstrated that Fib-based hydrogels
are effective in treating meniscal injuries in animal models [32,33].
Although PCL and Fib hydrogel materials have been widely used in the
field of tissue engineering, the PCL scaffold alone cannot provide an
excellent microenvironment for tissue regeneration, and the poor me-
chanical properties of Fib alone cannot adapt to the stress in the knee
joint. Thus, neither of these agents can meet the requirements of
meniscal tissue engineering when used alone. There are few studies on
the combined application of PCL material and Fib hydrogel scaffold for
meniscal injury repair.

High-molecular degradable polymers can provide good biomechan-
ical properties, Fib hydrogel can provide an excellent biocompatible
microenvironment, thereby significantly improving the biocompati-
bility of the scaffold. The present study aimed to combine the 3D-printed
PCL meniscal scaffold with Fib hydrogel to prepare a composite
meniscal scaffold with tissue engineering properties. In addition, the
physical and chemical properties and biocompatibility of the composite
scaffold were evaluated, and its role in situ meniscal repair and articular
cartilage protection in resection models were explored via animal
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experiments. The findings of this study will provide new ideas for the
development and design of other tissue-engineered menisci and offer
new treatment strategies for the clinical treatment of meniscal injuries.
An overview of the study design is shown in Fig. 1.

2. Materials and methods
2.1. Preparation of the sophisticated PCL-Fib scaffold

2.1.1. Meniscus sizing and PCL scaffold preparation

A 7.0T Micromagnetic resonance imaging (MRI) (BioSpec70/30,
Bruker, Germany) scan of the knee joint of male New Zealand Large
White rabbits (bodyweight, 2.5-3 kg) was performed to obtain an
anatomical model of the medial meniscus. The dimensional parameters
were measured to determine the dimensions of the standardized
meniscus. Based on the standardized meniscus model, digital modeling
and layer slicing were performed using MP Bioprint software (MP
Biotech, China) to generate 3D printable files. The file was imported to
the MP Bioprint 3.0 bioprinter (LN435, Medprin Biotech, China), and
the following printing parameters were set: temperature of the material
cylinder, 130 °C; temperature of the nozzle, 150 °C; temperature of the
thermostat table, 20 °C; ambient temperature, 20 °C; dispensing needle,
G28; air pump pressure, 200 Kpa; speed of motion of the coordinate
system, 3 pulses/ms, and screw rotation speed, 15 %. 3D meniscus
scaffolds with a filament diameter of 150 pm and pore size of 250 pm
were prepared using PCL (Mn = 80,000, P871874, Macklin, China) as
the raw material (pre-experiment results).

2.1.2. Configuration of fibrinogen hydrogels and crosslinking agents

The Fib hydrogels were prepared by dissolving 1g of fibrinogen
(20430ES08, Yeasen, China) in 10 ml of phosphate-buffered saline (PBS)
(G4202, Servicebio, China) to prepare a 100 mg/mL fibrinogen solution.
Subsequently, 2000 U of thrombin (20402ES05, Yeasen, China) was
dissolved in 20 ml of 0.1 % BSA (36100ES25, Yeasen, China) solution to
finally configure a 100 U/mL thrombin solution.

2.1.3. Crosslinking

The PCL scaffold was immersed in a fibrinogen hydrogel solution.
After the formation of bubbles had ceased, the PCL-Fib composite
scaffold was removed and immersed in thrombin solution for cross-
linking at 37 °C for 4 h. The scaffold was precooled at —80 °C for 8 h,
placed in a freeze dryer (FD8-3 aP, Gold-sim, Germany) for 24 h, and
stored at 4 °C for spare use.

2.2. Sample characterization of the PCL-Fib scaffolds

2.2.1. Macroscopic and microstructural examinations

The general view of the scaffold was examined using a digital camera
(Nikon, Japan), and the internal microstructure of the scaffold was
photographed using a scanning electron microscope (SEM) (Apreo,
ThermoFisher, USA). The cameras captured the surface and cross-
sectional views of the scaffold.

2.2.2. Porosity and water absorption

The volume of the scaffold was calculated using the cylindrical vol-
ume formula and recorded as V0. A specific volume (recorded as V1) of
absolute ethanol (Yili Fine Chemicals, China) was added to the gradu-
ated cylinder, and the scaffold was immersed. Utilize a Vacuum Dryer
(DZF-6030, Shanghai Jinghong, China) to remove excess gas from the
scaffold, ensuring it is completely filled with absolute ethanol. Finally,
the scaffold filled with absolute ethanol was taken out and the volume of
the ethanol remaining in the measuring cylinder was recorded (V2).

The porosity of the scaffold = (V1 — V2)/V0 x 100%

The weight of the scaffold was recorded and designated as WO. Then,
the weight of the scaffold immersed in PBS solution was recorded after
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Fig. 1. Schematic diagram of the overall research design.

the formation of bubbles from the scaffold had ceased. A paper towel
was used to wipe off the surface liquid (no apparent liquid outflow), and
the scaffold was weighed again (recorded as W1).

The water absorption rate = (W1 — W0)/WO0 x 100%

2.2.3. Invitro degradation

Two sets of scaffolds, both without MFCs involvement, were weighed
(W0). Both sets were immersed in 0.5 U/ml proteinase XIV (P5147,
Sigma, USA) [34] and incubated at 37 °C. On days 1, 3, 5, 7, and 14, the
scaffolds were dried and weighed (recorded as Wt).

The scaffold degradation rate = (W0 — Wt)/ WO x 100 %.

