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Abstract. Repairing meniscus tears poses significant challenges, impacting normal knee joint
movement and potentially leading to secondary osteoarthritis over time. The limited availability of
donor tissue, coupled with issues such as graft rejection, results in an inadequate supply for
meniscus tissue replacement and regeneration in patients. This context has led to the development
of regenerative scaffolds. Advances in 3D printing technology for cartilage tissue regeneration have
enabled the creation of intricate meniscus scaffolds with high precision and biological activity. These
scaffolds effectively mimic the extracellular matrix (ECM) and cartilage, ultimately facilitating
meniscus regeneration by providing structural support and promoting cell attachment, proliferation,
and differentiation. This paper primarily discusses the applications of 3D printed meniscus tissue
engineering scaffolds in regenerative medicine, introducing and comparing various examples of 3D
printing technologies and raw materials. Additionally, we examine the performance requirements for
meniscus scaffolds, address existing challenges and limitations, and consider prospects in this field.
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1. Introduction

The meniscus is a crescent-shaped, wedge-like structure composed of fibrocartilaginous tissue,
situated between the femoral condyle and the tibial plateau, covering approximately two-thirds of the
tibial plateau. The peripheral regions of the meniscus are vascularized, comprising about 10-25% of
its total volume in adults. These areas receive blood supply from adjacent joint capsules and synovial
vessels, while the remaining regions have limited vascularization and primarily depend on nutrients
from synovial fluid [1, 2]. Composed of 72-77% water, the meniscus has a dry weight that is 85-95%
collagen, predominantly type | and type Il [1, 3]. Its surface is covered with a thin layer of cartilage,
while the internal structure consists of fibrocartilaginous components, including collagen fibers and
chondrocytes. The outer collagen fibers are primarily organized in a circular pattern, whereas a
smaller number of inner fibers are arranged radially. These structural characteristics endow the
meniscus with considerable tensile strength, allowing it to convert vertical longitudinal stress into
transverse circumferential stress, thereby withstanding axial loads on the joint [4]. During knee
flexion and extension, the meniscus adapts to changes in shape as it contacts the femoral articular
surface, minimizing incongruence in the knee joint, increasing the contact area, and distributing
pressure across joint surfaces. Notably, the anterior portion of the meniscus exhibits a greater
damping capacity than the relatively fixed posterior portion, underscoring the meniscus's critical role
in knee joint mechanics [5].

Meniscus injury involves the rupture of this crescent-shaped fibrous cartilage. Degeneration due
to prolonged wear or acute trauma can lead to partial or complete loss of function, disrupting normal
knee movement and potentially resulting in secondary osteoarthritis over time. Historically, total
meniscectomy has been the primary treatment following a definitive diagnosis. While immediate
outcomes may be satisfactory, long-term consequences due to altered load transmission can lead to
the development of osteoarthritis (OA). In the United States, over one million patients undergo
surgical repair or meniscectomy annually, with approximately 50% of those with meniscal injuries
progressing to OA within 10 to 20 years post-injury [6]. Compared to the vascularized regions that
can heal, nearly two-thirds of the meniscus comprises the white zone (avascular region), which has
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limited healing capacity and may extend into the red-white zone, further complicating meniscal
injuries. While allograft transplantation may be an option following meniscectomy, significant
challenges such as donor scarcity, pathogen transmission, and immune rejection remain [1].

The advancement of 3D printing technology for cartilage tissue regeneration represents a
significant innovation in medical science, utilizing 3D printing techniques to fabricate customized
cartilage tissues. Central to this technology is the creation of biologically active cartilage structures
and scaffolds. High-resolution 3D printing enables the production of tiny porous spheres made from
biocompatible, biodegradable materials, which can be embedded with stem cells. Over time, these
cells proliferate within the spheres, filling the entire volume and forming densely packed living
cellular constructs. These constructs can be arranged into predetermined shapes, allowing the cells to
merge and grow together, ultimately resulting in uniform, seamless, and homogenous cartilage tissue.
This method addresses the limitations of previous technologies by providing precise control over the
shape and structure of artificial cartilage. It offers a novel approach to overcoming donor site
deficiencies in meniscus transplantation, paving the way for personalized cartilage repair and
regenerative medicine in the future [7].

