Design and Manufacture of Tissue Engineered Products using Additive Manufacturing Techniques-Review

Journal of Tissue Engineering
Volume 13: 144

Meniscus regeneration by 3D printing © The Author(s) 2022

Article reuse guidelines:

te C h n 0 I Ogi eS: C u I‘I"e nt advan Ces sagepub.com/journals-permissions

DOI: 10.1177/20417314211065860

. journals.sagepub.com/home/tej
and future perspectives ©SAGE

Elena Stocco'2, Andrea Porzionato'?'”, Enrico De Rose' ",
Silvia Barbon'-?, Raffacle De Caro'? and Veronica Macchi'~?

Abstract

Meniscal tears are a frequent orthopedic injury commonly managed by conservative strategies to avoid osteoarthritis
development descending from altered biomechanics. Among cutting-edge approaches in tissue engineering, 3D printing
technologies are extremely promising guaranteeing for complex biomimetic architectures mimicking native tissues.
Considering the anisotropic characteristics of the menisci, and the ability of printing over structural control, it descends
the intriguing potential of such vanguard techniques to meet individual joints’ requirements within personalized medicine.
This literature review provides a state-of-the-art on 3D printing for meniscus reconstruction. Experiences in printing
materials/technologies, scaffold types, augmentation strategies, cellular conditioning have been compared/discussed;
outcomes of pre-clinical studies allowed for further considerations. To date, translation to clinic of 3D printed meniscal
devices is still a challenge: meniscus reconstruction is once again clear expression of how the integration of different
expertise (e.g., anatomy, engineering, biomaterials science, cell biology, and medicine) is required to successfully address
native tissues complexities.
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Introduction meniscus removed; which, in consideration of this, should
be minimized preferring a repairing or a replacing
approach.*!? Surgical techniques and allograft transplanta-
tion were the primary attempts to meniscus repair'*-'3;
however, these procedures display intrinsic limitations in
clinical practice as, often, the occurrence of partial or even
total meniscal resection is an imminent need.

To counteract the increasing incidence rate of meniscal
injury, innovative, and effective repair strategies are required'®

The menisci are critical components of a healthy knee
joint'? as exerting a pivotal role in preserving the knee
homeostasis® and biomechanics through load transmission,
shock absorption, stability, nutrition, joint lubrification, and
proprioception.*® Consequently, meniscal damage affects
knee equilibrium, progressively contributing to cartilage
disruption up to osteoarthritis (OA) responsible of pain, loss
of joint function, and musculoskeletal morbidity.>’¥ To
date, considering meniscal poor-self healing potential,’ its
repair represents a formidable challenge to orthopedic
surgeons.

Efforts in biomechanical/clinical research require a
meniscus-preserving strategy instead of meniscus-resec- ‘ ) i
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and among vanguard approaches, 3D printing technologies
seem to be intriguing and promising. Reviewing the litera-
ture, the interest that 3D printing/bioprinting applied to tissue
engineering is gaining, appears particularly evident.
Development of bone and cartilage scaffolds,'”!® thyroid car-
tilage supports,'® engineered nasal cartilage implants,”’ den-
tin-pulp substitutes,”! devices for adipose tissue regeneration,?
as well as hydrogel systems for biomedical applications?’ are
only few examples. As highlighted by Rongen et al.?* in an
interesting review article focusing on biomaterials for menis-
cus substitutes, the ideal scaffold should satisfy some basic
requirements. These include mechanical and tribological
properties, resembling that of the native meniscus; an ade-
quate shape and size (preferably customized according to
patient needs); biocompatibility of the materials used for scaf-
folds fabrication without leading to cytotoxicity during
resorption; biomimicry; favorable porosity satisfying both
mechanical stability and cell colonization requirements; ade-
quate degradation profile. Despite still far from clinic, print-
ing approaches for meniscus reconstruction are rapidly
developing and great attempts are currently ongoing to meet
the criteria above. In particular, extensive research is directed
toward the identification of biomaterials, ink/bioinks formu-
lations, cell types able to guarantee for satisfactory outcomes,
and future translation to clinic.

Considering this scenario, the aim of this systematic
revision of the literature is to provide the state of the art on
3D printing technologies for the manufacture of meniscal
substitutes; as the key for successful devices resides on the
ability to replicate anatomy, a framework on meniscus
macroscopic and microscopic organization is preliminary
presented to focus the target tissue and describe the pecu-
liar characteristics that must be sought. Thus, after consid-
ering the common meniscal ruptures and currently
available approaches (with their limits), an overview on
3D printing technologies is provided to get a basic under-
standing of 3D printing.

Meniscal scaffolds must assure a balance of shape, bio-
mechanical function, and biocompatibility to guarantee
tissue replacement success. Four different categories of
devices may be recognized considering the main charac-
teristics of the 3D printed/3Dbioprinted supports reported
in the literature: (a) synthetic 3D printed bare scaffolds; (b)
synthetic 3D printed conditioned scaffolds; (c) 3D bio-
printed scaffolds; (d) synthetic 3D printed + 3D bioprinted
composite scaffolds.

To date, the choice and the identification of the most
adequate meniscal substitute still represent a challenge and
an unmet need.?

The menisci: From anatomy to
function

An engineered meniscus should mimic the structural and
biochemical organization of the native tissue to assure for

the proper environment and mechanical support able to
guide functional regeneration®®?’; thus, knowledge of mac-
roscopic and microscopic anatomy is imperative for suc-
cessful reproduction of the tissue-specific characteristics
through vanguard technological approaches®® (Figure 1).
Additionally, considering 3D bioprinting strategies includ-
ing cellular elements in bioinks formulations, conscious-
ness on resident cells phenotype, and peculiar spatial
organization may guide in developing effective bioprinted
devices.

Macroscopic and microscopic anatomy

In the knee joint, the lateral meniscus (C-shaped) and the
medial meniscus (more semicircular shape) are fibrocarti-
laginous structures, roughly triangular in cross section.
They cover approximately the 70% of the tibial plateau
articular surface® and they show a unique composition and
structure.”” The peripheral, vascular border of each menis-
cus is thick, convex, and attached to the joint capsule. The
innermost border recedes to form a thin free edge. Superiorly,
the menisci articulate with the convex femoral condyles,
inferiorly they accommodate the tibial plateau.3*!

The menisci receive blood supply by the branches of
the popliteal artery, the medial, and the lateral middle
geniculate arteries, respectively.?3!32  Vascularization
allows to identify here three distinct zones: the vascular-
ized red-red zone, located in the outer edge of the menis-
cus; the partially vascularized red-white zone, located in
the middle; the avascular white-white zone, in the inner-
most area of the meniscus.?’ Only 10%-30% of the medial
meniscus and 10%-25% of the lateral meniscus are
directly vascularized.’'3*34 Nutrition of the central por-
tions of the menisci (i.e. white-white and red-white zones)
depends on synovial fluid diffusion, a mechanism sus-
tained by the intermittent loading/release of stress medi-
ated through body weight and muscular force.?

Innervation of the menisci has the same distribution of
vascularization; the capsule of the knee is penctrated by
the branches of the posterior tibial nerve, obturator nerve,
femoral nerve, and the common peroneal nerve.?%323637
Nociceptive free nerve endings are contained in the periph-
eral two-thirds of the menisci, while different mechanore-
ceptors are identifiable in the anterior and posterior
horns?*3237 suggesting a proprioceptive function.

