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Abstract

An ideal meniscus substitute should possess a remarkable resemblance to the native meniscus, which
includes structural integrity, biocompatibility, mechanical strength, and durability. Understanding
of the meniscus anatomy, microarchitecture, and biomechanical properties of the meniscus can help
in developing innovative designs, and advancements for addressing meniscus injuries and
replacement. Emphasis is made on the promising application of decellularized extracellular matrix
(dECM) as a source material for bio-ink in meniscus 3D printing. This paper examines the criteria
required for dECM bio-inks, including immunogenicity, ECM composition, printability,
biocompatibility, biomechanical properties, types of cross-linkers, and their potential applications.
By comprehensively addressing these factors, researchers can optimize dECM bio-inks for 3D
printing and create meniscus substitutes that closely mimic the native meniscus. In conclusion, this
review highlights the most promising approaches for 3D printing the meniscus, drawing on the
insights gained from the analysis of meniscus anatomy, biomechanics, and dECM bio-ink
characteristics.

Keywords: biomaterials; bioink; hydrogel; implant; tissue engineering

1.0. Introduction

The meniscus is a fibrocartilaginous tissue that plays crucial functions in load bearing of the
knee joints, shock absorption and distribution, and further, it supplies nutrients, lubrication, and
proprioception to the knees[1]. The meniscus injury is often challenging to treat and affects the entire
knee functions and the progression of the conditions leads to cartilage disruption, osteoarthritis, and
loss of functions[2]. In other words, meniscus injury is considered to have poor self-healing potential.
The current clinical practice for meniscus injury is to trim the tear region known as a meniscectomy,
surgically removed or meniscus transplantation is performed[2,3]. The post-operative surgery shows
that the degeneration of left-over meniscus occurs directly proportional to the amount of meniscus
removed. In addition, during the process of meniscus transplantation, the size, and shape of the
meniscus vary within the same age group and this reflects on the load distribution of the meniscus
while designing the implants[4,5]. To counteract the problems associated with meniscus treatment,
there is a need for effective and persistent approaches. Thus, a patient-specific design helps to match
the exact dimension and shape of the individual meniscus and avoids patent mismatch[6]. In the past
decade, 3D Bioprinting technology has gained a lot of attention due to its versatile nature. 3D
bioprinting is an addictive manufacturing technique that enables the creation of intricate 3D live
tissue constructs with precise shapes and architectures, mimicking the complexity of human tissues
using bioinks[7,8]. The decellularized extracellular matrix (AECM) is considered a potential bio-ink
that provides microarchitecture, tissue-specific environment, and biochemical properties essential for
cellular behavior like cell adhesion, infiltration, migration proliferation, and differentiation of cells[9].
The dECM can form a hydrogel at physiological temperature and pH which makes it a suitable bio-

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202509.1967.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 24 September 2025 d0i:10.20944/preprints202509.1967.v1

2 of 23

ink for 3D printing. This bio-ink is desired to have biocompatibility, bioactivity, shape retention, and
durability[10]. In recent years, there have been significant improvements in developing the various
dECM based biomaterials for meniscus tissue-engineering applications, especially with different
cross-linking strategies to achieve variation in mechanical properties and stability[7,8,11]. The most
crucial aspect in 3D decellularized matrix constructs is that the desired shapes are expected to
maintain structural strength, integrity, and architecture within the in situ environment. Thus the key
successful meniscus 3D printing relies on the ability to mirror the anatomy, and framework of the
meniscus’s macroscopic and microscopic organization[2].

In this review, we focused on the anatomy, microarchitecture, and biomechanical properties of
the meniscus, as well as current approaches and advancements available for addressing meniscus
injuries. Additionally, the paper specifically explored the use of decellularized matrix as a source
material for bio-ink in 3D printing. A thorough analysis was done on the essential criteria for dECM
bio-inks, including immunogenicity, ECM protein composition, printability, biocompatibility,
biomechanical properties, and types of cross-linkers. In conclusion, we discuss the potential
applications of dECM bio-inks in meniscus tissue engineering and highlight the most promising
approaches for meniscus 3D printing.

2.1. Meniscus Anatomy

The lateral and medial meniscus is a crescent-shaped structure made up of fibrocartilage tissue
located in the knee and acts as a cushion between the femur and tibia bone during leg motion[3,4,12].
The lateral and medial meniscus lengths are approximately 35mm and 45mm. The lateral meniscus
is circular and dominantly covers the tibia bone more than the medial meniscus. The anterior, mid,
and posterior horn regions are present in both lateral and medial meniscus. The anterior horn of the
medial meniscus is attached to the tibia and the anterior cruciate ligament surface and the mid horn
is linked to the medial collateral ligament[13]. The posterior horn of the medial meniscus is connected
to the intercondylar fossa, meniscocapsular, and meniscotibial ligaments. The width of the human
medial meniscus in the anterior, mid, and posterior horns is 7.6mm, 9.3mm, and 12.6mm[14] as
shown in Figure 1. The width of the lateral meniscus anterior horn is 7.5mm and the posterior and
mid-horn width is 10.4mm. The lateral meniscus posterior horn is joint to the popliteomeniscal,
posterolateral capsule, and meniscotibal ligament, and the anterior is connected to meniscofemoral

ligaments in the tibia region.

10.4mm

Figure 1. A diagrammatic representation of human medial and lateral meniscus. All the dimensions are

mentioned in mm.
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2.2. Meniscus Microarchitecture

The meniscus is made up of three regions outer red-red region; red-white region; and white-
white region as shown in Figure 2(a). The human meniscus is composed of 20-30% organic materials
like collagen, proteoglycan, and glycosaminoglycan (GAG) and the remaining 70-80% is
water[3,13]. Predominantly, 90% of collagen is type I which is distributed whole meniscus in the form
of circumferential fibers. Whereas, type II collagen is located in the inner avascular region in the form
of circumferential and radial fibers and it is responsible for the tensile strength of the meniscus.
However, type III, IV, V, and VI collagen proteins are also present in the meniscus in negligible forms.
The orientation of the collagen fibers is not fixed in one direction; fibers are arranged in
circumferential, radial, or irregular directions[13]. GAG is organized in the inner zone of the meniscus
consists of 60% chondroitin sulfate, 20-30% dermatan sulfate, 15% keratan sulfate, and hyaluronic
acid proteins[5]. The total dry weight percentage of GAG present in the inner meniscus is 0.8% which
is responsible for load bearing. Aggrecan, decorin, biglycan, and fibromodulin are the common types
of proteoglycan present in the meniscus, and aggrecan proteins are responsible for viscoelastic
compression strain and prevent meniscus injury. One or more proteoglycan proteins are attached to
form the GAG. Distinct cell morphologies have been observed across meniscus region[2]. Such as
fibroblast-like cells appear in elongated form in the outer red-red region[12]. Whereas, chondrocyte-
like cells appear oval or round in the red-white region, and fusiform cells are arranged in elongated
form in the white-white region[15]. The cell-specific marker for meniscal cells is CD34/alpha-smooth
muscle actin which is responsible for the repair and regenerative processes during the pathological
injury of the meniscus|2,5].