2.2.4. Mechanical tests

Compression testing was conducted on the PCL and PCL-Fib scaffolds
using uniform specifications (compression: 9 mm diameter and 2 mm
cylinder thickness; tensile: 75 mm outer length, 40 mm inner length, 10
mm outer width, 5 mm inner width, and 2 mm thickness of the long
strip) and PBS infiltration. A biomechanical testing machine (CMT6104,
Shandong Wanchen, China) was utilized for mechanical testing. All
samples underwent unconfined compression testing at a strain rate of 5
mm/min and uniaxial tensile testing to failure at a rate of 20 mm/min.
The compression and tensile moduli were determined based on the
slopes of the linear parts of the strain-stress curves.

2.3. Biological evaluation

2.3.1. Isolation and expansion of primary meniscal fibro chondrocytes
(MFCs) from the rabbit meniscus

The Institutional Animal Care and Use Committee of the Beijing Keyu
approved all the animal experiment protocols for isolating the MFCs.
Our approach to isolating, culturing, and passing seeded cells closely
resembled that detailed in a prior publication [35]. MFCs were passaged
after reaching confluence levels of 80 %-90 %, using 0.25 % trypsin
(G4011, Servicebio, China) for digestion. Only cells within the range of
P2-P5 were utilized in the study.

2.3.2. Cytotoxicity test

The toxicity of the scaffolds was evaluated using the Cell Counting
Kit-8 (M4839, Abmole, USA). The scaffold extracts (0.2 g/ml) were
prepared according to the ISO 10993-5 and 10993-12 protocols [36],
filtered using a 0.22um needle filter and set aside. The MFCs (density, 5

x 10%) were seeded individually in the wells of 96-well plates, and 100
pL of chondrocyte culture medium (90 % DMEM-F12; PYG004, Boster,
China +10 % FBS; C2910, XP Biomed, China) was added to each well.
On day 2, the cell culture in the plate was replaced with two groups of
corresponding meniscal scaffold extract (chondrocyte medium was used
as the control group). After day 5 of culture, 10 pL of CCK-8 solution was
added to each well and incubated at 37 °C for 1 h. The absorbance was
measured at 450 nm using Multiskan FC (1410101, ThermoFisher USA).

2.3.3. Cell seeding

The sterilized scaffolds (cobalt-60, 24 h) were moved to a clean
bench; 100 pL of cell suspension (containing 5 x 10° cells/ml) was
carefully dropped onto each scaffold, which was then placed in a cell
incubator for 2 h to enhance cell adhesion. Subsequently, 1 ml of culture
media was added, and the media was refreshed every 3 days.

2.3.4. Morphology and attachment of MFCs on the scaffold

The morphology of MFCs on both scaffolds was observed under a
fluorescence microscope (IX-71, Olympus, Japan). After 3 days of in-
cubation, the cell-scaffold complexes were washed three times with PBS
for 5 min each and fixed with 4 % paraformaldehyde (G1101, Service-
bio, China) for 30 min at RT. The cell membranes were broken for 20
min using 0.1 % Triton X-100 (T434386, Aladdin, China) solution, thus
facilitating the entry of the staining agent, stained with F-actin (C22018,
Beyotime, China), and incubated at 37 °C for 1 h. Next, the MFCs were
washed thrice with PBS, stained with DAPI (C1002, Beyotime, China)
for 10 min, and washed twice. The cell growth was observed and pho-
tographed. In addition, SEM was used to observe the cell morphologies
of the MFCs on the scaffold. The cell-scaffold complexes were washed
thrice with PBS and fixed with glutaraldehyde (2.5 %; G6257, Sigma,
USA) for 15 min. All specimens underwent dehydration via a succession
of alcohol gradations and were dried at room temperature. The desic-
cated specimens were coated with a gold-palladium mixture and
examined using an SEM at 1 KV.

2.3.5. Cell viability assay

The viability of MFCs on various scaffolds was assessed after 3 days
of culture using the Live/Dead Assay kit (C2015M, Beyotime, China) and
fluorescence microscopy. The cells were treated with 500 pL of a solu-
tion containing 1 mM Calcein-AM and 1 mM propidium iodide reagents
and incubated at room temperature for 1 h. Excitation wavelengths of
488 and 568 nm were employed to visualize the live cells stained with
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Calcein-AM (green fluorescence) and dead cells stained with propidium
iodide (red fluorescence). Image J software (National Institutes of
Health, USA) was utilized to analyze the images, and the cell viability
rate was determined by the following formula: (number of live cells/
total number of cells) x 100 %.

The viability of MFCs on different scaffolds was quantified using the
Alamar Blue assay (40202ES80, Yeasen, China), with cells cultured in a
dish serving as the positive control. After 1, 3, 5, 7 and 14 days of cul-
ture, 50 pL of Alamar Blue solution was added to the medium and
incubated for 4 h at 37 °C. The optical density was measured at 570 nm
using Multiskan FC.

2.3.6. Biocompatibility analysis of the scaffolds

The DNA, glycosaminoglycans (GAG), and hydroxyproline (HYP)
levels in the cell-scaffold complexes were quantitatively analyzed after
3, 5, 7, and 14 days of incubation to determine the ability of MFCs to
secrete cartilage matrix, as described in our previous study [37]. The
cell-scaffold complexes underwent digestion with a preprepared solu-
tion (125 mg/mL of papain, 5 mM L-cysteine, 100 mM Na2HPO4, and 5
mM EDTA; pH 6.2) from Sigma, USA, at 60 °C for 16 h to estimate the
DNA and GAG levels. The DNA content in the mixed solution was
detected using a Qubit Flex fluorophore (Q33327, ThermoFisher, USA)
according to the instructions of the DNA quantification kit (12640ES76,
Yeasen, China). The GAG and hydroxyproline content in the cell-scaffold
complexes was detected using the GAG Assay Kit (H480-1, Nanjing-
jiancheng, China) and the HYP Assay Kit(BC0255, Solarbio, China).
Finally, the ability to secrete GAG and HYP per unit cell was analyzed
based on the DNA content in each group.