According to meniscal anatomical organization, in case
of injury, while repair of the outer region is successful,
meniscal lesions affecting the inner portion of the tissue
often lead to partial meniscectomy.’®

As for menisci resident cells, three main subpopula-
tions have been identified according to the different menis-
cal regions and specific cell morphology®: (a)
fibroblast-like cells with elongated morphology in the
outer meniscal area, (b) chondrocyte-like cells with oval to
round shape in the inner region, and (c) fusiform cells
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Figure |. Representative macroscopic and microscopic anatomy of the lateral meniscus (LM). (a) Anterior view of human right
knee in flexion. After dissection and removal of patellar ligament and patella, the knee was subluxated showing the LM position
between the femoral condyle and the tibial plateau. (b) Gross appearance of the LM soon after excision (superior view), showing
its typical crescent C-shape profile, thicker peripherally. (c) Representative section of the LM stained with Hematoxylin and Eosin
(H&E). Insert: gross appearance of the tissue in cross-section showing its characteristic triangular shape. (d and e) Extracellular
matrix details by H&E (d) and Alcian Blue (e) staining for tissue organization and sulfated glycosaminoglycans/glycoproteins
identification, respectively; (f) meniscal tissue appearance by Second Harmonic Generation Microscopy showing the specific
orientation of collagen fibrils within the tissue through a label-free approach. (g) Schematic diagram representing the three different
areas identifiable in the meniscus, according to vessels distribution: red-red zone; red-white zone; white-white zone; moreover, also
specific cells distribution is represented, distinguishing localization of fibroblast-like cells, in the outer zone; chondrocyte-like cells,
in the center of the meniscal tissue; fusiform cells, in correspondence of the superficial margin of the meniscus. (h—j) Histological
appearance of meniscal cells by H&E. (h) Fibroblast-like cells display long cell extensions; (i) chondrocyte-like cells show a round
shape; (j) fusiform cells has no cell extensions (scale bars: 800 um (c); 100 um (d and f); 200 um (f); 25 pm (h—j)).
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aligned parallel to the meniscal surface in the superficial
zone. Meniscal cells can be detected as isolated, in pairs or
in short rows, being either randomly arranged or aligned in
longitudinal rows between dense collagen fibers; while the
outer two-thirds of meniscal area resemble fibrocartilage
organization (cells interconnected by gap junctions), the
inner one-third of the tissue presents hyaline cartilage
arrangement, with unconnected cells.*

While most meniscal cells exhibit a CD34/CD31™ phe-
notype, the fusiform cells of the superficial area were
found to be CD34™, suggesting that they might be specific
progenitors responsible for therapeutic and regenerative
effects.*!*2 In fact, CD34 is acknowledged as a marker of
mesenchymal stem cells (MSCs) with high regenerative
potential, also expressing alpha-smooth muscle actin (.-
SMA).#* Based on that, CD34"/a-SMA* meniscus cells
have been proposed to participate in the reparative process
of pathological menisci.*?

The ECM composition of normal human menisci
mainly consists of water (70%—80%); as for the remaining
portion (20%—-30%), it is represented by collagen (50%—
75%) and glycosaminoglycans (GAGs) (15%-30%).%
Type I collagen constitutes more than 90% of collagen
content, being distributed throughout the whole meniscus,
from the peripheral to inner area, and organized in circum-
ferential fibers.*>* On the other hand, collagen type II is
predominantly localized in the inner avascular zone, show-
ing an organized network of circumferential and radial fib-
ers.* Variable amounts of types III, IV, V, and VI collagen
can also be detected within the meniscus.** Collagens were
demonstrated to be primarily responsible for the tensile
strength of menisci.°

Besides collagen, other matrix proteins include
fibronectin, which is known to regulate many cellular
processes (i.e. tissue repair, embryogenesis, blood clot-
ting, and cell migration/adhesion) and elastin, which is
supposed to interact with collagen to ensure for tissue
resiliency.®

Proteoglycans form an organized network mainly local-
ized in the inner zone of the meniscal tissue. The glycosa-
minoglycan profile of the normal adult human meniscus
consists of chondroitin-6-sulfate (40%—-60%), chondroi-
tin-4-sulfate (10%-20%), dermatan sulfate (20%—-30%),
keratan sulfate (15%), and hyaluronic acid (3%).%
Adhesion glycoproteins like fibronectin and thrombospon-
din connect meniscal cells with the surrounding ECM. 4
GAGs are more concentrated in the meniscal horns and
inner zone of the tissue, which correspond to the primary
weightbearing areas.’’ Being characterized by high spe-
cialized structure, high fixed-charge density, and charge-
charge repulsion forces, proteoglycans in the meniscal
ECM are suggested to be responsible for tissue hydration,
as well as its ability to bear compressive loads, providing
the meniscus with the typical viscoelastic mechanical
behavior.3%%

Menisci function and biomechanics

During normal daily activities, the knee joint is loaded by
up to five times body weight*” withstanding different types
of forces including shear, tension, compression, and hydro-
static pressure.'*® The menisci, by virtue of their specific
wedge-shape, can bear this total joint load (from 45% to
75%) with variations associated to the degree of joint flex-
ion and the health of the tissue.*’ In particular, the horn
attachments allow for conversion of the vertical compres-
sive forces to horizontal hoop stresses.'

Joint load and mechanical factors play a key role in
meniscus homeostasis, orchestrating the biological activ-
ity of meniscal cells in both physiological and pathological
conditions.*® It descends that a profound consciousness
about the mechanobiology of the meniscus is fundamental
not only to manage the onset and eventual progression of
meniscal degeneration but also for the identification,
design, and manufacture of optimal meniscal replacements
to restore normal tibiofemoral contact pressure in the knee
joint,3%3!

For a true classification of meniscal tissue properties,
avoiding variability among species, human meniscal speci-
mens have specifically to be considered.’® The meniscus
resists axial compression with an aggregate modulus of
100-150kPa. As for the tensile modulus of the tissue, it is
about 100-300MPa in circumferential direction and
10-fold lower radially. Finally, the shear modulus of the
meniscus is approximately 120kPa.' The menisci also ena-
ble effective articulation between the femoral condyles and
the tibial plateau® leaving 1 mm space in the articulating
surface, with only 10% of contact between femur/tibia; this
anatomical organization allows controlling stress on the
articular cartilage™ and is necessarily altered when menis-
cectomies occur. Studies considering the biomechanical
effects of meniscectomies within the joint showed an
increase of 235%—-335% in peak local contact load in case
of total removal of the lateral meniscus®; >350% in con-
tact forces on the articular cartilage in partial (16%—-34%)
meniscectomy>#; and overall increase in contact forces by
two to three times, following total meniscectomy.*

To effectively maintain their load-bearing function, the
menisci can partly move when the knees are in flexion. For
human weight-bearing knees, the reported displacements
(medial/lateral meniscus, mean = SD) are anterior-poste-
riordisplacementoftheanteriorhorn7.1 £2.5/9.5 = 4.0 mm
and that of the posterior horn 3.9 = 1.8/5.6 = 2.8 mm and a
radial displacement of 3.6 +2.3mm/3.7 = 1.7mm.>*

Other functions associated to the menisci are shock
absorption (mediated by their ligamentous fixation to the
femur and the tibia),>® lubrication of the knee joint, nutrition
supply to the articular cartilage and proprioception.’’?

Ligaments (i.e. medial collateral ligament, the trans-
verse ligament, and the meniscofemoral ligaments) good
shape and tight are a prerogative to assure an effective
meniscal function.>¢
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Figure 2. (a) Magnetic resonance imaging of the knee. (A and B) Normal menisci (lateral meniscus: red-dotted; medial meniscus:
blue-dotted) and (C) injured meniscus. Specifically, sagittal T| weighted image reveals a horizontal tear of the posterior horn of the
medial meniscus (white arrow). (b) Flow-diagram describing the methodological steps required to print a tissue (i.e. meniscal tissue)
from Magnetic Resonance Imaging (MRI)/Computed Tomography (CT). STL: Standard Triangulation Language.