Meniscus operation complications

Meniscus Structure

-Red-red zone -Irreplacable Lessia

-Red-white zone -Cartilage injury
-White-white zone -Knee pain
-Joint stiffness
-Infection
-Mechanical block

-Arthritis

Commercially available meniscus implants

- Nusurface
- CMI
- Fibrofix

Figure 2. Schematic representation of meniscus structure, operational complications associated with meniscus
transplant and currently available meniscus implant in the market. (a) A drawing of human meniscus different
vascular zone. (b) Post-operation complications associated with transplantation of meniscus. (c) Some of the

examples of commercial available meniscus implant Nusurface®, CMI®, and Fibrofix® available in the market.

2.3. Biomechanical Properties of Meniscus

The meniscus covers about 60% of the contact area between the femoral condyles and the tibial
plateau, over 50% of the axial load is transmitted directly[16]. It exhibits an aggregate modulus of
100-150kPa under axial compression and a circumferential tensile modulus ranging from 100-300
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MPa, with a shear modulus of approximately 120kPa[17]. It also exhibits complex, time-dependent
mechanical behavior that is strongly influenced by its structural and compositional heterogeneity.
Kim et al. investigated the bovine meniscus and concluded that it shows higher ultimate tensile stress
(18.9 MPa) and toughness (4.7 MPa) than cartilage, due to its higher collagen content[18]. Also,
Young’s modulus of 49.9 MPa and strain-dependent tensile modulus defines a material’s high tensile
stiffness with a corresponding applied strain that enables it to withstand higher loads. This
significantly exceeds those of cartilage, highlighting its superior mechanical strength. Li et al. found
that the mechanical properties of the meniscus are highly anisotropic, particularly in the
circumferential fibers, which show higher stiffness in the vertical section compared to the horizontal
section[19]. This anisotropy is most pronounced in the outer zone of the meniscus, where the
circumferential fibers have significantly higher moduli compared to the inner zone[20]. Furthermore,
theoretical and experimental models at the microscale level indicate that the cells in the meniscus are
exposed to a complex, time-varying environment of stress, strain, fluid pressure, fluid flow, and
physicochemical factors[21]. When normalized to ultimate tensile strength (UTS), the tensile fatigue
strength of the human medial meniscus is not significantly affected by age, showing that both young
and older menisci show similar fatigue resistance at lowstress levels. Such findings provide valuable
insights into the mechanical behavior and resilience of the meniscus under repetitive loading.
Therefore, it is important to consider the tissue’s structural and compositional heterogeneity in
understanding its function and pathophysiology. This will enable to gain a deeper understanding of
structure-function relationships, which is essential for advancing the fields of meniscal repair,
replacement, and overall knee joint health. Rosa et al. introduced the Maxwell model for the
characterization of the extracellular matrix (ECM) of the meniscus, which captures the viscoelastic
nature of the tissue[22]. This model accurately describes the shear behavior of the meniscus, with the
shear modulus increasing and the phase angle decreasing with shear frequency. The Maxwell model
is a common way to explain how materials that are both stretchy and flowy behave[16]. It uses a
spring (for stretching) and a damper (for resisting flow) connected one after the other. This plays a
crucial role in determining meniscus, the tissue in the knee and how it responds to stress over time.
Also, the model captures the way materials change over time when stress is applied, which is a key
characteristic of viscoelastic materials. In the case of human meniscus, the ECM’s mechanical
response to shear stress was found to be well-described by a Maxwell model with three relaxation
times which represent different characteristic time scales over which the tissue undergoes viscoelastic
deformation, allowing the model to account for both the elastic and viscous components of the
tissue’s response. The generalized Maxwell model’s ability to match experimental data from
frequency sweep tests on meniscus samples shows its effectiveness in characterizing the meniscus’
viscoelastic behavior, especially under dynamic loading, which is key to understanding its response
in the body.

2.4. Existing Treatment for a Meniscus Tear

The meniscus tear is usually caused by three major events such as sports-related activities, non-
sports-related activities, and no injury[23]. During sports-related activities like soccer, rugby football,
hockey, and gymnastics people encounter sudden twists of the knee due to motion, and bearing
heavyweight[24]. As a result, the impact force or rotational forces and shear forces between the
femoral condyles and the tibial plateau cause meniscus tear. In non-sports related activities, a person
who suddenly falls from a motorcycle, or bicycle can twist the knee on landing on a surface leading
to a minor meniscus tear[12]. In no injury cases, meniscus tear occurs due to age-related degeneration,
and osteoarthritis on the knee joints[3]. The current challenge associated with meniscus tears is that
tissue recovery occurs in the red-red region. In the case of the red-white region and white-white
region, lack of vascularization of blood vessels results in low repair tendency[25]. The current
treatment for a meniscus tear is meniscectomy in which the torn region is surgically removed or a
meniscus suture or meniscus transplantation is performed[26]. The meniscus implant is preferred
over meniscectomy and meniscus transplantation due to less invasive surgery, faster recovery time
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and reduces the risk of osteoarthritis[2]. Figure 2(c) shows the commercially available meniscus
implants like CMI®, FibroFix®, and Nusurface®, are made up of synthetic or natural polymers (Table:
1.1). Whereas, the problems associated with meniscus transplantation are finding a donor, prone to
contamination, size mismatching, and graft rejection[27]. Further, the post-operative complications
include irreparable lesions of the avascular zone, cartilage re-injury, knee pain, joint stiffness,
infection, mechanical block, and arthritis as shown in Figure 2(b) shows [28]. The choice and type of
graft significantly contribute to the charges associated with meniscus surgery.

Table 1.1. Commercial available biomaterial-based scaffold for meniscus replacements.

Approved by

Product Country  Scaffold type Sources FDA Year Reference
CMI® USA Natural Collagen d.erlved from bovine Yes 2008 126]
Achilles tendons
. . . A hybrid of PCL (80%) and
®
Actifit Mexico Synthetic polyurethane (20%) No 2011 [27]
FibroFix® UK Natural Protein from the silk fibroin No 2019 [26]
Nusurface® USA Synthetic Polycarbonate urethane Yes Cltlrlil:{al [87]

® symbol indicates a registered trademark.

3.1. 3D Bioprinting Meniscus Implant/Scaffold Using AECM

3D bioprinting is an additive manufacturing technology that utilizes the bio-ink to print the
layer-by-layer structure of the 3D object. Initially, the 3D design of the meniscus is obtained from 3D
reconstruction of patient knee MRI data and later converted to 3D model for printing. The flow chart
for the preparation of a 3D-printed meniscus construct made from a dECM bioink as shown in Figure
3.

Figure 3. Flow chart for the preparation of a 3D-printed meniscus construct made from a dECM bioink.