2.3.7. Gene expression analysis in vitro

mRNA was initially isolated after lysis in Trizol (DP424, Tiangen,
China) to analyze the gene expression on the cell-scaffold complexes
using reverse transcription-polymerase chain reaction (RT-PCR), as
described previously [3]. Subsequently, the mRNA levels were deter-
mined using a Nanodrop spectrophotometer (DS-500, YiPuyiqi, China).
The extracted total RNA was reverse transcribed into cDNA utilizing the
High-Capacity ¢cDNA Reverse Transcription Kit (AG11728, Accurate
Biology, China). Quantitative RT-PCR was conducted employing the
SYBR Green PCR Master Mix (Q711-03, Vazyme Biotech, China) to
assess specific gene expression (COL-I, COL-II, SOX 9, and Aggrecan)
using an ABI Quant Studio 7 Flex Real-Time PCR System (4485701.
Thermo Fisher, USA) according to the established protocols [38]. The
RT-PCR protocol was as follows: 95 °C for 3 min, 95 °C for 10s, 60 °C for
30 s, and 40 cycles. GAPDH mRNA was used for internal reference. The
target gene expression was normalized to that of the GAPDH mRNA
using the AACt method for quantitative analysis. The list of primers used
in this study is presented in Table 1.

2.3.8. Evaluation of the biocompatibility in vivo

Following approval from the Beijing Keyu Animal Breeding Centre,
12 Sprague Dawley (SD) rats were selected for the in vivo biocompati-
bility evaluations of the two groups of scaffolds. After anesthesia, the
two groups of scaffolds were implanted separately into the rats’ dorsal
subcutaneous tissues, and the dorsal skin was sutured. Three rats were
randomly sacrificed by euthanasia one week and one month after

Table 1
List of Primers used for the chondrogenic-related markers.

Gene Sequence

Forward(5‘-3’) Reverse(5‘-3’)

GADPH CAAGAAGGTGGTGAAGCAGG CACTGTTGAAGTCGCAGGAG
Aggrecan GGAGGAGCAGGAGTTTGTCAA TGTCCATCCGACCAGCGAAA
COL-1 GCCACCTGCCAGTCTTTACA CCATCATCACCATCTCTGCCT
COL-2 CACGCTCAAGTCCCTCAACA TCTATCCAGTAGTCACCGCTCT
SOX9 GCGGAGGAAGTCGGTGAAGAAT AAGATGGCGTTGGGCGAGAT
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implantation. The material from the executed rats was collected, and
Hematoxylin-Eosin (H&E) staining of the scaffolds was performed to
observe the immune responses induced by the scaffolds in the sur-
rounding skin after one week and one month) and evaluate the internal
angiogenesis after one month.

2.4. In vivo implantation

2.4.1. Surgical procedure

The Beijing Keyu Animal Breeding Centre facilitated the utilization
of New Zealand white rabbits in this research. The study was carried out
in accordance with the guidelines outlined in the Guide for the Care and
Use of Laboratory Animals (National Academy Press, National Institutes
of Health Publication No. 85-23, Revised 1996). The experimental
procedures were approved by the Institutional Animal Care and Use
Committee of the Beijing Keyu (KY20220922006). New Zealand Large
White rabbits weighing 2.5-3 kg were categorized into three groups
prior to the operation: Control, PCL, and PCL-Fib.

During the surgical procedure, the rabbits were intravenously
administered 10 mL of ethyl carbamate (0.2 g/mL) for anesthesia.
Following disinfection and draping of the skin, a cut was made in the
anteromedial parapatellar region to expose the medial meniscus by
sectioning the medial collateral ligament. Subsequently, two surgical
sutures were utilized and passed through the anterior and posterior
corners of the meniscus. The sutures were passed through the syringe
needle to the outside of the lateral knee fascia and secured with a knot
for fixation. Finally, the knee was moved to evaluate the fixation of the
brace. Different surgical methods were performed in the three groups.
Total medial meniscectomy of the knee without implantation of the graft
was performed in the control group; meniscectomy + PCL scaffold im-
plantation was performed in the PCL scaffold group; and meniscectomy
+ PCL/Fib scaffold implantation was performed in the PCL/Fib group.
The joint capsule was sealed, the medial collateral ligament was sutured,
and the wound was closed after attaching the corners of the scaffold to
the lateral knee fascia with sutures and knots. Postoperatively, all ani-
mals received prophylactic antibiotics with 10 mg/kg of penicillin for 3
days. Euthanasia was administered to all rabbits at 3 and 6 months
following the surgery.

2.4.2. X-ray imaging and MRI

The femoral and tibiofibular diaphragms of the rabbit’s affected limb
were isolated, taking care not to open the articular cavity in the knee
joint. The coronal and sagittal planes of the rabbit knee joint were
examined using X-rays (GE Company, USA) and MRI 7.0T(BioSpec70/
30, Bruker Company, Germany), respectively. According to the X-ray
and MRI images, joint space of each time point, X-ray and MRI images,
joint space, osteophytes, neo-meniscus (it is the meniscus scaffold that was
removed from the animals at the indicated times), and articular cartilage
wear in each group through the Kellgren-Lawrence (K-L) score and
Whole-Organ Magnetic Resonance Imaging Score (WORMS) [39,40]
scoring system and other related osteoarthritis progression. The X-ray
and MRI views were also evaluated blindly according to the K-L score
system and WORMS scoring system by two independent trained
researchers.