Tears and current treatment options
overview

Meniscal tears, showing a bimodal age distribution in
young and elderly people, have an incidence per year of
60—70 per 100,000 population.® As for etiopathogenesis, it
can be cither (a) acute traumatic: mainly in healthy knee
joint, if left untreated may lead to secondary OA®; (b)
chronic degenerative (can also be asymptomatic): mainly
in elderly people, within compromised or abnormal joints/
menisci. OA is surely a predisposing factor being account
as a “whole joint disease”.®'~%* Additionally, age alone is a
critical (and unavoidable) risk factor too.%%8

Typical meniscal tears distinguish five patterns clearly
recognizable trough Magnetic Resonance Imaging (MRI);
these include radial, horizontal longitudinal, vertical longi-
tudinal, oblique, and a complex combination of multiple
patterns. The healthy meniscus typically experiences lon-
gitudinal tears, bucket-handle tears (vertical split and in
line with the orientation of the circumferential collagen
fibers), or radial tears (perpendicular split to the long axis).
Degenerative meniscal tears are mainly horizontal-cleav-
age lesions or complex characterized by thin, lesioned, and
fibrillated margins (Figure 2).%

Treatment options range from non-surgical interven-
tions (i.e. physical therapy) to surgical interventions

including meniscectomy (total and partial performed open
or arthroscopically), meniscal repair, and meniscal recon-
struction.®®7° Nowadays, total meniscectomy is never per-
formed as a primary procedure as predisposing to
degenerative changes up to early OA.%7!""2 Partial menis-
cectomy is suggested in case of radial tears at the white-
white zone and degenerative meniscal tears displaying
mechanical symptoms with no response after 3—6 months
to non-surgical approach and after radiological evalua-
tion.” Therefore, in accordance with data based on clinical
experience, meniscal repair, or non-removal procedures in
traumatic tears should be the recommended choice to
achieve tissue healing.®* .

Considering repair approaches, different suture types
can be adopted® 7577 and biological approaches (augmen-
tation techniques) can also be used in combination to
enhance the healing response (augmentation by platelet
rich plasma (PRP) and platelet rich fibrin (PRF) clot deriv-
atives’®”%; trephination, abrasion, and rasping; wrap-
ping®®8"). The main drawback with conventional suture
techniques relays on long operating time and difficulties in
surgery. Therefore, meniscal allograft transplantation
(MAT) or more recent meniscal scaffolds have been devel-
oped to overcome these issues.

MAT, mimicking the typical loading pattern of the
knee, significantly reduces compartment contact pressures
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thus protecting from cartilage degeneration.> However,
they are not free from limitations (allografts preparation/
preservation,®” meniscus sizing,®>#* possible graft failure,
extrusion, infection, arthrofibrosis, the need for reopera-
tion, aseptic synovitis, hematoma, limited range of motion,
joint effusion, and bone plug loosening®). Moreover, MAT
is not the preferred approach following partial meniscal
resection as meniscal scaffolds can induce fibrocartilage
tissue.®

Commercial scaffolds

To date, three commercial scaffolds are available to recon-
struct the segmental meniscus defects®® and they belong to
two categories: collagen-based implants (Menaflex—
ReGen, USA, also known as the collagen meniscus implant
CMI®—Ivy Sports Medicine, Germany) and synthetic
polymer-based implants (Actifit®—Orteq Ltd., London,
UK; NUsurface®—Active Implants, LLC., Memphis, TN,
USA).

Menaflex CMI® is crescent-shaped spongy device
which can be adjusted to fit the meniscal defect area prior
to be sutured to the remaining native meniscus in arthros-
copy. It is made of lyophilized and cross-linked purified
type I collagen from bovine Achilles tendon, enriched with
hyaluronic acid and chondroitin sulfate.”-#8 The Actifit® is
a biodegradable, synthetic, acellular implant in aliphatic
polyurethane and polycaprolactone.®®3° It has meniscal
shape; prior to be arthroscopically implanted and sutured
to the meniscal wall and residual meniscus, Actifit® can be
cut to match the size of the defect.”® Both Menaflex CMI®
and Actifit® are adequate in case of partial meniscectomy.
Their implant occurs without prior cell seeding; however,
they have a proper ultrastructure allowing for optimal resi-
dent cells colonization and fibrocartilage ingrowth in turn
reducing risk of OA development. After tissue reconstitu-
tion, degradation of the implant progressively occurs.8”%
NUsurface® Meniscus Implant is a non-anatomically dis-
coid-shaped, free floating and non-anchored meniscal
prosthesis designed for total replacement of the medial
meniscus. It is made from polycarbonate-urethane (PCU)
reinforced with high tensile Ultra High Molecular Weight
Polyethylene (UHMWPE) fibers, allowing to mimic and
restore the natural contact pattern of pressure distribution
within the medial meniscus.”!

Although these scaffolds are designed to stimulate the
growth of new tissues or mimic the function of the natural
meniscus, the best meniscal scaffold type remains contro-
versial®*®* and additional research is required.”

Clinical failure (e.g. infections, mechanical failure,
chronic synovitis development, need for a second surgery)
is reported in up to 8% and 32% for the CMI and Actifit®,
respectively. As for NUsurface® Meniscus Implant evi-
dence-based clinical data are still largely absent and FDA
approval for it is still pending.'!

To date, there is consensus that only a substitute which
closely matches normal meniscal tissue properties can re-
establish meniscal functions.” Improvement in structure
and material design is the direction for advances in surgi-
cal meniscal treatment assuring for stable devices that,
while bearing the load, also promote meniscal repair and
reconstruction.

From additive manufacturing
technologies to 3D bioprinting
strategies for tissues customization

3D printing technologies, also known as additive manufac-
turing (AM) technologies or 3D rapid prototyping tech-
nologies (i.e. binder jetting, directed energy deposition,
material extrusion, material jetting, powder bed fusion,
sheet lamination, and vat photopolymerization) represent
interesting and emerging approaches to mimic key struc-
tural and functional properties of different human tissues
from a patient’s own medical images,’®*” thus overcoming
the limits of the traditional methods for manufacturing 3D
scaffolds (electrospinning, freeze-drying, gas foaming,
particle/porogen leaching).

However, due to inability of AM technologies to print
cell-loaded materials, 3D bioprinting methods emerged as
intriguing alternatives, distinguishing for a more biologi-
cal approach to design/manufacture 3D scaffolds.

3D bioprinter technologies can print cell-free natural
polymers—the “bio-paper,” cell aggregates, cells encapsu-
lated in hydrogels, or cell-seeded microcarriers formulated
as “bioinks”.?#%° Typically, biomaterials for 3D bioprinting
are soft and mechanically weak hydrogels with thermo-sen-
sitive properties but endowed with intrinsic biological prop-
erties allowing for cell colonization. Fusion chambers, prior
used to melt polymer filaments, are here converted in pneu-
matic-based extruders; print head can be equipped with
heating/cooling elements to guarantee for tunable print con-
ditions according to different types of bioinks. Nozzles are
substituted with needles and piezoelectric elements, while
print beds are equipped with cooling and UV light elements
to avoid collapsing of low viscosity bioinks.**%

In bioprinting, different technologies can be identified
according to the bioink dispensing method: inkjet-based
3D bioprinting, extrusion-based 3D bioprinting, laser-
assisted 3D bioprinting,'%'%® vat photopolymerization-
based bioprinting!*!'? (Figure 3).