3.1.1. Source Material

The animal organ from which the material is obtained plays a major role in getting the
maximum yield of dECM powder to construct the 3D structure[29]. The dECM powder can be
generated by decellularizing any source like skin, liver, heart tissue, intestinal, tendon, meniscus,
and urinary bladder[5,8]. Initially, the source material is incubated with the various decellularizing
solutions and exposed at different time intervals until the decellularization is achieved. However, the
duration of the process varies from hour to day depending on the size, and thickness of the source
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material[11]. During the decellularization process, the ECM is washed with PBS several times to
prevent the chemical residues deposit.

3.1.2. Decellularization

Decellularization is a process of removing the cells from the ECM and the biochemical
composition of the ECM is maintained to promote cell adhesion and differentiation without any
immunogenic or allergic reaction in the host system[29]. The decellularization process can be
achieved by physical, chemical, enzymatic, or a combination of methods. Physical decellularization
is performed by using agitation of the tissue with a magnetic stirrer, heat treatment, or sonication of
the tissue to create a cell-free matrix[29,30]. The chemical approaches utilize ionic and non-ionic
detergent, and hypotonic-hypertonic solution to solubilize the cytoplasmic membrane and cellular
component in the ECM. The enzymatic approach uses nuclease, and other proteolytic enzymes to
digest the DNA, RNA, and cellular protein of the ECM. At the end of decellularization, the ECM can
be sterilized by gamma radiation, ethylene oxide, antibiotic/antimycotic, and peracetic acid.

3.1.3. Preparation of Bio-Ink from dECM

The dECM can be solubilized by using a combination of enzymatic, and acidic solutions[31].
Briefly, the lyophilized form of dECM powder is digested by using pepsin in combination with
acetic acid or hydrochloric acid, incubated at different time intervals with stirring conditions, to
achieve a gel-like substance[32]. After achieving a gel-like substance the pH of the samples is
neutralized using NaOH to regain the intramolecular bonds of dECM. Wang et al. studied the effect
of pH on dECM ink’s rheological and mechanical properties[33]. At pH 11, the viscosity of dECM ink
is higher resulting in a denser network of collagen fibers, and promotes higher compression strength
compared to the native porcine meniscus. Additionally, the dECM ink inconsistent, rough, and non-
uniformly during extrusion at pH 7. Concentration and type of acids play an important role in the
preparation of bioink. For example, acetic acid and hydrochloric acid are used for solubilization of
dECM at various concentrations (0.5M, 0.1M, 0.01M, 0.02M) [14,32-34]. Zhao et al. specifically,
compared the three different acidic solutions to solubilize the decellularized porcine tendons using
the pepsin enzyme[32]. The 0.IM hydrochloric acid rapidly digests the dECM powder then 0.5M
acetic acid and 0.01M hydrochloric acid. Additionally, the observation suggests that rapid digestion
occurs due to the pH of the HCL being 1.6 at the end of the digestion and the activity of pepsin is
higher when the pH is less than 2.2. Thus, the choice of acid concentration and lower pH promotes
the proper digestion of dECM in the preparation of bioink.

3.2. Criteria Required for dAECM Bio-Ink for Meniscus 3D Printing
3.2.1. Immunogenicity

The decellularized matrix obtained from xenogeneic sources like skin, liver, heart tissue,
intestinal, tendon, meniscus, and urinary bladder contains allorecognition material[35]. The
allorecognition such as IgG/IgM/IgE proteins and alpha-gal carbohydrate causes hyperacute graft
rejection in the human body[36,37]. The techniques for identifying immunogenic material in the
dECM are DNA quantification, enzyme-linked immunosorbent assay (ELISA), and DAPI histology
and comparing them with native tissue. Choudhury et al. state that in the post-decellularization
process, the DNA content in the dECM should be below 50 ng/mg to discourage any graft
rejection[38]. Another approach to detecting the cellular and nuclear remnants present inside the
dECM is stained by haematoxylin and eosin (H&E) and (4’,6-diamidino-2-phenylindole) DAPI
staining[31]. These techniques are used together to identify the cells present in the top and bottom
surfaces as well as the cross-section of the ECM. In the H&E stain, the ECM appears pink in colour,
and cell nuclei appear blue. Whereas, DAPI-stained nuclear DNA appears to have a fluorescent blue
color. Lim et al. compared the effect of a-gal protein by implanting the decellularized scaffold and
glutaraldehyde fixed tissue in the in vivo rabbit model for 60 days[39]. The ELISA assay result shows
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the production of anti-a-gal in the decellularized tissue is significantly lower than in glutaraldehyde-
fixed tissue. By minimizing the xenogeneic material, dECM can be safely used for biomedical
applications.

3.2.2. ECM Proteins

Collagen, elastin, and glycosaminoglycan are the proteins present in ECM which are mainly
responsible for cell adhesion, growth factor signaling, migration, and wound healing process[40,41].
During the decellularization process, the ECM is exposed to various chemicals and enzymatic agents
for a longer duration of time, and as a result loss of ECM proteins occurs[31]. Optimizing the
decellularization process like the concentration of the chemical, and duration of exposures, helps to
control the loss of proteins in the dECM[42,43]. Often, the biochemical assay is performed on the
dECM and native tissue to determine the amount of collagen, elastin, and glycosaminoglycan loss in
the post-decellularization process[44]. In recent years, proteomic analysis has been performed on
dECM using mass spectrometry. This experimental approach quantifies a group of proteins
specifically present in each zone of dECM, and the gene responsible for production can be identified.
Yun et al. reported totally 146 proteins were identified in the outer layer, mid-layer, and inner layer
of decellularized porcine meniscus through proteomic analysis[45].

3.2.3. Printability

The dECM bio-ink should extrude out precisely from the 3D printer and this is highly dependent
upon the rheological properties and fabrication method. The rheological properties include viscosity,
shear stress, and elasticity.

3.2.3. Rheological Properties

The rheological properties of the bioink are characterized by measuring the viscosity (1)), storage
modulus (G'), and loss modulus G” before and after incubation with cross-linker. Ideally, the bioink
should gel rapidly, either following extrusion or crosslinking, to ensure the preservation of its shape
and stability[46]. The shear-thinning behaviour is an important rheological property that influences
the printability[47]. During printing, the hydrogel is subjected to high shear forces, which can break
non-covalent bonds and reduce viscosity. However, when the shear force is removed, the bonds can
reform, increasing the viscosity and helping the hydrogel retain its desired shape[47]. The following
sections provide a detailed discussion of each rheological parameter.