2.4.3. Morphologic observations

The adjacent ligaments and surrounding soft tissues were separated
after the dissection of the knee joint. The femoral condyles, tibial
plateau, and neo-meniscus were visually examined, and images were
captured (Nikon Japan). The following formula was used to determine
the rate of meniscus coverage: percentage of neo-meniscus coverage =
area of meniscus/area of tibial plateau x 100 % [41].

2.4.4. Histological analysis
The neo-meniscus was fixed in 4 % paraformaldehyde for 48 h, fol-
lowed by dehydration, embedding in paraffin, and staining with H&E,
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Toluidine Blue (TB), and Safranin O/Fast greens (Saf O-Fg). Immuno-
histochemical staining was carried out to mark the type II collagen
(IHC10589, Yaji Biological, China). Quantitative analysis of the neo-
meniscus regeneration was conducted using the Pauli score [42]. The
neo-meniscus were also evaluated blindly according to the Pauli score
system by two independent trained researchers.

Samples from the femur and tibia were fixed in 4 % para-
formaldehyde for 48 h and decalcified with Formate Decalcifying So-
lution (G1107, Servicebio, China) for 7 days to evaluate the articular
surface. Following paraffin embedding, the samples were sectioned into
7-pm slices and stained with H&E, Saf O-Fg, and TB. The cartilage
degeneration in the femoral condyle and tibial plateau was assessed
using the Mankin score [43]. The femoral condyle and tibial plateau
were also evaluated blindly according to the Mankin score system by
two independent trained researchers.
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2.5. Statistical analysis

The means + standard deviations were used to express all the data in
this study. Statistical analyses were conducted using the GraphPad
Prism (ver. 8.0.3, GraphPad Software, USA). The data were checked for
normality using the Shapiro-Wilk test, and significance tests were per-
formed using analysis of variance or t-tests. A p-value of <0.05 indicated
a statistically significant difference.

3. Results
3.1. Characterization of hybrid scaffolds

3.1.1. Macroscopic and microstructural features

The 3D-printed PCL scaffold had a uniform diameter and pore size
with a similar anatomical appearance and internal structure to the
natural meniscus tissue (Fig. 2A). The Fib hydrogel in the PCL-Fib
scaffold was uniformly distributed within the pores of the scaffold,
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Fig. 2. Characterization of hybrid scaffolds. A) Macroscopic images. B) Microstructure of the scaffolds in cross and vertical section. C) Porosity of the scaffolds. D)
Water absorption of the scaffolds. E) Degradation rate of the scaffolds. F) Compression modulus of the scaffolds in vitro. G) Tensile modulus of the scaffolds(n = 5, *p

< 0.05).
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and the composite effect between the two materials was good. Cross-
sectional SEM showed a horizontal and vertical internal cross-
structure of the PCL scaffold, and the thickness of the wire diameter
was uniform (Fig. 2B).

Transverse-sectional images showed that the PCL scaffold was
intersectional. The internal structure of the PCL-Fib scaffold was full of
Fib hydrogel material, forming a porous structure.

3.1.2. Porosity and water absorption

As illustrated in Fig. 2C, the PCL scaffold exhibited a porosity rate of
47.68 + 1.59 %, while the porosity of the PCL-Fib scaffold was 42.93 +
0.88 %. As shown in Fig. 2D, the water absorption rate in the PCL group
was 37.37 + 2.35 %, whereas that in the PCL-Fib group was notably
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higher at 52.31 + 3.38 %.

3.1.3. Degradation in vitro

As displayed in Fig. 2E, the overall degradation trend in the PCL
scaffolds was slow and stable, and the degradation rate of the PCL
scaffold at 14 days was 0.71 + 0.99 %. However, due to the inherent
properties of the hydrogel material, the degradation rate of the PCL-Fib
scaffold was 7.38 + 1.35 % during the first 5 days and 7.43 + 1.43 %
and 7.95 £ 1.56 % after 7 and 14 days, similar to the degradation trend
in the PCL group.

3.1.4. Mechanical testing
Compressive and tensile moduli were determined by analyzing the
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slope of the linear portion of the stress-strain curve (Fig. 2G). The
compression modulus in the PCL and PCL-Fib scaffolds were 26.91 +
3.86 and 42.25 + 5.47 MPa, respectively. The tensile modulus were
29.35 + 5.54 and 61.45 + 11.75 MPa in the PCL and PCL-Fib scaffolds,
respectively. The compression and tensile moduli of the PCL-Fib scaffold
were significantly higher than those of the PCL scaffold.

3.2. Biocompatibility analysis of the scaffolds

3.2.1. Cytotoxicity

In the CCK-8 experiment (Fig. 3A), no statistical differences in
absorbance value were observed among the control, PCL, and PCL-Fib
groups, indicating that neither the PCL nor the PCL-Fib group had
obvious toxic and adverse side effects. After incubation on the scaffolds
for 3 days, live/dead cell staining(Fig. 3B) showed that the MFCs were
evenly distributed on the surfaces of the internal filament diameters of
the PCL and the PCL-Fib scaffolds. Additionally, a notable increase in
cell count was observed within the PCL-Fib scaffold compared to the PCL
scaffold group. Furthermore, examination of the live/dead cell area ratio
(Fig. 3C) revealed a significantly higher percentage of viable cells in the
PCL-Fib scaffold group than in the PCL scaffold group. These results
indicate favorable cellular compatibility in the PCL scaffold and PCL-Fib
scaffold groups, with the incorporation of Fib hydrogel material notably
enhancing the proliferation of MFCs.