Inkjet-based 3D bioprinting

Inkjet-based methods employ cells or biomaterials instead
of the ink used in the existing commercial inkjet printers;
moreover, a moving stage is present instead of paper.
According to the actuator type, inkjet-based 3D bio-
printers distinguish the thermal jetting systems and the
piezoelectric jetting systems.!!! The actuator generates a
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Figure 3. 3D bioprinting technologies. Schematic representation

of the main technologies identifiable in 3D bioprinting: (a) inkjet-

based 3D bioprinting, (b) extrusion-based 3D bioprinting, (c) laser assisted 3D bioprinting, and (d) vat photopolymerization-based

bioprinting (SLA: stereolithography).

pressure overcoming the surface tension at the noozle
opening, thus inducing the ejection of the bioink droplets
(10 um) deposited in a “bottom-up” manner. Bioinks are
required to show low viscosities (10-100 um) to avoid
small nozzle clogging. Cell density cannot be high; a shear
viscosity of 30 MPas is the upper boundary of what is
“safely” printable though this approach.!'!?

In the thermal heater method (or bubble-jet method) the
materials are turned into ink droplets at the nozzle by heat.
Heating generates small air bubbles in the printhead and
their collapse allows for ink drops eject.'’* Controlling
temperature and/or modulating pressure pulses frequency
it is possible to exert control over droplets size and vol-
ume. This approach is adequate for structures requiring
high control over ultrastructure.

In the piezoelectric actuator method, ink droplets are
created through voltage application to the piezoelectric
elements. Despite this approach guarantees for great con-
trol over droplets size, the cells are likely affected by the
physical impact thus compromising cell membrane integ-
rity. Considering this issue, thermal jetting is often pre-
ferred over the piezoelectric-based method.!'?

The inkjet method is low cost and it guarantees for short
fabrication time (printing speed: 1-10,000 droplets/s).

Unfortunately, the obtained products are stiff, and the lay-
ers cannot be stacked very high. Moreover, denaturaliza-
tion of the biomaterials and inconsistent ink droplets can
also occur, 108 112,114,115

The use of different materials has been reported, these
include in example alginate, gelatin, collagen type I, fibrin,
polyethylene glycol, gelatin methacrylate (GeIMA).

Extrusion-based 3D bioprinting

Extrusion-based methods work dispensing bioink in a con-
tinuous filament to produce a 3D structure organized in a
layer-by-layer manner''?; printing speed is set at 0.1—
150mm/s'® According to the dispensing method, pneu-
matic-extrusion bioprinters or mechanical-extrusion
bioprinters can be distinguished; moreover, the mechani-
cal-extrusion bioprinters can also be divided in piston-sys-
tems or screw-driven systems. '

In general, extrusion methods can print materials within
a viscosity range value of 30-25 X 10> MPas. Applying the
pressure, it is expected a reduction in bioink viscosity, thus
allowing its deposition, followed by a prompt increase in
viscosity soon after the removal of the shear force. Gelation
must occur immediately after deposition to guarantee for
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scaffold structure maintenance; however, this depends on
the hydrogel solution. In fact, in presence of high water
content, the bioink may flows after printing leading to low
resolution structures (40—1200um). To overcome this
limit, affecting resolution, hydrogels with high viscosity or
with self-assembling characteristics can be adopted; in
parallel, cross-linking during extrusion, the use of a co-
extrusion or thermoplastic reinforcement or the extrusion
of bioinks in a secondary structure called suspension bath
(providing support during gelation) can be adopted.''
Other critical issues include frequent blockage of the noz-
zles and shear-induced cell death (cell viability ranging
from 60% to 90%).'%8117

Highly viscous materials are generally approached with
screw-driven systems; piston- or pneumatic-based extru-
sion systems are typically used with lower viscosities.

Extrusion-based approaches has been reported in exam-
ple with alginate, gelatin, gellan gum, guar gum, methyl-
cellulose, collagen type I, matrigel, fibrinogen, collagen
methacrylate, GelMA, elastin, polycaprolactone (PCL),
polyethylene glycol (PEG), polyvinyl alcohol (PVA), and
polyvinyl acetate.'%

Laser-assisted 3D bioprinting

Laser-assisted methods allows to obtain different structures
through a laser, without presence of a nozzle. Together with
the pulsed laser source, the other components include a rib-
bon, serving as a support for the printing material, and a
support to collect the printed material. Briefly, the ribbon is
a thin absorbing layer of metal (e.g. gold or titanium) coated
onto a laser transparent support (i.e. glass). The bioink is
deposited at the surface of the metal film; once the laser
pulse induces metal film vaporization, the bioink reaches
the collector in the form of droplets.!!?

Printed materials can be both solid and liquid even
though hydrogels are preferred. Despite the existence of
possible issues in cells viability ascribable to high levels of
thermal energy, controlling intensity/extent of laser expo-
sure guarantees for good performances (viability, =90%)
associated to high printing speed (1-2000 mm/s) and reso-
lution (40-100 um). Low efficiency has been encounterd
in fabricating high 3D layering.!%%!!8

Vat polymerization-based bioprinting

Vat polymerization-based bioprinting, the most common
of which is stereolithography (SLA), is constituted by a
building platform, a vat of photopolymer resin, and a light
source for resin irradiation. Specifically, according to the
irradiation approach, two methods can be recognized: the
vectorwise and the mask irradiation. Both a top-down
printing and bottom-up printing can be adopted.!%*!"?

In the vectorwise, scanning galvanometers scan the resin
surface through a ultraviolet (UV), infrared (IR), or visible

light lasers beam. Photopolymerization occurs at the
scanned regions thus leading to resin solidification. Once
the first layer is built, the building platform descends inside
the vat to allow for recoating with resin and subsequent pho-
topolymerization. Each layer is built one by one .!%%112:113

In the mask irradiation approach the entire resin sur-
face is irradiated, solidifying in a single step. This strat-
egy allows for more complex structures than vectorwise
SLA. Many different photopolymers and cell-laden
hydrogels can be used when adopting this bioprinting
technique: no particular rheological characteristics are
required (upper suspension viscosity limit, 5Pas; lower
limit, sufficient enough to prevent cells homogeneous
and stable distribution),!0%112.11

To promote photopolymerization, specific crosslinking
agents can be included within the bioink (e.g. methacrylates,
azides). Moreover, careful attention must be paid to the
gelation strategies as cells viability may be affected by
them. To overcome this issue, two-photon polymerization
(2PP) has been introduced to fast this phase. 2PP guarantees
for high control over ultrastructure.''?

Among the materials used in SLA can be recognized
acrylated PEG, PVA, chitosan, GeIMA, Allylated gelatin
(GelAGE), methacrylated hyaluronic acid, silk fibroin
(SF).IOQ’“g

Bioinks formulations and critical
issues

3D bioprinting technology mainly relies on advanced 3D
bioprinters (for details on 3D printing methods see the
paragraphs above) and effective cell-laden bioinks.!?°

Cell-laden bioinks are based on polymeric materials
(with/without additives and/or crosslinking agents);
besides cells encapsulation they are required to assure for
their viability, homogeneous distribution and proliferation.
Thus, they do not act as an inert carrier, but they constitute
the microenvironment which will significantly affect cells
behavior within the 3D structure and the leading agent
responsible for 3D structure integrity.!?!-123

To guide the formulation of an ideal bioink, conscious-
ness is mandatory on the characteristics that it is expected
to be endowed with. Specifically, these include adequate
rheological features, ability to provide a proper biocom-
patible micro-environment mimicking the target tissue, a
controlled biodegradability compatible with dynamic cel-
lular remodeling of the construct. Moreover, due to cellu-
lar presence, it is also expected a certain control over
shear-thinning behavior (for minimal stress to cells during
extrusion), sol-gel transition, and extrudability without
clogging the nozzle. Thus, the printed structure is required
to show satisfactory mechanical strength and rigidity
matching that of the implant site, shape fidelity, and proper
ultrastructure (pore size) to support constructs bioactivity
(diffusion of oxygen, carbon dioxide, and nutrients).'2+-1?7
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Since identifying the optimal cell-laden bioink formula-
tion is the crucial step for successful bioprinting, several for-
mulations have been attempted (Tables 3 and 4). In example,
considering a bioink for extrusion-based bioprinting, it is ini-
tially in a bulk resting state, then it experiences a transition to
a high shear condition while passing through the nozzle, and
finally it is required to assume a new and stable resting shape
after extrusion. All these transitions must take place in a
respectful manner toward cells.'??