3.2.3.1. Viscosity

Viscosity refers to the material resistance to the flow of fluid in between the nozzles[47]. The
dECM bio-ink viscosity depends upon the molecular weight, ECM components, temperature,
fabrication method, and the ratio of the components used in the study[48]. For the inkjet fabrication
method, the bio-ink required a low viscosity of 3.5-12 mPa.s to achieve a precise 3D shape[49].
Whereas, the stereolithography requires bio-ink viscosity ranging from 1-300 mPa.s. Moon et al.
reported that the optimal viscosity for extrusion bioprinting ranges from 30-60 x 107 mPa.s for bio-
ink[50]. Usually, the bioink’s higher viscosity provides excellent mechanical strength and prevents
structure deformation. However, the higher viscosity encapsulates the cell and restricts the cell
survival, and proliferation, controlling the cell’s bioactivity. In contrast, the bio-ink with lower
viscosity supports cell viability and bioactivity but often faces the issue of poor printing resolution
and fidelity. Hence, optimizing the viscosity of bio-ink can provide desired mechanical strength, cell
survival, cell bioactivity, and high printing resolution. The viscosity of bio-ink changes when the
force is applied and it is calculated by the power law equation[47].

n—1

n=Ky
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where, 1 represents the viscosity, y is the shear rate, and K and n are the shearing thinning
coefficients

3.2.3.3. Extrusion Pressure and Shear Stress

The cross-section of the nozzle tip is divided into the inner region, middle region, and outer
region[46,51]. In cell-laden 3D bioprinting, the cells get entrapped and extruded with the bioink, and
will experience shear stress in different regions. The average shear stress (1) experienced by the bio-
ink can be calculated by force applied (F) divided by the cross-section of the area (A)

F

T=Z

3.2.3.4. Elasticity

The elasticity of bio-ink can be determined by storage modulus (G') and loss modulus (G”)[52].
The storage modulus (G')  represents the ability of the materials to store energy which is also known
as elastic behavior and the material’s ability to dissipate energy is represented by loss modulus
(G”)[53]. If the storage modulus higher than the loss modulus, it results in increased mechanical
stiffness and provides efficient printing fidelity. The bioprinting fidelity (loss tangent d) refers to the
accuracy of the final 3D printed product in comparison with 3D model and it is based on the ratio
between storage modulus (G') and loss modulus (G”). A loss tangent d value greater than 1 signifies
liquid-like behaviour of the bioink. Conversely, a solid-state material exhibits a tangent o value less
than 1. Therefore, a higher loss modulus than the storage modulus can impart more fluid-like flow
characteristics to the bioinks, potentially compromising shape fidelity.

»

tand = —
an -

In general, the human meniscus loss modulus is between 0.1-0.5 MPa and the storage modulus
is 0.5-2.0 MPa. There are various studies that reported the use of dECM bioink to achieve loss and
storage modulus values matching human meniscus. Ronca et al. reported that the storage and loss
modulus of 12% of collagen hydrogel were: 5.1 + 1.4 kPa and 0.65 + 0.16 kPa[54]. The time taken by
the hydrogel to break the non-covalent bond and recovery time from liquid to gelatinous takes 4.1 +
0.3 s. This shows good layer by layer stacking construct can be achieved. Similarly, Chae et al.
reported dECM meniscus bio-ink G'is similar to the pure collagen bioink at a temperature below
15°C and the modulus increased rapidly as the temperature reached 37°C, which is an indication of
bioink gelation [55]. The time taken for gelation was found to be 30 minutes. In another study, the
storage modulus of bovine collagen type-I with methacrylate was found to be 3kPa, and exposure to
UV light enhanced the modulus to 9.68kPa and recovery time from liquid to pasty took 4 minutes[14].
Overall, the gelation time of dECM is influenced by concentration, crosslinking agent, pH, and ionic
strength[56].

3.2.4. Fabrication Method for dECM Scaffold

3D bioprinting is used to print cell-free natural polymers, cells encapsulated in hydrogels, cell
aggregates, and cell-seeded microcarriers formulated as “bioinks”[57]. It is based on the principle of
layer-by-layer deposition of the bioink. Various bioprinting techniques are used in decellularized
extracellular matrices[58].

3.2.4.1. Extrusion Bioprinting

Extrusion bioprinting is the most versatile and commonly used method among 3D bioprinting
techniques. Extrusion-based printing works on the principle of dispensing the bio-ink as a continuous
filament in a layer-by-layer manner to produce a 3D structure. The dispensing technique can be
pneumatic or mechanical extrusion, where the mechanical extrusion is further divided into piston-
based or screw-driven systems[2]. With the help of extrusion bioprinting, materials with a viscosity
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of (25 — 30) x 10® MPa can be printed. It works by reduction in viscosity due to an applied pressure
leading to the deposition of material, followed by gelation as soon as the shear force is removed[2].
Zhang et al. have printed dECM hydrogel in a three-dimensional grid structure with a printing
pressure of 40kPa and a printing speed of 15 mm/s [32]. The advantages of this technique include the
ability to print a wide range of viscous biomaterials, and it offers high cellular density. It also has the
advantage of printing tissues with high throughput and ease and processing capacity of several types
of bio-inks[57]. However, the speed and resolution of the printing process are relatively low[58].

3.2.4.2. Inkjet Printing

Inkjet-based printers allow the release of controlled volumes of cells or biomaterials at
predefined locations on a moving stage[59]. The droplets of 10 um are deposited in a bottom-up
strategy where an actuator generates pressure at the nozzle opening, thereby ejecting the bio-ink
droplets on the surface plate of the printer. Low-viscosity bio-inks (shear viscosity less than 30 MPa)
are used in this technique to avoid nozzle clogging. Inkjet printing is a low cost and time-efficient
process [2]. This method is mainly used for printing structures with non-continuous flow of
biomaterials[58]. Cavallo et al. used micro-valve based inkjet printing with multiple printheads to
print a custom-made human meniscus, with cell-laden high-density collagen type I using a printing
speed of 12 mm/s at a pressure of 0.2 bar at 37°C[60]. Inkjet printing can be distinguished into thermal
and piezoelectric jetting systems. The thermal jetting system or bubble jetting system uses heat and
it is suitable for printing structures requiring high control over ultrastructure[2]. The heat from the
jetting system generates small air bubbles in the print head that collapse and eject the materials as
bio-ink droplets. The droplet size and volume can be controlled by varying the heat and pressure of
the system. In a piezoelectric jetting system, a voltage is generated due by the piezoelectric elements
and it is used to actuate and form bioink droplets. In such systems, the cells might likely get affected
by the voltage compromising cell membrane integrity. Therefore, thermal actuator systems are
preferred[2].