2. 3D Printing Technology Related to Knee Repair

3D printing has a wide range of applications in knee joint repair, and different printing
technologies and printing materials have a decisive impact on the performance of meniscus scaffold
(Table 1).

Table 1. Three Scheme comparing

Technologies Material Merits Ref.
Collagen and PCL Providing sup%ort a|_1d_ strength for_ thg_developed tissue; [8]
eneficial for cell viability.
Dextran ink, TPU ink, carbon |  Controllable viscosity and corresponding wetting and
black, Ag:Pa ink, soft PDMS | spreading behavior; mimicking the structure of the native | [9]
ink, rigid PDMA ink heart.
o Pepsin solubilized liver Induce hepatic differentiation and enhance hepatocyte-
3DF;:)Iri(rl1rt]i|:1]ge; 3D dECM bioink, PCL specific functions. [10]
Good biocompatibility, biodegradability, easy
. . functionalization and fast gelling behavior; rheological
Alginate/Gelatin properties can be easily adjusted by different [11]
concentrations and the use of additives and other polymers.
Sacrificial carbohydrate glass [Give rise to a functionally significant collateral circulation; [12]
with fibrin gel cast increased vascularization.
PCL-MECM landKGN- Superior meniscus regeneration; Excellent cell affinity, [13]
loaded PLGA preserving cell vitality and chondrogenic activity.
FDM Induce spatial fibrochondrocyte differentiation; Produce
PCL 1 CTGF and TGF-B3 physiological anisotropy in the engineered meniscus;  |[14]
Long-term chondroprotection of knee joint.
Enables the precise arrangement of cells and bioactive
SLA (stereo PDLLA-PEG and HA molecules in space and simulates complex physiological |[15]
lithography - structgres. - -
appearance) Hexagonal hepatlc_ lobule units prmt_ed wnh_GeIMA and
GelMA, GM-HA:GelMA patterned supportive cells in sinusoidal regions printed |[16]
with GM-HA/GelMA.
. . . Withstand greater pressure and load; good compatibility
LDM (low- .. Bio-ceramic materials with human tissue; adjustable degradation rate. [17]
temperature deposition — - : . -
manufacturing) Water-based polyurethane Creating blpchemlcal anq biomechanical targets; [18]
(WPU), ECM hierarchical macro-micro porous structure.
Calcium alginate (Alg-Ca), Higer Young moduli; excellent hydrophilic; good flow
Micro-Extrusion and dextran methacrylate | properties; enhance specific tissue formation by embedded |[19]
derivatives (dex-MA) cells.
blend of alginate and GelMA Maintain shape fidelity; increase elastic modulus. [20]
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2.1. Inkjet Printing

Currently, the most widely used 3D printing systems are based on droplet-based inkjet printing
technology. This approach leverages physical properties such as piezoelectricity, acoustics, and
electrostatics to disintegrate printing materials into streams of droplets, which are then deposited layer
by layer to create three-dimensional structures [21]. In the realm of 3D bioprinting, the relatively low
cost and straightforward design of inkjet printing have made it a favored method in many laboratories
for manufacturing cellular structures with spatial pattern control. By alternating between bioprinter
ink and crosslinking agent solutions during the printing process, and subsequently employing physical
or chemical means for crosslinking, highly bioactive 3D scaffolds can be fabricated. Compared to
other printing technologies, inkjet printing excels at constructing complex cellular tissues and
scaffolds from a variety of bioprinting materials, including biomaterials, cells, growth factors, drugs,
and genes. Moreover, inkjet printers are versatile, cost-effective, and user-friendly, demonstrating
significant translational potential for clinical applications. However, this technology necessitates low-
viscosity hydrogel materials to prevent nozzle clogging, which can result from uneven droplet sizes
and adhesion. Additionally, mechanical and thermal stresses may compromise the bioactivity of the
materials, impeding the formation of structures with high biological density, while high
concentrations of bioink can complicate the achievement of optimal mechanical strength and
structural integrity [21].