Despite the large number of biomaterials for TE and
regenerative medicine, many of them are not compatible
with 3D bioprinting strategies.'”® Only through adequate
materials selection and modulating concentration, molecular
weight, and crosslinking strategy, the elastic moduli of the
bioinks can be tuned'?” with direct impact on the functional-
ity of the final printed tissues and organ. As discussed above,
the materials investigated for meniscal cell-laden bioinks
include SF, gelatin, alginate, cellulose, GelMA, decellular-
ized extracellular matrix (dECM), hyaluronic acid (HA),
glycerol, alginate, collagen, gellan gum (Tables 3 and 4).
Due to high-water content, good swelling characteristics,
biocompatibility, biodegradability, and the presence of cell-
binding sites, natural hydrogels are attractive for TE pur-
poses. Optimal cells performances have been demonstrated
with relatively soft and printable inks'?® which can also
induce stem cells differentiation toward specific lineages by
virtue of intrinsic and specific features.'” However, hydro-
gels do not display significant strength and shape fidelity
compared to synthetic polymers, representing a critical fea-
ture to manage. Despite variations in temperature and pres-
sures as well as introduction of additives that may help in
rheology modulation/control, the presence of cells within the
bioink represents a stringent limit in the window of process-
ing.'?3 Higher viscosity assures for higher printing fidelity;
however, it also leads to increased shear stress, which may
impact the cells suspended in the bioink. Moreover, cross-
linking strategies (i.e. thermal, chemical, physical, or enzy-
matic strategies also combined) could influence cells
viability too, thus representing a further issue to manage.
Most importantly, cell embedding itself (i.e., cell density)
significantly affects the rheology of the final hydrogel: the
volume occupied by cells is precluded to the hydrogel, likely
exerting an effect on cross-linking efficiency and viscoelas-
tic properties.'?’

Formulating a cell-laden bioink is a delicate multistep
phase which will be finally responsible for tissue construct
efficiency. Intense efforts must be devoted toward the
identification of a formula guaranteeing a proper equilib-
rium between bioink intrinsic characteristics, cellular den-
sity/survival along with the bioprinter technology adopted.
Once identified the core material/materials, preliminary
tests are mandatory for evaluation of different concentra-
tions and ratios to gain satisfactory results in term of phys-
icochemical features, printability, rheological and
mechanical traits, cells distribution, and survival. In this

context, also bioprinter settings (temperature, pressure,
flow rate, nozzle type, crosslinking strategy) should be
tested and eventually adjusted leading to an efficient for-
mulation and a promising tissue substitute.

Referring to the cell-laden bioinks for meniscal tissue
bioprinting (Tables 3 and 4) both simple (only one core
material + cells)!**13* and complex (core material + addi-
tives + cells)’”1*>13 bioinks were experienced. According
to our knowledge, collagen was the preferred hydrogel to
formulate “simple” bioinks.!3132134 Acting on concentra-
tion and temperature it is possible to control gelation.
However, the use of alginate'*!** (crosslinking by 1%
CaCl, solution) and dECM'** (crosslinking by temperature)
was also reported. Regarding “complex” bioinks, alginate
was combined with gelatin and cellulose nanofibers in dif-
ferent proportions (crosslinking by 0.1% w/v CaCl,); higher
gelatin content and cellulose nanofiber presence allowed for
higher viscosity.”” Similarly, Markstedt et al."*® improved
shape fidelity of an alginate bioink through nanofibrillated
cellulose (cross-linking by 90mM CaCl,) while Narayanan
et al."*? by PLA nanofibers (crosslinking by 1% CaCl, solu-
tion). Romanazzo et al.'’ mixed alginate with meniscal
dECM (crosslinking by 48/92mM CaCl,). Other composite
cell-laden bioink formulations were that reported by Sun
etal.,'3¢ using gelatin + fibrinogen + hyaluronic acid + glyc-
erol incapsulating PLGA microparticles carrying TGF33 or
CTGF; Jian et al.,'3* combining GelMA with pig meniscal
dECM (crosslinking by blue light, 405nm); Costa et al.,'*
proposing a sequential co-printing gellan gum/fibrino-
gen + porcine meniscus cells and SF methacrylate: here,
gellan gum and fibrinogen lead to a stable hydrogel by a
combination of ionic and enzymatic cross-linking while SF
methacrylate lead to beta-sheet formation along culture
time.

As for cell densities, the values are reported in Tables 3
and 4.

Synthetic and natural materials
for meniscal scaffolds printing,
conditioning, and bioprinting

Polymers or hydrogel precursors eventually enriched in bio-
logical factors including cells have been widely investigated
for effective development of 3D printed/bioprinted meniscal
scaffolds. Both synthetic (PCL,'>!323:27.135.137.140-149 4150 com-
bined with polyurethane PU/PCL'?%; polycarbonate ure-
thane'®; silicone elastomers i.e. Ecoflex30, Ecoflex50'%"%2;
poly(desaminotyrosyl-tyrosine dodecyl ester dodecanoate)
(p(DTD DD))*133154; poly(ethylene oxide-terephthalate)-co-
poly(butylene terephtalate) (PEOT/PBT)!%; polylactic acid
(PLA)"%) and natural materials (protein-based hydrogels:
Collagen,38’l31’132’134’150’153’154’156 gelatin,27’97’l35’136’141’157 Si]k-
fibroin!3% 140142146157, yolysaccharides: agarose,””'*!  algi-
nate,?’130.133137.138.156 hyaluronic acid, 315 gellan gum'®;
dECMs!32:135137.147) have been exploited.
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Synthetic materials

PCL. PCL is an aliphatic and biodegradable polyester.'*® It
has a rather low melting temperature of 59°C—64°C and a
glass transition temperature of about —60°C with a degree of
crystallinity up to 69% resulting in high toughness. These
features, together with its rheological properties and mechan-
ical behavior (relatively low tensile strength, 23-25MPa;
elastic modulus, 330-360MPa), make it adequate to be
widely used in melt-based extrusion printing.!-1! PCL has
been extensively explored for biomedical applications by
virtue of biocompatibility and a slow degradation rate (i.e.
2-3years) mainly due to its hydrophobicity.'>® It has been
also evaluated in combination (e.g. PCL-biphasic calcium
phosphates).'®? In vivo, its resorption is mediated by the
lipase enzyme secreted in the interstitial fluid by cells.

PCL is a material of choice for 3D printed meniscal scaf-
folds fabrication by the extrusion-based AM technique:
bar612,15,25,143,144,148 and biOﬁCtiVated (additiveSZZ14(%142,146,147
or bioinks'*137) PCL supports with different shapes (i.e. cyl-
inder scaffolds,'>'*!4® prism-like,>”'41:144156 cuboid-like,'*?
coliseum-like,”” meniscus-like!>2%13%136140.141,145147,149) ‘haye
been widely reported. Different molecular weights have been
used, with a lower reported limit of 43,000 Da'*>!* and an
upper limit of 90,000 Da.'*! As for nozzle inner diameter, the
interval range was 200516 um. Simple grid-like meshes and
more complex strands designs were both supported by the
polymer (Tables 1, 2 and 4).