3.2.4. Biocompatibility

Biocompatibility in bio-ink refers to the non-cytotoxic materials, that support cell viability,
adhesion, and proliferation and maintain phenotypic characteristics and should not elicit host
inflammatory responses when implanted inside the human body[57]. The numerous
biocompatibility studies on the 3D printed meniscus have examined various cell types including
meniscal fibro chondrocytes, and mesenchymal stem cells (MSC) derived from bone marrow, adipose
tissue, synovial fluid[5,14,61-63]. The MSCs have become popularly used and well-established
sources due to easy sample collection, and reduced harm to donors[64]. Chae et al. isolated the MSC
from the bone marrow and culture for 14 days on the dECM bio-ink and compared it with pure
collagen bio-ink[55]. The cell proliferation analysis shows that 98% of MSC survived higher than
commercially available bioink supports cell growth and differentiation of fibrochondrocytes. Lyons
et al. determine the effect of various concentrations (8%, 12%, 16%) of genipin crosslinker on the
biochemical response of the meniscus derived matrix [65]. Genipin at a concentration of 16%
significantly promoted the deposition of glycosaminoglycans (GAGs) and collagen within the
meniscus derived matrix after 14 days of incubation. The aromatic compound with hydroxyl group
presents the genipin covalent bond with ECM creating a suitable environment for cell growth.
Similarly, Asgarpour et al. compared the various pore sizes (0.2 mm, 0.4 mm) of PCL, and biohybrid
dECM_PCL to determine the effect of microarchitecture on hADSCs[40]. The result showed that PCL-
dECM with 0.2 mm porous space promotes higher metabolic activity than 0.4 porous space dECM.
This is likely because biochemical cues for cell attachment, spreading, and proliferation are supported
by the dECM with 0.2 mm PCL porous space. Various concentrations of decellularized collagen
hydrogel (10, 12.5, 15%) were specifically designed to find the optimal concentration required for
high printability[54]. The meniscus cells obtained from avascular zone and vascular zone of human
meniscus were seeded onto the decellularized collagen hydrogels. The gene expression analysis
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shows that the meniscus cells obtained from the both zones upregulated the matrix synthesis genes
COL2A1 and COL1A1 in the 3D-printed 12% collagen scaffold after 28 days in the in vitro conditions.
The biocompatibility of dECM bioink, as demonstrated by its ability to support cell viability,
proliferation, and matrix synthesis, makes it a suitable material for meniscus tissue engineering
applications.

3.2.4.1. Factors Affecting dECM Biocompatibility

The parameters that affect dECM biocompatibility include (i) shear force during extrusion of
bio-ink and (ii) physical stress during homogenization of cells and bioink.

Shear force during extrusion of bio-ink

The shear force is usually generated in the bioink printed through an extrusion nozzle for 3D
printing[46]. The excessive shear force can damage the cell and bio-ink and reduce the cell viability
in the 3D printed material. Habib et al. studied the effect of shear force on cell viability during the
extrusion of bio-ink[47]. Initially, sodium alginate hydrogel was extruded at 8 and 12 psi pressure
through a 410 um nozzle diameter. Overall, the cells could sustain up to 3.7kPa shear stress with 90%
cell viability. In addition, the higher shear force was experienced by the cells at the nozzle wall,
resulting in lower viability and preventing the consistent flow of the printed structure. The shear
forces are usually affected by the nozzle diameter, nozzle type, and, extrusion speed. Pottathara et al.
studied the effect of various nozzle diameters 500 pim, 250 pm, and 200pm on the 3D printed collagen-
based hydrogel[66]. After 14 days of incubation in Hanks’s blank salt solution, the wall diameter of
the 3D-printed collagen increased with a decrease in the pore size of the nozzle. By optimizing factors
such as nozzle diameter, and extrusion speed of the bio-ink, it is possible to minimize shear forces
and improve the printability and biocompatibility of 3D-printed construct.

Physical stress during the homogenization of cells and bio-link

Traditional methods of mixing cells with bioink are performed by using the syringe coupler
method or manual mixing using pipettes, which can lead to uneven distribution of cells within the
bioink[67,68]. This variation in cell density and composition can affect the printed shape and its
properties. Primary cells, in particular, are sensitive to the shear stress caused by aspiration and
dispensing, which can result in cell damage or death[69]. The physical stress during homogenization
can be avoided by using alternate techniques like magnetic beads, cell encapsulation, and static
mixing[68]. These techniques help to protect the cells from damage by creating a semipermeable
membrane around the cell, or by intense turbulence mixing. Thus, it is important to adopt alternative
techniques to obtain uniform cell distribution and less cell damage during mixing with bio-ink.

3.2.5. Mechanical Properties

The mechanical strength is an essential criterion required for the dECM bioink for meniscus 3D
bioprinting [70]. The desired mechanical strength can be achieved by varying the concentration of
dECM or using various types of crosslinkers[71]. Usually, the mechanical properties of dECM
hydrogel are studied by conducting compression testing, dynamic mechanical analysis, and ultimate
tensile testing. Ronca et al. conducted dynamic mechanical analysis between 0.5-10 Hz, simulating
normal physiological walking frequency, to investigate the mechanical behavior of decellularized
collagen hydrogels with 40% and 70% infill[54]. The storage modulus of the 70% infill hydrogel was
found to be 73kPa, likely due to reduced porosity and increased scaffold stiffness. Notably, the
storage modulus of native human menisci ranges from 0.5-2.0 MPa, suggesting that the 70% infill
hydrogel may offer a suitable mechanical match for meniscus repair applications[54]. In another
study, tensile testing was performed on dECM bio-ink containing various concentrations of dECM
(0%, 0.5%, 1%) in combination with gelation and methacrylate[72]. The results demonstrated that the
elastic modulus of dECM hydrogel was 33.24kPa, while it increased to 81.9kPa for the 1% dECM-
gelation-methacrylate combination. However, it's important to note that the elastic modulus of
healthy human meniscus typically ranges from 105 to 189 MPa, indicating that further optimization
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may be necessary to achieve a more suitable mechanical match for meniscus tissue engineering
applications[73].

3.3. Crosslinkers for dECM Bio-Inks

In this section, we discuss natural, dual, chemical, physical, and enzymatic crosslinking
performed on the dECM bioinks and schematic representation of the crosslinking mechanism are
shown in Figure 4. Then, the post-crosslinking results obtained from the various research groups
obtained on the dECM bioinks are discussed. Table 2, shows the recent studies on 3D printing
meniscus tissue using dECM matrices and cross linker used. Table 3, discusses the advantages and
limitations of crosslinker used for dECM matrices.

Crosslinked process

Crosslinked

dECM Bioink dECM hydrogel
Natural Dual Chemical Enzyme Physical
O _OCH, L»
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Figure 4. Schematic representation of the crosslinking mechanism for a dECM bioink.