2.2. Extrusion-based printing

2.2.1. Fused Deposition Modelling (FDM)

FDM is one of the most widely employed additive manufacturing techniques and is particularly
efficient for fabricating physical three-dimensional thermoplastics [22]. Its advantages include rapid
production speeds, cost-effectiveness, accessibility, and a broad adaptability to various materials. In
the FDM process, thermoplastic materials are heated to a molten state and extruded layer by layer
onto a platform from a nozzle with a diameter ranging from approximately 0.1 mm to 1 mm, following
a CAD model [22, 23]. After extrusion, the material cools and solidifies, bonding with previously
deposited layers to create a stable structure. Nonetheless, FDM encounters challenges such as reduced
vertical strength due to temperature fluctuations and warping, which can lead to inter-layer separation.
Additionally, the relatively thick extruded layers result in a rough surface finish, often necessitating
extra support for structural stability [24]. Furthermore, the machine's operational temperature,
typically around 300<C, limits the ability to print materials with higher melting points.

2.2.2. Liquid Deposition Modelling (LDM)

LDM is a green manufacturing process that does not involve heating for liquefaction and can
produce scaffolds with controllable pore structures at multiple scales and interconnected micropores,
making it widely applicable in bone tissue engineering. The extruder used in LDM typically operates
at room temperature and can be either piston-based or pneumatic. Scaffolds are manufactured layer
by layer on a cold platform or within a freezer, with the solvent subsequently removed through freeze-
drying. Compared to conventional extrusion methods, LDM facilitates permanent cross-linking of
the solution with the polymer during cold gelation, leading to the formation of microporous structures
upon thawing, which enhances cell and tissue adhesion and growth [25]. Key advantages of LDM
include the ability to control pore size by selecting appropriate solvents or precursor solutions, as well
as low-temperature deposition, which preserves the activity of growth factors and cells. However, the
mechanical properties of scaffolds produced via LDM are generally weaker than those fabricated
through FDM. Additionally, the low-temperature deposition, typically below 0<C, limits the range of
suitable solvents, complicating the attainment of a homogeneous solution containing both natural and
synthetic polymers [26].
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2.2.3. Micro-extrusion Printing

Micro-extrusion printing utilizes a pump, piston, and screw to apply pressure to a syringe filled
with bio-ink, allowing for layer-by-layer continuous extrusion and solidification of the bio-ink
through a nozzle. By controlling parameters such as pressure, nozzle size, and printing speed, one
can achieve good spatial resolution and high bioactivity in complex tissue structures [27, 28]. The
nozzle can achieve an accuracy of up to 1 um, enabling sub-millimeter resolution and moderate-speed
movement, with the capability to switch between multiple nozzles made from different materials.
While spiral micro-extrusion printing accommodates a wider range of high-viscosity and shear-
thinning bio-inks compared to traditional extrusion methods, it still faces challenges. High shear stress
from excessive extrusion pressure can diminish cellular viability and structural integrity [29].
Additionally, when compared to laser-assisted printing, extrusion printing generally exhibits lower
resolution, and achieving high accuracy can be costly.

2.3. Laser-assisted Printing (LAB)

LAB offers the ability to fabricate in vitro tissue models characterized by high resolution, rapid
printing speeds, substantial cell density, and elevated cell viability [28]. A primary technique in laser-
assisted technology is laser-induced forward transfer (LIFT), which utilizes two parallel glass slides:
a donor (upper) slide and a collector (lower) slide. The donor slide contains the biological material,
while the collector slide is coated with a metallic material (such as gold, titanium, or silver) that
absorbs laser energy. Upon laser pulse absorption, the biological material is propelled onto the
collector slide, forming a 3D model, with laser energy typically ranging from 65 nJ to 190 uJ [30].
The Gaussian distribution of laser intensity enables resolution below the diffraction limit, facilitating
the formation of high-quality nanostructures with dimensions smaller than 100 nm. The bioprinting
inks associated with LIFT typically consist of combinations of alginate, glycerol, and
ethylenediaminetetraacetic acid, and studies have shown that LAB technology can successfully
construct tissue structures utilizing biological materials with viscosities ranging from 1 to 400 mPa s
[31].