Pus. PUs are elastomers made through polyaddition of three
basic components: diisocyanate, oligodiol (i.e. macrodiol or
polyol), and a chain extender (diol or diamine).!®*!®* Specifi-
cally, the isocyanate can either be aromatic (higher reactivity
and better mechanical properties) or aliphatic (less toxic and
more stable to light). Kim et al.'** described the use thermo-
plastic PU for fabrication of a 3D printed implantable drug
delivery device. As for the oligodiols, these include polyether,
polyester, or polycarbonate (PC). PC-based PUs (i.e. PCU)
are more durable, with good mechanical properties, hydro-
Iytic resistance, and low friction properties.'®>!% Zhu
et al.,'”1%% focused on design and biomechanical characteri-
zation of PCU-based porous meniscal structures fabricated
using triply periodic minimal surfaces (TPMS). Precise con-
trol over structure configuration seems to be beneficial to
adjust mechanical stiffness of the meniscal implant.

To obtain polymers with intermediate characteristics,
they can be blended or copolymerized.!*'%%!7" In menis-
cus 3D printing, the rate of hydrolysis of PCL has been
adjusted through a blend with medical grade PU that is
Carbothane PC-3575A (Lubrizol, USA),!*? widely investi-
gated for the fabrication of long-term implants. For PU/
PCL blends the phase transition temperature decreases as
PU content increases.'”!

Through a fused filament fabrication (FFF) approach,
Abar et al.!> prepared different PCU prism-shaped scaf-
folds characterized by a varying in plane pore-size (i.e.

0/100/200/400/600/800 um). To do that, the noozle tem-
perature ranged from 220°C to 212°C, progressively. The
temperature of the print bed was set at 40°C and printing
occurred at a speed of 360mm/min using a nozzle with a
0.4 mm inner diameter.

Silicone elastomers. Silicone elastomers Ecoflex (Smooth-On
Inc., Macungie, PA, USA) are aliphatic—aromatic co-polyes-
ters. They display an excellent flexibility and relatively fast
degradation, without significant toxicological effects. Scant
data are reported for their use in biomedicine.!’?

Ecoflex 30 and Ecoflex 50 use in 3D printing of pros-
thesis is recent: Luis et al.'>"152173 fabricated cube/cylin-
der-like and/or meniscus-like structures through a
pneumatic extrusion 3D printer; the experimental setup
described by the Authors used nozzles with a diameter of
20-21G/0.51 mm and a T of the nozzle and of the print bed
in the range of 60°C-80°C and 80°C-110°C, respec-
tively.!*>!73 The average porosity achieved was that of
0.27%-0.13% (Ecoflex 50) and 0.35%-0.18% (Ecoflex
30) suggesting the fabrication of high-density 3D-printed
silicone scaffolds.'”

p(DTD DD). Poly(desaminotyrosyl-tyrosine dodecyl ester
dodecanoate) (p(DTD DD)) belongs to tyrosine-derived
polyarylates developed in the 2003 by Bourke and Kohn.'”*
Considering the mechanical properties required to a menis-
cal scaffold, p(DTD DD) shows the most interesting
potential among the polyarylates. Degradation does not
produce toxic molecules.'”

As for meniscal scaffolds development, Ghodbane
et al3%15%15% fabricated p(DTD DD) printed devices
through a pneumatic extrusion approach. Specifically,
p(DTD DD) was printed at 160°C at 1.2—4.5mm/s at a
pressure of 8.9-9bar using 0.4-0.5mm inner diameter
needle; the porosity achieved was of 69.9% = 8.0%.

PEOT/PBT. Poly(ethylene oxide-terephthalate)-co-poly
(butylene terephthalate) (PEOT/PBT) are thermoplastic
elastomers made of a soft segment (i.e. PEOT) and a hard
segment (i.e. PBT). Varying the copolymer composition,
the PEOT/PBT physical properties can be broadly tuned.
The PBT melting temperature increases both with increas-
ing PBT content and with increasing PEOT block length
in the copolymer.'”!77 Also, mechanical and swelling
behaviors can change according to the composition of
PEOT/ PBT copolymers showing variations in tensile
strengths from 8 to 23 MPa and in elongations at break
from 500% to 1300%.'”® As for degradation, it can occur
through hydrolysis and oxidation (in vivo ascribable to
macrophages) and can be relatively slow. Long-term
effects of degradation in the body are not well known.!”
PEOT/PBT meniscus-like scaffolds were prepared by
Moroni et al.'*%; the polymer, placed in a syringe and
heated at 190 °C, was extruded at a speed of 300 mm/s
(pressure, Sbar) through a needle with a diameter of
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400 um. The described system set up allowed for fabrica-
tion of scaffolds with a 70%—80% porosity, achieved by
the fine plotting the of the fibers orientation.

PLA. PLA is the homopolymer of L-lactide, the cyclic dimer
of lactic acid existing in the two optical isoforms D(-) and
L(+); its properties depend on isomers content (i.e. poly(L-
lactide) (PLLA) and poly(D-lactide) (PDLA))'®; thus, con-
trolling PLA stereochemical architecture, and in turn
molecular weight (Mw) (high Mw PLA crystallizes at low
crystallization temperatures'®!), it is possible to modulate
the processing temperatures, crystallization speed (PLA is a
slowly crystallizing material'®?), crystallinity degree, and
mechanical properties.'®>!8 PLA products are affected by
polymer crystallinity and crystalline morphology. Semic-
rystalline PLA exhibits at room temperature a tensile modu-
lus of about 3 GPa, a tensile strength between 50 and 70 MPa
with an eclongation at break of 1%—5% depending on
blend.'7*!3* In vivo, PLA degradation is first hydrolytic and
then the soluble oligomers are metabolized by cells'®’; thus,
lactic acid enters tricarboxylic acid cycle and is excreted as
water and carbon dioxide.'® PLA can take 10months to
4years to degrade, according to its intrinsic characteristics
(i.e. chemical composition, porosity, and crystallinity—in
turn influencing tensile strength) but also depending on the
implantation site.'8>'87 Mechanical properties can be
improved through fabrication of combined scaffolds (e.g.
PLA/Ti) matching the requirements of biological end-use
destination. '8

According to our knowledge, the use of PLA in the per-
spective of 3D printed meniscal scaffolds fabrication was
only reported by Gupta et al.'"*® and Narayanan et al.!>* A
square prism-like structure'*® (simple orthogonal geome-
try) and a meniscus-like structure!** (intercalating layers
of circumferentially oriented/linear parallel strands) were
fabricated by FFF strategy. In both the cases, the synthetic
3D printed polymeric support was functionalized with
natural hydrogels (collagen, alginate and oxidized algi-
nate)'>® or bioink (alginate + hASCs or alginate + PLA
nanofibers +hASCs)'** to induce cells adhesion and pro-
liferation in vitro.

Natural materials

Collagen. Collagen is the main ECM structural protein
broadly represented in the musculoskeletal soft tissues (e.g.
tendons, ligaments, knee menisci); different collagen types
exist, differentiated by their complexity and specific struc-
tural characteristics. Collagen has tissue-matching physico-
chemical properties, together with high biocompatibility
and binding sites (Arg-Gly-Asp, RGD sequence) for cellu-
lar attachment mediated by integrins'>*!3%1%: moreover, as
showed by Gupta et al.,'*® it also displays a critical role in
cellular chondrogenic differentiation. Additionally, Abar
et al.,"”® reporting about a porous PCU scaffold infilled

with collagen, stated the potentiality of this approach not
only to promote cell adhesion and proliferation but also to
improve the integration of the device in the host tissue,
reducing the risk for implant dislocation and failure, typi-
cally reported for solid PCU in orthopedics.