Table 2. Recent studies on 3D printing meniscus using dECM.

nsn;);lel;cizl & Cllg':)(:slllil:lker Cells Studies Outcomes Ref.
Various concentration of  Crosslinking with
genipin (8%, 12%, and genipin, a 16%
Porcine Decellularized. . 16%) was ipcubated .with conc.:enf[ration was found
meniscus extracellular matrix -  Meniscal fibro chondrocytes  a decellularized meniscus to significantly promote [65]
Genipin to determine the effect of the deposition of
crosslinking agents on glycosaminoglycans
meniscus cells. (GAGs) and collagen
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within the decellularized
extracellular matrix

(dECM) after 14 days of
in vitro incubation.

supplemented with or
without the transforming

growth factor beta-3
(TGF-p3) and insulin-like

The TGF-p3 and IGF-1
induce the production of

Human Decellularized . synovial fluid-derived growth factor 1 (IGF-1) to aggrecan, collagen type | [88]
meniscus  extracellular matrix ~mesenchymal stem cells (MSC) determine whether MSC and II in the dECM after
can differentiate into 21 days of in V.lt.I'O cell
meniscus fibro culture conditions
chondrocyte
. Comparison between The inner meniscus
Decellularized . supports the
1l . h decellularized inner R . ¢
Bovine cXtracellular matrix- uman bone marrow meniscus and outer differentiation o
MemiSCUs Lithium phenyl-2,4,6- mesenchymal stem cells meniscus o determine the fibrocartilaginous from [89]
trimethylbenzoylphos (hBMSC) S the hBMSC whereas the
. region’s effect on the )
phinate (LAP) —owth of hBMSC outer meniscus supports
& the fibroblast phenotype.
Various concentrations of
Decellularized 0.5, 1, 2, and 4% dECM Zﬁsziw(ili}?xg%i?gel
Por.cme extrafzellular.matrlx— meniscal fibro chondrocytes hydrqgel were incubated production of GAG and [90]
meniscus Sodium alginate + with the MFCs to
. . . . collagen after 14 days of
Calcium chloride determine the production stud
of GAG and collagen Y
dECM_PCL provides a
PCL and dECM_PCL 3D favorable
Porcine Decellularized Human bone-marrow-derived printed meniscus microenvironment for
Meniscus extracellular matrix - mesenchymal stem cells subcutaneously implanted the cell growth, [55]
pH and temperature (hBMMSCs) on the mouse with differentiation of
hBMMSCs for 2 months  hBMMSC:s to fibro
chondrocyte cells
Various concentrations of N
decellularized collagen ! 2f;)5u1{0d (t)(f) (l:lzlxlfzg‘s; t\évras
hydrogel (10, 12.5, 15%) rintability and
Decellularized were specifically biodep radable yro erties
Cartilage and . avascular and vascular meniscus designed to find the load- . & prop '
bone extracellular matrix- cells bearine capacity. cell- It is due to the lower pH [54]
EDC and NHS matrixg de I()) i tit(})l 1’1 and of the ink allowing more
biode l; a dabili’ homogeneous extrusion
propertiges of theth than othqr collagen
printed meniscus. bioinks.
Comparison of collagen I- .
methacrylate, collagen II, Cglelzgrr; t?&?l;tr)l ilii:]ad
Bovine . . and chondroitin sulfate- . y
Commerial available .. closely simulated
collagen . MSC MA bio-ink were used to . . [14]
bioink-LAP . . meniscus architecture
type-I1 determine the optimal and was biocompatible
bioprinting of the native with MSC for Zf davs
meniscus architecture. vs.
PCL 0.2 mm porous
space with dECM
Comparison of various promptes hlgher
. . ‘ ore sizes of PCL. and metabolic activity than
. Decellularized Human adipose-derived P . ’ 0.4 porous space dECM.
Caprine . biohybrid dECM_PCL to L
Memiscus extracellular matrix - mesenchymal determine the effect of This is likely because  [40]
pH and temperature stem cells (hADSCs) biochemical cues for cell

microarchitecture on
hADSCs

attachment, spreading,
and proliferation are
higher in the 0.2 mm
porous space.
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Table 3. Advantages and limitations of different cross-linkers on the dECM.
Types of cross-linker Advantages Limitations References
Highly bioactive
Hyaluronic acid Biocompatibility, Susceptibility to degradation [43,54,91]
Non-immunogenicity
Efficient crosslinking Generate deep dark blue pigments on crosslinked
Genipin Good biocompatibility hydrogel [71,74,75]
Non-cytotoxicity Complgx extraction
High cost
Less cytotoxicity
Less reactive
Higher degradation resistance Required high concentration for crosslinking
Dialdhyde starch Unalter the collagen triple helical ~ Generate pale yellowish pigments on crosslinked [71.76.77.92]
structure hydrogel
Biocompatibility
Enhances the biomechanical
strength
. Non-phototoxicity
Eosine & . . L .
. . Enhances the biomechanical Toxic in high concentrations [9,93]
triethanolamine strength

Non-cytotoxicity

Enhance the physicochemical Decreases the carboxyl groups, in hydrogel which are

EDC-NHS properties of collaggq crucial for cell adhesion [73]

Increases thermal stability
Resistance to biodegradation

Excellent biocompatibility Generate ye110w1shh[;§$2$5 on the crosslinked

Vitamin B2 Non-cytotoxicity Required high concentration for crosslinking [71.78]

Excellent crosslinker
. . Good biocompatibility Phototoxicity
tranz/hlcurt(:r)rt?iase Enhances the biomechanical Expensive [82,83,94]
& strength Limited shelf life

Table 4. Criteria required for dECM bio-ink for 3D printing meniscus.

Essential meniscus characteristics required for dECM to 3D
printing meniscus
Immunogenicity Cell-free extracellular matrix

Collagen (60-70%), elastin (1-5%) and GAG (10-15%)

Parameters

ECM proteins
Circumferential direction 15-30MPa
Biomechanical properties Ultimate tensile strength Radial direction 2-5MPa
Biocompatibility Supports the growth of meniscus cells
Inkjet fabrication method: 3.5-12 mPa.s
Viscosity Extrusion method: 30-60 x 10’ mPa.s
n value between 0- 1
Printability . Storage modulus (G*) 0.5-2.0MPa
Elasticity modulus Loss modulus(G**) 0.1-0.5MPa

3.3.1. Natural

Hyaluronic acid

Xu et al. studied whether the decellularized crow scapular cartilage crosslinked with hyaluronic
acid can be used as an injectable hydrogel for cartilage regeneration in the in vivo model[51]. The
crosslinked hydrogel was cultured with chondrocyte cells and subcutaneously implanted in the
rabbit model. After 8 weeks of implantation, the quantitative analysis shows that the formation of
collagen is 22mg/g of tissue which is like that of native tissue.

Genipin
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Genipin is a derivative of the non-sugar component of glycosides present in the fruit of the
gardenia jasminoides ellis plant and it is used as a traditional medicine for the treatment of headaches
and inflammations[11]. Genipin is composed of monosaccharides linked with glycosidic bonds that
cross-link with proteins like collagen[71]. The collagen cross-links with genipin through a
nucleophilic attack on the C3 carbon atom of an amino group. As a result, dihydropyran open ring
and unstable aldehyde group form. This open ring reacts with an amino group of collagen and forms
a covalent bond. Further, the unstable aldehyde group attacks the other amino group to form another
bond[5]. Zhang et al. studied the effect of different concentrations of genipin on rat tail collagen to
determine the optimal crosslinking conditions such as temperature and percentage of genipin. It was
found that a 0.3% genipin concentration and a temperature of 37°C is optimal to achieve excellent
crosslinking and good biocompatibility and non-cytotoxicity to rat chondrocytes[74]. Adamiak et al.
reported that genipin induces a change in the collagen-based hydrogel and incubation time increases
the storage modulus of the collagen after being treated with genipin from 0-10 mM concentration[75].
Overall, the concentration above 5mM concentration causes cell death in 1.929 fibroblast cells.