3.2.2. Morphology of MFCs on the scaffold

After incubation on the scaffolds for 3 days, Actin-Tracker Green-
488/DAPI staining was performed to observe the growth status and
appearance of the cells in both scaffolds via fluorescence microscopy
(Fig. 3D). The MFCs were successfully attached to the filament diameter
of the PCL scaffold and showed good growth. The cells were uniformly
distributed on the hydrogel material inside the PCL-Fib scaffold, and the
number of MFCs was significantly higher than that in the PCL scaffold. In
addition, SEM revealed that the chondrocytes were evenly distributed
on the surface of the internal filament diameter of the PCL scaffold
(Fig. 3E). The hydrogel material was evenly distributed in the interior of
the PCL-Fib scaffold, and the number of cells was significantly higher
than that in the PCL group, with a steady growth state. This finding
indicated that the combination of hydrogel materials was conducive to
cell migration and adhesion.

3.2.3. Cell viability

Following a 14-day incubation period in vitro, we evaluated the
cellular metabolic function on the scaffold using Alamar Blue solution
(Fig. 3F). The MFCs exhibited favorable proliferation on both types of
scaffolds. Although no notable distinctions were observed among the
three cell groups on days 1 and 3 of cultivation, a noticeable increase in
metabolic activity was noted in the two scaffold groups compared to the
control group after the fifth day of incubation. Additionally, the meta-
bolic function in the PCL-Fib scaffold surpassed that in the PCL scaffold.

3.2.4. Biochemical content

According to the quantitative DNA results (Fig. 3G), the DNA content
in both groups of scaffolds slowly increased with the extension of time
during the culture process. However, on the 5th, 7th, and 14th day of
culture, the DNA content in the PCL-Fib scaffold was significantly higher
than that in the PCL scaffold. Thus, the PCL-Fib scaffold demonstrated
enhanced MFC proliferation. The fibrocartilaginous matrix production
was quantified by measuring the GAG and HYP levels, which were then
normalized to the DNA content. Noteworthy increases in GAG and HYP
secretion were observed from individual MFCs within the PCL-Fib
scaffold compared to those in the PCL scaffold on days 5, 7, and 14 of
in vitro culture (Fig. 3H and I), indicating that the PCL-Fib scaffold was
significantly better than PCL scaffold in promoting ECM generation.
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3.2.5. In vitro gene expression analysis

After 14 days of culture in vitro, the total mRNA content and the
expression levels of related genes were quantitatively analyzed. The
PCL-Fib scaffold could promote the increase in total mRNA in the MFCs
(Fig. 3J). RT-PCR results showed (Fig. 3K-N) that the expression levels
of COL1, COL2, SOX9, and ACAN in the MFCs in the PCL-Fib scaffold
were significantly higher than those in the PCL scaffold.

3.2.6. In vivo biocompatibility

Results of the subcutaneous immune responses and new vessels in
the SD rats are shown in Fig. 4A. In the case of the acute inflammatory
response (1 week), a small number of inflammatory cells (Blue circles:
Small lymphocyte; Pink circles:Neutrophil) were observed inside the
PCL scaffold (8.46 + 1.70); in contrast, the PCL-Fib scaffold (84.02 +
4.16) was infiltrated with many inflammatory cells (Pink circles:
Neutrophil). In the case of the subacute inflammatory response (1
month), a significant decrease in the number of inflammatory cells (Blue
circles:Small lymphocyte; Green circles:Macrophage cell) was observed
in the PCL scaffold (4.41 + 1.79), with significant connective tissue
formation at the edge of the scaffold and a few new vessels; however, in
the PCL-Fib scaffold (26.17 £ 3.25), the number of inflammatory cells
(Yellow circle:Large lymphocyte) decreased significantly, and a large
number of new vessels were seen. The area of the new vessels was
significantly higher than that in the PCL group (Fig. 4B-D). At 1 week
and 1 month, the number of inflammatory cells in the PCL-Fib group was
significantly increased compared to that in the PCL group. After 1
month, the area of new blood vessels in the PCL-Fib group(26.09 +
0.99) showed a noticeable increase compared to that in the PCL group
(4.32 + 0.0.67). These findings indicate that the PCL-Fib scaffold can
enhance the formation of blood vessels.

3.3. In vivo animal study

In order to investigate whether the meniscal scaffold could promote
the regeneration of new meniscus, we established a rabbit medial
meniscus defect model. Concurrently, two groups of meniscal scaffolds
were implanted into the knee joints, and the regenerative effects on the
neonatal meniscus and articular cartilage wear were analyzed using a
combination of imaging, gross observation, and pathology (Fig. 5A).
Intraoperative images of the rabbit knee meniscal scaffolds are shown in
Fig. 5B.

3.3.1. Macroscopic evaluation

Macroscopic images taken 3 and 6 months after surgery (Fig. 5D)
revealed the formation of a neo-meniscus in the PCL and PCL-Fib groups;
alternatively, only minimal synovial hyperplasia was observed in the
control group, indicating the absence of a neo-meniscus. The PCL-Fib
group showed increased regeneration of the collagen fibers, and the
neo-meniscus surface was smooth compared to that in the PCL group.
After 6 months, both groups showed improvements in the area and
shape of the neo-meniscus compared to that seen at 3 months. Image J
software was used to calculate the proportion of neo-meniscus covering
the tibial plateau in order to evaluate the neo-meniscus tissue (in the
control group, the area of the synovium tissue was calculated). The area
of the neo-meniscus in the PCL-Fib group was larger than those in the PCL
and control groups (Fig. 5C).