The combination of collagen with hyaluronate contrib-
uted to mechanical features of p(DTD DD) scaffolds also
inducing robust integration and fibrochondrocytic ingrowth
after orthotopic implant.3?

Collagen, combined directly with cells, was also reported
as a fundamental constituent of bioinks,'3"!32134 mimicking
the ECM environment. The main weakness of collagen is
amenable to low mechanical properties and possible shrink-
age in response to cellular activity.'”® To overcome this limit,
it can be chemically modified through photoactive meth-
acrylate groups, assuring an increase in the storage modulus
after irradiation.'”' Additionally, another strategy may reside
in modulating concentration; Rhee et al.'3! experimented dif-
ferent collagen concentrations to prepare a bioink enriched
with meniscal fibrochondrocytes (10X 10°cells/mL), with
optimal results working between 15 and 17.5mg/mL.
Concentrations higher than 20 mg/mL and lower than 7.5 mg/
mL were poorly printed.

Partial hydrolysis of collagen produces another soluble
protein-based polymer, gelatin.

Gelatin. Gelatin shows lower antigenicity than collagen. It
gives rise to hydrogels in a temperature-dependent manner
(remains in the gel state below 37 °C) or in a concentra-
tion-dependent manner; it shows RGD motifs promoting
interaction with cells. Its use in printing has been reported
at a wide range of concentrations, also combined with a
methyl acrylate group, leading to the photopolymerizable
hydrogel GelMA 124192

GelMA'™ or GeIMA + fibrochondrocytes®” were used as
conditioning hydrogels to impregnate PCL 3D printed scaf-
folds. Compared to PCL nude supports, the presence of
GelMA determined fibrochondrocytes proliferation, and
high levels of collagen type I/Il mRNA suggesting the bio-
active potential ascribable to it; biologic recognition is likely
due to presence of RGD sequences on gelatine. Significantly,
as GelMA was recognized to be fibrogenic, complex menis-
cal printed scaffolds with zonal variations were prototyped
by Bahcecioglu et al.'*! to emulate the anisotropic behavior
of the native meniscus (outer region with GelMA, fibro-
genic potential; inner region with agarose, chondrogenic
potential). Moreover, incorporation of hydrogels also
exerted a protective effect on cells under dynamic stress
together with a reduction in cartilage degeneration.'*!

Gelatin-based  bioinks were broadly described.
Bandyopadhyay and Mandal'>” prepared a formulation with
also SF than used to fabricate a meniscus tri-layered model
with a complex mesh (circumferential and radial lamellar
layers); 7% wi/v gelatin + 1.5% w/v SF was identified as an
adequate blended formulation due to quick gelation of SF
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within 20 min as well as for good shear-thinning and self-
standing characteristics after extrusion. Luo et al.’’ com-
pared different bioink formulations based on gelatin,
alginate and cellulose nanofibers together with meniscal
fibrochondrocytes (5 X 10°cells/mL): the results showed
that only high-gelatin-containing alginate (HGA) + cellu-
lose nanofibers and HGA bioinks guarantee for acceptable
fidelity and integrity. Sun et al.'3¢ conditioned a PCL scaf-
fold with a cell laden (goat bone marrow MSCs, 1 X 107 cells/
mL) bioink made of gelatin (45 mg/mL), fibrinogen, hyalu-
ronic acid and glycerol enriched in PLGA microparticles
with growth factors.'3¢

GelMA was also adopted in bioink: Jian et al.!’
reported about a GelMA-based (10% w/v) formulation
with meniscal dECM and meniscal fibrochondrocytes
(1 X 10°cells/mL) for augmentation of PCL supports.

Silk fibroin. The SF biomolecule is composed of two pro-
teins: hydrophobic fibroin and hydrophilic sericin.!®3 It
is a nondegradable material based on the US Pharmaco-
peia’s definition; however, some reports consider it a
degradable polymer. SF produces nontoxic aminoacids
upon degradation, undergoing metabolism.'** It is
endowed with mechanical strength (surpassing many
others biological materials), elasticity, biocompatibility,
and controllable biodegradability; the properties of SF-
derived scaffolds can be modulated by adjusting its sec-
ondary structure.'” Li et al.'*’ combined SF to PCL
scaffolds through cross-linking, demonstrating its great
contribution to balance both the biomechanical features
and the degradation rate of the supports in vitro. Moreo-
ver, orthotopic implant in rabbit of PCL-SF supports
showed new vessels formation (especially at the syno-
vial edge) and collagen I deposition; recruitment, reten-
tion, and proliferation of synovial MSCs was also
sustained.

In combination with gelatin'®
was also used in bioink formulations.

7 or as methacrylate, it
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Agarose. Agarose is a linear polysaccharide composed of
alternating  -D-galactopyranose and anhydro-o-L-
galactopyranose. It derives from red algae (Rhodophy-
ceae) and seaweed and it is the major component of agar.
The typical gel-like behavior is determined by temperature
and/or concentration'®3; thanks to its gelling property and
the possibility for in situ polymerization, it is widely used
in tissue engineering (TE).'?* As for meniscal scaffolds
augmentation, agarose was used both alone'*! and com-
bined with GeIMA + fibrochondrocytes?’ for printed PCL
scaffolds conditioning. Both hydrogels exerted a protec-
tive effect on fibrochondrocytes under loading versus PCL
alone; moreover, agarose impregnated constructs proved
increased levels of GAGs and type II collagen in vitro. The
blend GelMA-agarose exhibited higher levels of aggrecan
expression compared to PCL.

Alginate. Alginate (or alginic acid) is a natural anionic
polysaccharide refined from brown seaweed (e.g. Lami-
naria hyperborea, Macrocystis pyrifera, and Ascophyl-
lum nodosum). This biopolymer is characterized by
alternating blocks of a-1, 4-1-guluronic acid and 3-1,4-
d-mannuronic acid units; the ratio between them modu-
lates the physicochemical/rheological properties of the
hydrogel. Alginate structurally resembles the ECM gly-
cosaminoglycans and is broadly used in biomedicine for
biocompatibility, biodegradability, low cytotoxicity,
mild gelation process, chemical versatility, and low
cost.'?>193 Alginate and oxidized alginate were used by
Gupta et al.'*® for PLA 3D printed scaffolds condition-
ing. The natural polymer had a great influence on micro-
mechanical properties and maintenance of structural
integrity of the scaffold; moreover, as showed both in
vitro and in vivo (subcutaneous implant) the presence of
interpenetrating network hydrogels actively participated
in ECM formation, inducing deposition of GAGs and

collagen.
Alginate was reported as a component of complex
bioinks formulations®”13%137:138; similarly to agarose, chi-

tosan and hyaluronic acid it can be used to improve the
rheological and the biological properties of the bioinks'?’;
the GAG hyaluronic acid has been widely adopted together
with alginate to enhance intrinsic properties of the descend-
ing supports'®®; also nanocomposite hydrogel scaffolds
were fabricated.'”’ Different alginate concentrations were
reported in the literature for 3D bioprinted meniscal scaf-
folds development (1.25% w/v,”7 2.00% w/v,"3® and 2.5%
wiw133137).