Dialdehyde starch

The dialdehyde starch is prepared by selective oxidation of starch using sodium periodate or
potassium iodate[76,77]. The oxidation converts the starch to dialdehyde starch by cleaving the C2
and C3 bond in anhydroglucose and as a result, two aldehyde groups form[71]. This dialdehyde
starch acts as an excellent cross-linker for proteins and polysaccharides. The crosslinking occurs when
dialdehyde reacts with amino acids and forms intermolecular bonds in the protein. The advantages
of using it as a cross-linker are, it is less reactive and does not change the triple helical structure in
the proteins. Wisniewska et al. used dialdehyde starch as an alternative to glutaraldehyde-based
cross-linker for the collagen-based scaffold and performed the enzyme degradation study[76]. The
addition of 10% dialdehyde starch provides higher resistance to collagenase enzyme and this is due
to the peptide bond between the amino acid preventing the enzyme from penetrating collagen tissue
resulting in higher degradation resistance.

3.3.2. Dual Crosslinker

Recently, the dECM-based hydrogel was cross-linked using dual crosslinking techniques. This
involved using both photo and thermal crosslinking to achieve the gelation of the 3D shape. For photo
crosslinking, visible light or green light was exposed to the dECM bio-ink with photo-initiators like
Eosin, triethanolamine, N-Vinylpyrrolidone, and vitamin B2[9,71,78]. Later, the bioink is incubated
at 37-40°C to achieve thermal gelation. Overall, optimizing the concentration of the cross linker and
duration of light exposed to the dECM plays a major role in printing the complex anatomical
structure, and desired biomechanical properties and biocompatibility [78].

Eosin & triethanolamine

Yeleswarapu et al. performed dual crosslinking of the decellularized smooth muscle matrix
hydrogel with eosin & triethanolamine and visible light[9]. The result showed that among 0.2 mM
concentration of eosin crosslinked with dECM hydrogel has achieved excellent complex modulus,
while it was varied from (0.03 to 0.5mM). There were no significant differences above 0.2 nM
because of the saturation of the crosslinking agent in the hydrogel. Dual cross-linking also allows
printing of a flexible structure and enhances L929 cell viability compared to the only visible
crosslinked dECM hydrogel.

1-ethyl-3-(3-dimethyl aminopropyl)-N-hydroxysuccinimide (EDC-NHS)

Carbodiimide usually crosslinks with proteins and polysaccharides that contain functional
groups like carboxyl, hydroxyl, and sulfhydryl in their chemical structure[79]. The mechanism of
collagen cross-link with EDC-NHS includes the formation of a covalent bond with a carboxylic group
of aspartic and glutamic acid[54]. These bonds in the collagen fiber create high mechanical strength
and resistance to enzyme degradation. The carbodiimide in the EDC commence the formation of urea
group and additions of NHS converts urea into carboxylic acid. Omobono et al. enhanced the stiffness
of rat tail collagen-based hydrogel using dual cross-linking with EDC-NHS and exposing it to green
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light[80]. The result shows that dual cross-linking collagen hydrogel provides a storage modulus is
117.6 + 6.9 Pa which is 5 times higher than the photocross-linked collagen.

Vitamin B2

Jang et al. decellularized porcine left ventricles and cross-linked them using various
concentrations (0.01-0.1 w/v %) of vitamin B2 and ultraviolet light. The biocompatibility and
mechanical properties of these decellularized tissues were evaluated by seeding them with cardiac
cells in a bio-ink[78]. Compressive modulus of crosslinked hydrogel was 15.74kPa, which is
comparable similar for the native myocardium tissue. Moreover, the metabolic activity of cardiac
cells was high when the hydrogel was treated with in 0.02% vitamin B2, and less in the 0.1%
treatment.

Microbial transglutaminase (inTG)

mTG is obtained from the Streptoverticillium mobaraense enzyme that is capable of cross-linking
with protein molecules. The mechanism of crosslink occurs by the formation of isopeptide bonds
between A-carboxyamide groups and the e-amino groups[81]. Basara et al. develop the dECM bio-
ink from the human left ventricle and combined it with gelatin methacryloyl (GelMA) or hyaluronic
acid to tune the mechanical stability of the bio-ink, by cross-link with mTG (80mg/ml) and UV
light[82]. The Young’s modulus of the bio-ink in all the treatment groups with cross-linker was
observed to be higher than the untreated group. This indicates that dual crosslinking can enhance the
mechanical stability of the bio-ink. Similarly, Kara et al. cross-linked the decellularized rabbit bone
tissue and gelatin using 10% mTG and studied the cytocompatibility in the pre-osteoblast cell lines
for 21 days. The cross-linked dECM hydrogel allowed for for proliferation of cells throughout the
incubation period. Yang et al. studied the effects of different crosslinking agents such as
glutaraldehyde, genipin, EDC, and mTG on the gelatin scaffold[83]. Due to its excellent porosity,
mechanical properties, and biocompatibility, mTG showed better results than the other crosslinking
agents.

3.3.3. Chemical

Chemical crosslinking involves the use of crosslinking agents that can generate strong and
durable covalent bonds to improve the properties of dECM bioink[71]. Compared to physical
crosslinking, the chemical method gives better stability and mechanical properties under
physiological conditions. Some of the chemical crosslinking methods include photopolymerization,
click chemistry, dynamic covalent crosslinking etc.

PEGDA

Lu et al. used the various combination of dECM and PVA (Polyvinyl Alcohol) to crosslink with
PEGDA (Polyethylene Glycol Diacrylate) to generate a 3D-printed meniscus[70]. The alginate chains
formed ionic networks, and PEGDA chains formed covalent bond networks along with dECM
providing the necessary biological factors for meniscus tissue regeneration. 10% (w/v) PEGDA was
added as a crosslinker and it was allowed to photo crosslink using a photo initiator.

Glutaraldehyde

Glutaraldehyde is a widely used five-carbon aliphatic molecule with an aldehyde group at each
end of the chain. GA has mixed hydrophilic and hydrophobic properties which can allow rapid
penetration into cell membranes and aqueous systems. It has high crosslinking efficiency but has less
biocompatibility due to the presence of residues or hydrolytic/enzymatic degradation of
linkages[71,84]. Collagen meniscal implant is fabricated by glutaraldehyde crosslinking and freezing.