Various degrees of articular cartilage wear were observed in this
study. The joint wear in the PCL-Fib group was mild, whereas the PCL
group presented with increased joint cartilage wear and significantly
thinner articular cartilage; the control group showed significant carti-
lage wear and tear with significant osteoarthritis. The degree of cartilage
surface degeneration gradually increased with time in each group.

3.3.2. Histological assessment
In the H&E-stained tissues, the formation of collagen fiber-like tis-
sues and numerous elongated fibroblast-like cells was observed in the
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PCL-Fib group at 3 months after surgery, whereas only scattered chon-
droid cells were produced in the PCL group, and no obvious collagen
fiber-like tissue formation was observed (Fig. 6A). At 6 months, the
amount of collagen fiber-like tissues increased in both groups, and the
PCL material was slightly degraded. The TB, Saf O-Fg, and type II
collagen fiber staining showed positive expression for the neo-meniscus
in both groups, which increased with time (Fig. 6B). The PCL-Fib group
exhibited a significantly greater staining intensity than the PCL group.
The Pauli scores for the neo-meniscus were notably higher in the PCL-Fib
group than in the PCL group at each time point (Figs. 6C and 7D).
Additionally, observation reveals that the remaining PCL area (the un-
stained portion) is clearly visible within the new meniscus. It has been
conclusively shown that PCL does not completely degrade within 6
months.

Histological staining, including H&E, TB, and Saf O-Fg staining, was
carried out on the femoral condyle and tibial plateau to examine the
cartilage abrasion and assess the protective efficacy of the neo-meniscus
tissue on the articular cartilage (Fig. 7A and B). The staining results

revealed minimal harm to the articular cartilage in the PCL-Fib group,
with only slight degeneration in the tibial plateau cartilage at 6 months
post-implantation. On the contrary, the PCL group exhibited mild
cartilage injury that worsened with time. The control group displayed
signs of cartilage wear at 3 months, escalating to apparent damage at 6
months. The TB and Saf O-Fg staining results demonstrated positive
expression of cartilage surfaces in all three groups, although the in-
tensity of the staining decreased as time progressed. Notably, the
staining intensity in the PCL-Fib group was significantly higher than that
in the PCL group and control group. The Mankin’s scores for the femoral
condyle and tibial plateau cartilage in the PCL and PCL-Fib groups were
superior to those in the control group.

3.3.3. Image evaluation

Based on the X-ray assessment of the health of the knee joint
(Fig. 8A), the PCL-Fib group exhibited a normal joint space 3 months
post-surgery. However, by the 6-month mark, the joint space had nar-
rowed slightly, and the joint surface was slightly irregular. Conversely,
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the joint space in the PCL group had narrowed slightly and worsened at
the 3-month evaluation. Additionally, indications of subchondral bone
sclerosis and osteochondrosis were detected in this group at the 6-month
evaluation. In contrast, the control group displayed a significantly nar-
rowed joint space at 3 months, with obvious surface roughness; by 6
months, the joint space had further constricted, with significant bone
growth, the development of osteophytes, and noticeable deformities.
The K-L score data presented in Fig. 8B and C indicate notably lower
(better) scores in the PCL-Fib and PCL groups than in the control group,
with the PCL-Fib group achieving the lowest scores.

A knee MRI was performed to evaluate the wear of the neo-meniscus
and articular cartilage (Fig. 8D). In the PCL-Fib group, the neo-meniscus
was observed 3 months after surgery and grew over time. The articular
cartilage surface was smooth, and no other obvious signs of osteoar-
thritis were noted. Likewise, the neo-meniscus was observed in the PCL
group, but it was slightly smaller than in the PCL-Fib group, with a slight
narrowing of the joint space, unevenness of the articular surface, sy-
novitis, and cartilage wear. There was no neo-meniscus in the control
groups, and cartilage wear and synovitis were observed. The WORMS
scores (Fig. 8E and F) in the PCL and PCL-Fib groups were lower than
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Fig. 6. Histological evaluation of the neo-meniscus in vivo. A-B) H&E, Toluidine Blue (TB), and Safranin O/Fast greens (Saf O-Fg) staining, immunohistochemical
staining for COL-2. C-D) Histological scores of the neo-meniscus (n = 6,*p < 0.05).

those the control group; at 6 months, the score in the PCL-Fib group was
lower than that in the PCL group.

4. Discussion

With the continuous advancements in materials science and 3D
printing technology, several attempts have been made to effectively
apply the combination of the two fields to regenerate different tissues
and organs [11,12]. Several studies on tissue engineering meniscus
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scaffolds have been conducted with favorable outcomes [34,44-46].
However, the exact therapeutic effect has not been achieved; moreover,
using these techniques in clinical treatment is challenging. Therefore, in
the current study, we optimized the internal structure of the meniscus
scaffold through 3D printing technology, based on the characteristics of
the meniscus, prepared the PCL meniscus scaffold (filament diameter,
150 pm; pore size, 250 pm) with a precise structure, and improved the
biomechanical properties. This is a study to prepare a structurally pre-
cise meniscal composite scaffold with excellent cartilage repair
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properties by compositing PCL with Fib hydrogel. In addition to
improving the biomechanical properties, it improves the regeneration
effect of the meniscus defect and provides a feasible new method for
treating meniscus injury by a tissue-engineered meniscus.