2.4. Optical Projection Stereolithography (OPSL)

OPSL employs dynamic OPSL (DOPsL) or continuous liquid interface production (CLIP) as
layerless printing methods [32, 33]. DOPsL technology involves projecting maskless patterns onto
the surface of biomaterials, enabling the simultaneous printing of all structures for each layer in a
single exposure. Digital micromirror devices (DMD), consisting of millions of independently
controlled mirrors, generate high-precision maskless patterns [32]. While DOPsL technology is
efficient and performs excellently, it requires realignment and recalibration after each layer is
completed. In contrast, CLIP technology enables uninterrupted object printing by creating a
continuous liquid interface (a dead zone) with an oxygen-permeable window beneath the UV image
projection plane. The oxygen-rich dead zone suppresses radical photopolymerization between the
window and the polymerizing portions, allowing for continuous exposure as the print rises [34]. This
projection-based approach enhances the smoothness of formed structures compared to nozzle-based
printing, significantly improving printing speed and spatial resolution [28]. Currently, OPSL
technology is applied in tissue engineering to print complex cellular biostructures encapsulating
patterns formed by cells. However, it has yet to successfully manufacture complex natural tissue
structures with cellular and biomaterial diversity. Bio restorative resins used in visible-light
polymerization (VP) bioprinting typically consist of solvent water, photoreactive monomers or
oligomers, and photo initiators (PIs), with viscosities ranging from 10—1 to 10 Pa-s [35]. While low-
viscosity bio restorative resins facilitate the printing process, they may also lead to undesired cell
sedimentation over prolonged bioprinting, resulting in uneven cellular distribution within the printed
structures [36]. Consequently, selecting appropriate Pls and biomaterials for bio restorative resin
formulation is critical for enhancing printing accuracy and reducing manufacturing times.
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3. Performance Required for the Meniscus Scaffold

3D-printed meniscal tissue scaffolds can be categorized into synthetic, natural, and composite
types. These scaffolds must possess specific biological properties to facilitate the repair of meniscal
cartilage injuries. Understanding the mechanisms underlying meniscal cartilage repair—such as
mechanical properties, scaffold design, bioactivity, and biocompatibility—is crucial for developing
advanced scaffolds. This section will elaborate on these distinct mechanisms.

3.1. Mechanical Properties

Recent research has increasingly focused on biomechanical stimulation to create a simulated
physiological microenvironment for meniscal scaffolds. Evaluating the mechanical performance of
these scaffolds allows for assessment of their strength, stiffness, and performance under dynamic
loading conditions, providing insights into how biomechanical stimulation influences cellular
behavior and tissue formation. This understanding is vital for advancing mechanically simulated
scaffolds.

The meniscus functions to convert compressive loads from the femur into circumferential tensile
stresses, necessitating scaffolds with corresponding capabilities. Meniscal cartilage scaffolds are
therefore required to exhibit robust mechanical properties, with a compressive modulus of 75-150
kPa and a tensile modulus of 75-150 MPa [5]. These scaffolds often incorporate hydrogels, porous
polymeric materials, extracellular matrix (ECM) components, and synthetic materials to enhance
mechanical performance, typically utilizing one or more materials to achieve superior mechanical
properties. For instance, Li et al. demonstrated that a combination of polycaprolactone (PCL) and silk
fibroin (SF) exhibited enhanced mechanical properties compared to pure SF scaffolds, which
significantly underperformed relative to natural menisci. Moreover, scaffolds modified with PS-L7
showed a greater elastic modulus compared to pure PS scaffolds [37].

The incorporation of biomolecules into meniscal scaffolds can enhance chondrocyte activity,
leading to improved regenerative outcomes and biomechanical performance. Additionally, inorganic
factors can induce biomolecule generation, optimizing scaffold mechanical properties. For example,
incorporating strontium (Sr) into PCL-SF scaffolds notably upregulated collagen type Il gene
expression in stem cells[fig.1A], significantly enhancing the scaffolds' biomechanical performance
(Fig. 1) [38]. Other studies have utilized bioprinting with materials exhibiting varied mechanical
properties to replicate the anisotropic characteristics of natural meniscal tissue [5], ensuring
prolonged supportive functionality post-implantation [39].
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Figure 1. PS-L7 scaffold preparation and biomechanical measurements [38].