3.3.4. Enzymatic

Enzymatic crosslinking forms strong covalent bonds with rapid reaction rates under
physiological conditions. In general, various enzymes like transglutaminase, tyrosinase, horseradish
peroxidase, and lysyl oxidase can catalyze covalent crosslinking [71]. Protein-lysine 6- oxidase (lysyl
oxidase) is a cuproenzyme that forms covalent linkages to crosslink collagen and elastin fibrous
proteins thus stabilizing the extracellular matrix[12,56]. The catalytic mechanism is the oxidative
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deamination of lysines and hydroxylysines to aldehydes, which further reacts with amino groups by
Schiff-base reaction to form imine bonds. On the other hand, tyrosinase is also a copper-containing
enzyme that oxidizes phenol to quinone and catechol groups which can further react with amino
groups[56]. Khati et al. have used tyrosinase as a crosslinker to develop a multi-material
decellularized liver matrix bio-ink reinforced with PEG and gelatin[53]. Tyrosinase was added
dropwise in a concentration of 500 units per ml and the 3D structure was allowed to crosslink at 37°C
for 1 hour. It led to a heavily crosslinked structure exhibiting a 16-fold increase in viscosity and a 32-
fold increase in storage modulus. Therefore enzymatic crosslinking is a cytocompatible method that
can be done in physiological temperatures for extended 3D printing applications.

3.3.5. Physical

pH

pH induces gelation of dECM, which is based on ECM proteins like GAG, collagen, and
elastin[11]. These proteins are composed of carboxylic and amino groups. The ionization state of the
amino acid group exposes hydrophobic regions, increasing interactions and leading to aggregation,
ultimately forming a three-dimensional network that traps water molecules during pH changes[85].
The optimal pH varies in dECM hydrogel depending upon the composition of the hydrogel[86]. In
general, for the dECM-based bio-ink, the pH is kept in the physiological range of 7.0[53]. A pH below
6 or above 9 might cause protein denaturation or prevent the proper gelation or solubilization of the
protein structure. Usually, the pH of the dECM solution adjusts to 7.4 by using 10 N NaOH solutions
for the gelation process. Wang et al. studied the effect of different pH levels on the biomechanical
strength of the 3D-printed meniscus[33]. In contrast, at pH 11, there is a significant increase in
compressive modulus of dECM hydrogel above 150kPa which is due to the net positive charge
decrease in the collagen fiber and enhances the electrostatic interactions between the triple helices
allowing the formation of a denser network compared to the pH 7.4.

Temperature

The effect of temperature plays a major role in the gelation of dECM hydrogel. Most of the
bioprinter have a separate temperature controller for the extrusion nozzle and printing bed[85]. The
optimal extrusion nozzle temperature is always maintained between 20-25°C for bio-ink with cells to
prevent the shear force during the extrusion of dECM bio-ink[32]. Whereas, the printing bed
maintains 30-37°C for the solidification of bioink and provides a suitable temperature for cell survival
[18,43,54,57]. In contrast, Khati et al. experimented by extruding dECM bio-ink with HepG2 cells at
37 °C to achieve excellent cell viability[53]. To prevent structural damage of the printed structure, the
sample was immediately incubated in a 500 U/ml tyrosinase solution for 1 hour. This treatment
enhanced the stability of the dECM bio-ink and acheive the cell viability upto 93%.

uv light

UV light crosslinking can create free radicals on aromatic amino acids like tryptophan,
phenylalanine, and tyrosine, leading to interactions and the formation of chemical bonds[75]. For UV
crosslinking, photoinitiators like 1-[4-(2-hydroxyethoxy) phenyl]-2-hydroxy-2-methyl-1-propanol,
lithium phenyl-2,4,6-trimethylbenzoylphosphinate, and ruthenium are used[43]. Commonly, UV
light at 405 nm wavelength is used due to its penetration depth, cell viability, and better
photoinitiator absorption[85]. In contrast, 254 nm UV light is often used as a strong sterilizing agent
to damage the genetic material of microorganisms. Recently, many research groups have utilized UV
light combined with dual crosslinking agents like EDC/NHS and vitamin B2 to achieve improved
rheological and biomechanical properties[9,71,78]. Jang et al. developed the dECM bioink using
porcine left ventricles and crosslink using vitamin B2 and exposed with and without UVA light at 30
mWcem? for 3 minutes[78]. Crosslinking of dECM bioink with 0.1% of vitamin B2 with UV caused
cytotoxic to the cardiac cells. This indicates the duration of exposure and concentration influence the
viability of the cells

4.0. Summary
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This review examines the anatomy, microstructure, and biomechanical properties of the
meniscus, and the criteria necessary for bioinks aimed at 3D printing meniscus tissue. The goal of 3D
printing the meniscus using a decellularized extracellular matrix (dECM) is to obtain a cell-free
matrix that retains essential ECM components like collagen, elastin, and glycosaminoglycan, which
are crucial for its inherent function. Notably, extrusion and inkjet printing techniques are only used
for fabricating the dECM hydrogel, because of their high resolution, precision in printing the complex
geometry, support for photo cross-linking, and cause less damage to cells. Stereo lithography and
laser-induced forward transfer bioprinters lack control over the internal structure, causing damage
to the hydrogel and cells. Recent dECM crosslinking methods, particularly the dual crosslinking
approach, which combines natural and physical crosslinking methods, have shown promising results
in improving dECM crosslinking efficiency. This approach is expected to become a standard
technique for developing 3D-printed meniscus from dECM matrices. Overall, a combination of
crosslinking agents appears to be a better option as compared to single crosslinking agents, offering
unaltered dECM, enhanced biomechanical strength, reduced cytotoxicity, and improved
biocompatibility.

Most of the biocompatibility studies showed that MSC cells derived from bone marrow, and
adipose tissue are used, because of the ease of availability and their ability to differentiate into
chondrocytes and fibrocyte cells. However, the MSC lacks specific phenotype, biochemical cues and
functional characteristics of meniscus cells which can differentiate to other cell types. Therefore,
studying biocompatibility on meniscus cells possesses inherent functional characteristics like cell
specificity. The study will also provide essential cues for cell behavior, tissue development and the
natural ability of meniscus cells to interact with ECM for withstanding mechanical stress.

The review emphasizes that meniscus from various animal sources, such as bovine, porcine,
caprine, and human, are frequently used for decellularization. In contrast, alternative materials like
pericardium, liver, and heart tissue from animal sources remain less explored. 3D printing using bio-
ink, particularly with dECM and advanced crosslinking techniques, may contribute significantly to
meniscus tissue engineering. The property gradients of the native meniscus can be mimicked by
lattice structures and composition. 3D printing holds the prospect of providing functional and robust
material for the damaged meniscus, which can ultimately improve the patient’s quality of life. Future
directions in 3D printing technology emphasizes major areas which includes optimization of printing
parameters, in vivo studies, tailoring solutions to the Indian population. A continuous upgrade is
needed to optimize the printing parameters such as nozzle size, printing speed, and thickness which
will help to achieve precise control over the 3D-printed structure. Simultaneously, extensive in vivo
studies are necessary to determine the long-term biocompatibility, biomechanical properties, and
clinical potency of 3D-printed meniscus implants. Acquisition of MRI data from the Indian
population offers a scalable strategy for the development of meniscus implants specifically designed
to cater the anatomical and physiological needs of the Indian population, addressing disparities in
access and affordability.
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