A PCL meniscus scaffold with precise structure was prepared using
digital modeling and 3D printing technology, synthesized with fibrin-
ogen solution, and crosslinked with thrombin and calcium salt to pre-
pare the PCL-Fib meniscus scaffold. Studies have shown that the
appropriate pore size for cells varies among the different tissues, and a
size of 200-300 pm is the most suitable for promoting cell growth [47].
The diameter of fibers can affect the porosity, cell proliferation rate, and
tensile modulus of the scaffolds [48]. The meniscus scaffolds prepared in
the current study demonstrated excellent tensile and compressive
moduli compared to other meniscus scaffolds of varying diameters and
porosities [34,49]. The scaffold in the current study met the criteria for
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the compressive (1.52 + 0.59 MPa) [50] and tensile (105 + 58 MPa)
moduli of the natural meniscus [51]. The biomechanical properties of
the PCL-Fib scaffold were significantly better than those of the PCL
scaffold, indicating that Fib hydrogel could enhance the biomechanical
properties of the scaffold. The mechanical properties of the PCL-Fib
scaffold were similar to those of the natural meniscus. The PCL-Fib
scaffold had higher water absorption and lower porosity due to the
combination of the hydrogel materials. Furthermore, the PCL-Fib scaf-
fold had a rich pore structure, which could increase the adhesion area of
cells, promote the information exchange between cells, and facilitate the
metabolism of waste and the exchange of nutrients. The PCL scaffold
demonstrated good biodegradation resistance from the beginning to the
end. The faster degradation rate of the PCL-Fib scaffold within the first 5
days may be related to the intrinsic properties of Fib hydrogel materials;
the degradation trend after that was the same as that of the PCL scaffold.
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The CCK-8 test is one of the commonly used methods to detect the
biosafety of materials. The PCL-Fib and PCL scaffolds demonstrated
good biosafety in the present study. Alamar Blue is an indicator of the
oxidation-reduction reaction that produces absorbance changes and
fluorescence signals based on the metabolic activity of cells. The
advantage of this reagent is that it is nontoxic and harmless to cells and
can continuously detect the metabolic activity of chondrocytes in the
same sample. The cell activity in the PCL-Fib group was significantly
stronger than those in the PCL and control groups. Live/dead staining
experiments showed that the survival rates of cells on scaffolds in the
PCL-Fib group were significantly higher than those in the PCL group,
indicating that the Fib hydrogel material could promote the prolifera-
tion of chondrocytes. Cell staining and SEM were used to observe the
adhesion and appearance of cells, respectively. The cells attached well to
the PCL and PCL-Fib scaffolds, with a significantly higher number
adhered to the PCL-Fib scaffold. As reported in a previous study [27], the
Fib hydrogel can promote cell adhesion, proliferation, and migration.

The DNA content on the PCL-Fib scaffolds was higher than that in the
PCL group, suggesting a greater number of cells in the PCL-Fib scaffolds,
potentially due to the Fib hydrogel’s ability to promote cell adhesion
and provide a larger surface area for growth. The ECM in the meniscus is
primarily composed of collagen and GAG [52,53]. The content of HYP
comprises approximately 13 % of collagen. Therefore, we evaluated the
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ability of chondrocytes on the scaffolds to secrete ECM by measuring the
content of HYP and GAG, thereby assessing their contribution to
meniscal regeneration. To more accurately assess the ability of indi-
vidual chondrocytes to secrete HYP and GAG, we normalized these
values based on the DNA content. The graphs (Fig. 3H and 1) clearly
demonstrate that the ability of individual cells to secrete both HYP and
GAG gradually increased during the first 7 days of culture, with the
PCL-Fib group exhibiting a significantly greater capacity than the PCL
group. The ability of individual cells to secrete HYP and GAG showed
minimal change on day 14 of culture compared to day 7. This may be
attributed to the gradual depletion of nutrients available to individual
cells as cell density increased while nutrient content remained constant;
concurrently, the capacity for nutrient exchange and waste removal may
have approached its peak as cell proliferation occurred. Then, we
assessed the RNA content and chondrogenic gene expression within the
cell-scaffold complex. The RNA content in the PCL-Fib group was
significantly higher than that in the PCL group, corroborating the
observed differences in DNA content. PCR results further indicated that
the expression levels of ACAN, SOX-9, COL-1, and COL-2 cartilage--
forming genes were higher in the PCL-Fib group than in the PCL group.
This finding further confirmed the reliability of the observed differences
in the ability of chondrocytes to secrete ECM on the scaffolds between
the two groups. The reasons for the above biochemical analysis results
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were confirmed at the gene level. Similar to the findings of other studies
[25,54-56], the Fib hydrogel promoted cell adhesion and ECM pro-
duction in the current study.

Subsequently, the scaffold was subcutaneously implanted in rats to
evaluate the immunogenicity of the scaffold and its ability to promote
angiogenesis. After consulting relevant bibliographic [57-60], we
determined that acute inflammation lasts only a few days to a month and
is characterized by exudative lesions, primarily dominated by neutro-
phil infiltration. In contrast, chronic inflammation persists for extended
periods, often months to years, and is typically characterized by a pro-
liferative response, with infiltration of inflammatory cells mainly con-
sisting of macrophage cell and lymphocyte cell. At the same time, it can
be concluded from HE staining that 1 week after surgery, the inflam-
matory cells inside the PCL-Fib group are mainly neutrophil (Pink cir-
cles), the inflammatory cells in the PCL group are mainly small
lymphocyte (Blue circles) and neutrophil; 1 month after surgery, the
inflammatory cells inside the PCL-Fib group are mainly large lympho-
cyte (Yellow circle). The inflammatory cells in the PCL group are mainly
small lymphocytes and macrophage cell (Green circles). From this, the
types of inflammatory cells can be identified and the process of
inflammation can be judged. Quantitative analysis revealed that,
regardless of whether the observation period was one week or one
month, the cell area of inflammation-related cells in the PCL group was
significantly lower than that in the PCL-Fib group, indicating that the
PCL group exhibited reduced immunogenicity.