Bioinspired scaffolds can also provide cells with biomechanical cues, altering cell morphology
and enhancing activity. Chen et al. employed a water-based LDM method to construct a water-based
polyurethane (WPU)-ECM hybrid scaffold with a hierarchical macro-micro porous structure. This
scaffold’s porous architecture creates biochemical and biomechanical targets that promote the
proliferation of endothelial stem progenitor cells (ESPCs) and their differentiation into chondrocytes,
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leading to a gradual improvement in the Young's modulus of the repaired tissue, thereby closely
resembling the mechanical properties of native menisci after six months [18].

Furthermore, bioprinted scaffolds can facilitate the stepwise release of growth factors, mimicking
biochemical signaling to stimulate collagen production. Lee et al. demonstrated a stepwise release of
connective tissue growth factor (CTGF and TGFB3) within scaffolds, which promoted the recruitment
of endogenous mesenchymal stem cells (MSCs) to knee wounds and enhanced collagen | mRNA
expression via FAK signaling (Fig. 2). This resulted in a multifunctional distribution of collagen and
glycosaminoglycans (GAGs) within the meniscus, effectively simulating the native distribution of
cartilage-supporting components (Figure 2) [14].

DAPI Scaffold only Empty puS CTGF—-TGFB3 uS Rat meniscus

CTGF-TGFB3 uS

Figure 2. When the scaffold was incubated on a single layer of human MSC for 6 weeks, the step-
by-step delivery of CTGF and TGF-B3 induced cells to form region-specific collagen type I and Il
substrates, which like natural rat meniscus [14].

3.2. Biodegradability

In addition to favorable mechanical properties, the degradability of cartilage scaffolds is a critical
focus of research. Scaffold degradation creates space for newly formed tissue to regenerate; ideally,
the degradation period for a cartilage scaffold should range from 9 to 12 months [40]. The integration
of 3D printing technology with biodegradable polymers has enabled the design of complex scaffolds
for regenerating various tissues and organs, including bone, cartilage, cardiac, and nervous tissues.

For meniscus scaffolds, 3D-printed hybrid material scaffolds can achieve optimal graded
degradation, effectively promoting structural regeneration. Guo et al. developed acellular PCL-
MECM scaffolds, where the majority of the MECM degraded completely within one-month post-
implantation, while residual PCL scaffolds remained visible after three months [41]. This degradation
timeline provides sufficient time for cell differentiation necessary for in vivo chondrogenesis before
the MECM is fully degraded. Meanwhile, the residual PCL scaffolds continue to offer biomechanical
support, addressing complex mechanical demands over an extended in vivo period (Fig. 3).
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Figure 3. PCL-MECM scaffold degradation process [41]

Research indicated that the early inflammatory response triggered by scaffold implantation recruits
macrophages, which, through the regulation of macrophage polarization, can accelerate scaffold
degradation and enhance tissue regeneration. Chen utilized decellularized meniscus matrix as bioink
to construct a novel tissue-engineered meniscus scaffold featuring a hierarchical microstructure with

468



Highlights in Science, Engineering and Technology BFSPH 2024
Volume 123 (2024)

large and micropores via LDM [42]. After one week of implantation, a mild inflammatory response
was observed, gradually diminishing over three weeks, accompanied by partial degradation of the
scaffold.

Furthermore, studies have shown that highly absorbent scaffolds can expedite the hydrolysis of
specific scaffold materials. One study revealed that the weight loss of synthetic polymer scaffolds
was significantly lower than that of gelatin scaffolds with high water absorption, indicating that
moisture facilitates the hydrolysis of gelatin and cross-linked polymers within the scaffolds [43].
Additionally, structural changes during scaffold degradation can lead to cracks, increasing the eroded
surface area and accelerating the hydrolysis process.

While microporous structures are known to enhance cellular activity and mechanical properties
[18], their impact on scaffold degradation may be minimal. Literature suggests that there are no
significant differences in the degradation rates of three-dimensional meniscus scaffold models with
pore sizes of 215 pm, 320 pm, and 515 pm [44].

3.3. Biocompatibility

Scaffolds composed of biomaterials such as gelatin, chitosan, collagen, chondroitin, hyaluronic
acid, and extracellular matrix (ECM) components demonstrate good biocompatibility and are less
likely to provoke immune responses. For meniscus regeneration or its substitutes, scaffold materials
must exhibit both biocompatibility and bioactivity. Numerous evaluations of biocompatibility have
been conducted on various PCL-based and non-PCL-based scaffolds for meniscus replacement.
Gopinathan et al. assessed the biocompatibility of carbon nanofiber crosslinked PCL scaffolds with
meniscus cells, noting that individual cells maintained a spherical morphology within scaffold pores
[45]. However, when the scaffold was functionalized with biomolecules, alterations in cell
morphology were observed. In vivo studies using a rabbit model demonstrated that despite firm
adhesion of the scaffold to the tissue, vascularization occurred in the surrounding tissue layers,
indicating that biomolecule-functionalized PCL scaffolds enhance meniscus cell viability.

Research also suggests that sustained-release technology can effectively mimic the in vivo
microenvironment over time, thereby improving scaffold biocompatibility. One study prepared
composite scaffolds from PCL, ECM components, and PLGA microspheres loaded with kartogenin
(KGN) to promote endogenous cell differentiation [13]. The biomimetic microenvironment created
by the continuous release of KGN significantly enhanced the chondrogenesis of synovial
mesenchymal stem cells (SMSCs), facilitated ECM formation, optimized scaffold microstructure,
and improved cell adhesion and proliferation in a hydrophilic environment.

Recent studies have reported that PCL/hydrogel scaffolds exhibit excellent biocompatibility, with
a relatively high DNA content indicating cell quantity observed two weeks post-implantation [40].
The hydrogel provided a protective effect on cells; after eight weeks of incubation with porcine tissue,
significant ECM deposition was noted within the scaffold among chondrocytes. Guo et al. cultured
meniscus fibro chondrocytes on PCL-ECM scaffolds, with SEM results demonstrating good cell
adhesion, high ECM secretion, and favorable biocompatibility [41]. While smaller pore sizes
enhanced cell adhesion, excessively small pores (e.g., 215 ) led to substantial internal cell deaths
due to inadequate nutrient supply during the initial stages, with 320 pm performing better [44].

Additionally, a scaffold utilizing a nanofiber array mimicking the circumferential and radial
arrangements of the inner and outer meniscus regions induced cell growth along the fiber distribution
[46]. This approach provides topological guidance and biophysical cues essential for the regeneration
and development of meniscal tissue.

4. Conclusion

Despite significant advancements in 3D-printed meniscus scaffolds, challenges remain, including
uncontrollable growth factor release, mismatches in mechanical properties, and insufficient printing
accuracy. The specific tissue structures of the human body are composed of distinct cells and tissues,
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making the selection of appropriate cells crucial for successful 3D bioprinting. However, not all
tissue-specific cells can be isolated and cultured in vitro, nor can all cells maintain their biological
activity in the 3D printing environment. Optimizing cell separation, culture, and proliferation
techniques is therefore essential for enhancing the success of 3D bioprinting.

Furthermore, various tissues and organs exhibit unique physical and mechanical properties,
necessitating the selection of biomaterials that correspond to these characteristics. These materials
must also sustain the biological activity and function of the chosen cells, presenting an additional
challenge for 3D bioprinting technology in biomaterial selection.

While several 3D printing technologies are widely used in medicine, many still face technical
limitations. For instance, the resolution and speed of 3DPI can restrict fidelity and clinical
applicability, whereas extrusion-based 3D printing, while offering high speeds, requires
improvements in cell density and biocompatibility.

3D bioprinting technology integrates the knowledge of manufacturing science with biomedicine,
representing a high-tech field at the intersection of both disciplines. This technology has successfully
transitioned from basic research to practical application, with successful transplantation of 3D-printed
ears, blood vessels, bones, and muscle tissues into experimental animals, and its implementation
across various levels of medical practice. Looking ahead, 3D bioprinting is poised to evolve towards
higher precision and personalized customization.
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