However, as illustrated in Fig. 4A, at the one-month mark, the area of
new blood vessels (Red circles in Fig. 4A) in the scaffold of the PCL-Fib
group was significantly greater than that in the PCL group. This finding
suggests that the PCL-Fib group effectively promotes vascular regener-
ation, with potential implications for enhancing angiogenesis and
facilitating meniscus regeneration. Additionally, research by Liang Zhao
et al. [61]. demonstrated that the application of PCL composite Fib
materials in vascular tissue engineering can promote blood vessel
regeneration. Similarly, Sebastian Freeman et al. [62]. utilized Fib to
fabricate small-diameter blood vessels, demonstrating their potential to
serve as equivalent blood vessel transplants to meet diverse patient
needs. Collectively, these findings underscore the widespread applica-
bility of Fib in vascular tissue engineering and its potential to enhance
blood vessel formation. Furthermore, one of the primary challenges in
meniscal regeneration and repair is the scarcity of blood vessels. This
observation further supports the notion that PCL and Fib composites
possess superior angiogenic capabilities. The results of this study
corroborate this hypothesis and validate the efficacy of the experimental
approach. Ultimately, it was established that the PCL-Fib scaffold can
facilitate the formation of new blood vessels, thereby addressing the
issue of vascular deficiency and effectively promoting the in situ
regeneration of the meniscus, as reported previously [22,26,27].

A tissue-engineered meniscus scaffold was inserted into the medial
meniscus of the knee joint, and the impact of the scaffold on in situ
meniscus restoration and articular cartilage wear was examined in a
rabbit model with a medial meniscus defect. The ability of the scaffold to
delay the progression of osteoarthritis in meniscus defects was affirmed
in this study. In vivo investigations indicated that the PCL and PCL-Fib
scaffolds could stimulate meniscus regrowth despite notable distinc-
tions in the dimensions, configurations, and histological compositions of
the neo-meniscus in each treatment group. The formation of a neo-
meniscus covering the tibial plateau was clearly visible in the PCL and
PCL-Fib groups. This outcome may be attributed to the limitation of the
pore structure of the PCL scaffold, which only offers structural support
for tissue expansion but lacks an ideal microenvironment for cellular
proliferation [63]. Moreover, the quality of the neo-meniscus in the
PCL-Fib group exceeded that of the PCL group in terms of the histo-
logical makeup and overall impact. These findings emphasize the role of
Fib hydrogel in situ meniscal regeneration. Previous studies have re-
ported better biocompatibility of hydrogel materials to promote ECM
production and maturation and remodeling of meniscal tissue [25,64,
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65]. In the control group, only regeneration of synovial tissue was
observed, indicating that the meniscus does not regenerate effectively
without intervention. The PCL-Fib scaffold effectively prevented carti-
lage degeneration and delayed the progression of osteoarthritis in the
neo-meniscus compared to the PCL scaffold, which was consistent with
the results of the histological analysis of the nascent meniscus.

The meniscus contributes to redistributing the loads and absorbing
shocks to protect the articular cartilage from overload and damage,
thereby acting as a cushion during knee movements [1-3]. Therefore,
the volume of the meniscus significantly affects cartilage protection and
joint wear [3,66,67]. A smaller meniscus increases the pressure on the
articular cartilage and accelerates the progression of articular cartilage
damage and osteoarthritis. Thus, in the control group, the absence of a
meniscus and the increased load on the knee increased the severity of
the articular cartilage damage.

While this study demonstrated promising therapeutic outcomes, it is
important to acknowledge certain limitations. First, we did not evaluate
the effect of different concentrations of Fib hydrogels on MFCs by
referring to their fibrinogen concentrations because Fib hydrogels are
used for cartilage repair. Second, only the biomechanical properties of
the scaffolds were examined prior to in vitro testing. Therefore, the
experiment is still in the preliminary stage, and there is still a long way
to go before its clinical application. In the future, we aim to focus on the
bionic design of the meniscus scaffold. The bionic design of the internal
structure of the scaffold is conducive to the directional regeneration of
new tissues and the improvement of the biomechanical properties of the
scaffold. Additionally, seed cells and bioactive factors will be utilized
comprehensively to enhance the characteristics of Fib drug delivery and
cell compatibility. This approach aims to develop more effective tissue
engineering scaffolds for meniscal regeneration and to further improve
the regeneration effects of meniscus scaffolds.

5. Conclusions

In this study, 3D printing technology was used to develop a PCL
meniscus scaffold with a precise structure. Fib hydrogel material was
combined with the scaffold to prepare the PCL-Fib scaffold, which
promoted the proliferation of chondrocytes, production of ECM in vitro,
and in situ regeneration and repair of meniscus tissue; additionally, it
delayed the wear of the articular cartilage in the meniscectomy model.
The new meniscus scaffold structure and composite meniscus scheme
introduced in this study can effectively improve the repair effect of the
meniscus scaffold compared to the traditional meniscus tissue engi-
neering method. Therefore, the PCL-Fib scaffold designed and prepared
in this study has great clinical application potential in meniscus tissue
engineering.
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