Alginate has also been reported as the sole constituent

of the bioink together with cells.!3%133

Hyaluronic acid. Hyaluronic acid is a non-sulfated glycosa-
minoglycan composed of N-acetylglucosamine and glucu-
ronic acid. Typically represented in the ECM, hyaluronic
acid is particularly abundant in loose connective tissue.
When dissolved in water, it shows remarkable hydrody-
namic characteristics and viscous properties; retaining
water, it displays a great role in tissue homeostasis and bio-
mechanical integrity, thus making it a promising material
for applications in tissue engineering (TE).'?*!% It is pos-
sible to modulate hyaluronic acid characteristics through
functionalization processes (e.g. sulfation, esterification,
hydrazide modification, and cross-linking with glutaralde-
hyde) thus allowing for more rigid and stable, hydrophobic,
and more resistant to enzyme decomposition hydrogels.!*’
Ghodbane et al.,’®!>* reported about collagen-hyaluronate
sponges.

As for hyaluronic acid use in bioinks, it was also used
as component of complex formulations.'3® Interestingly, it
shows shear-thinning properties, together with an impor-
tant supportive/protective role for cells during the extru-
sion process.??
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Gellan gum. Gellan gum is a hydrophilic and high-molecu-
lar weight polysaccharide produced by bacteria. It is rec-
ognized as a good material for scaffolds development.
Considering bioprinting, it has been combined with other
polymers to prepare bioinks characterized by satisfactory
rheology and shape fidelity. Its tunable mechanical proper-
ties are attractive for use in bioprinting.!?*

According to our knowledge, only Costa et al.'*
reported its use in a complex bioink formulation for 3D
bioprinted meniscal scaffolds fabrication.

Decellularized extracellular matrix. Decellularized extracel-
lular matrix (dECM) hydrogels derive from tissues pro-
cessed through chemical, physical, and enzymatic
strategies to remove cells without damaging the ECM.
Once the matrix is fully decellularized (verification by
DNA quantification assays),?”! manipulation to prepare
gels occurs. 128203

Several Author focused on development of dECM for
tissue engineering purposes,’®! including the development
high-performance bioinks?®> dECM products can effi-
ciently provide a distinctive environment capable of direct-
ing cell growth (e.g. Giobbe et al.?%3,Stoccoetal.,**Grandi
et al.?%) as they consist of the functional molecules
secreted by the resident cells of each tissue. Thus, differ-
ently from hydrogels made of a single ECM component,
dECM hydrogels maintain the biochemical complexity of
the native tissues.2%

Differences in proteins content can exist within each
single tissue according to the region. In example, referring
to menisci, extracted dECM exhibits different levels in
collagens if considering the inner or the outer layer: inner
meniscus has higher type II collagen than type [; whereas
the outer region has higher type I collagen than type II;
furthermore, the inner meniscus also displays higher levels
of proteoglycans and TGF2/TGF3 than the outer meniscus
ECM in turn showing richness in bFGF and insulin.'37-207

dECM enhancement with growth factors can also be
adopted as a strategy to modulate tissue regeneration
toward native-like features'*” favoring the establishment
of original tissue anisotropy. Chen et al.'*’ reported about
a hybrid scaffold based on printed PCL and augmented
with decellularized meniscal cartilage derived hydrogel
both free and in presence of meniscal fibrochondrocytes
(MFCs). The acellular matrix confirmed its ability to act as
a functional cells’ carrier; moreover, a percentage of 2% in
hydrogel was identified as the most adequate to confer an
optimal bioactive behavior to the support. Thereafter,
according to orthotopic implant data in rabbits’ knee,
PCL + dECM + fibrochondrocytes explants displayed at
6months post-implantation histological/biochemical and
biomechanical features like native menisci.

Bioinks formulations including meniscal dECM were
also described. According to our knowledge, their use is
mainly restricted to bioactivation of 3D printed supportive

polymers. Jian et al.'’® combined it with GelMA and
MFCs, Romanazzo et al.'3” mixed it with alginate and por-
cine infrapatellar fat pad stem cells (IFPSCs). Interestingly,
Chae et al.'* proposed a bioink based only on pig menis-
cal dECM; the formulation, appearing like a gel, was
adopted for PU/PCL 3D printed scaffolds biological
activation.

Despite the intrinsic bioactive potential of dECM-based
bioinks, intense efforts are required for the identification
of adequate decellularization protocols. Often, chemical
agents adopted for cells removal (as well as the number of
decellularization cycles) can significantly alter the biologi-
cal and mechanical properties of dECM thus affecting the
effectiveness of the derived bioinks.20>2%8

3D printing/bioprinting of meniscus:
Issues in scaffolds design and
development

AM techniques (mainly, FFF approach that is a material
extrusion-based strategy) and 3D bioprinting methods
(mainly, inkjet-based and extrusion-based 3D bioprinting)
were broadly experienced, also in combination, with the
aim to fabricate effective meniscal substitutes.

A prerequisite for satisfactory in vitro/in vivo outcomes
and future translation in clinical practice of 3D printed scaf-
folds is optimization of print fidelity. Insufficient resolution
can have a dramatic influence on the quality and functional-
ity of the scaffold. Considering meniscus, intense efforts
were made to mimic meniscal ultrastructural organization
anddistinctcomposition,273%130-131,135136,140,141,150-153,155,157,209
In fact, the typical structural inhomogeneity and anisotropy,
despite assuring for the menisci physiological role,'3"153
also represent important issues in scaffolds manufacture
with implications in cellular repopulation. Elasticity/stiff-
ness (i.e. the Young’s modulus) of the support (partly ame-
nable to porosity and ultrastructure) likely modulate cell
spreading/morphology/function.®®?!%2!" More specifically,
for stem cells a lineage-specific differentiation can be
achieved when culture occurs on substrates matching the
stiffness corresponding to native tissue.?!!

Porosity and pore interconnectivity determine scaffold’s
efficacy. Thus, together with the intrinsic mechanical prop-
erties of the material, the scaffold’s microarchitecture has a
key role as it affects cell behavior, ECM deposition/tissue
formation and, in turn, the overall construct mechanics.?>!?
Large pores promote cell migration into the scaffold,
whereas small pores provide more surface area for cell
attachment. A balance with biomechanical strength should
be pursued considering that structural integrity typically
diminishes along with an increased pore size.®® 3D printing
strategies help in fabrication of scaffolds characterized by
interconnectivity and high-water absorption ability; acting
on the diameter of the extrusion needle it is possible to
modulate porosity.'>’” However, to date, identification of the
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most adequate porosity percentage (calculated as: (void
space /total space) X 100) and pore size for a specific tissue
and cell type are a matter of discussion and hot topics of
research.?!?

Mikos and Temenoff?!* and later Rongen et al.>* sug-
gest that effective meniscal scaffolds should have a poros-
ity percentage of 70% or higher; as for pore size, ranges of
150-500 um and ~200 um are referred to be adequate to
allow meniscal tissue infiltration and cell proliferation/
ECM deposition, respectively.?>*'* In case of MSCs seed-
ing or migration, 3D porous scaffolds may potentially also
have a synergistic impact on their behavior; Zhao et al.?'
reported for them a pore size of 200-300 um as the most
promising for growth, while a range of 300-450 um for
chondrogenic differentiation.

The porosity of the structure is strictly related to three
geometrical variables; these include the distance between
parallel layers, the number of columns on each layer and
the radius of the columns.?'* However, spatial resolution is
influenced by the specific technology and the processed
material, whose characteristics would dramatically influ-
ence the printing performances too. In example, decreas-
ing needle inner diameter allows to increase scaffold
porosity but production of thin strands (27G needle)
implies extremely slow printing times (even at high extru-
sion pressure) that likely may affect cells viability in case
of bioinks + cellular elements use.

Desired porosity percentage, pore size, physical proper-
ties related to micro-structural morphology, degradation
rate should be carefully evaluated in the pre-processing
phase when designing the scaffold and selecting both the
printing material and the fabrication technique. To date,
different mesh geometries have been attempted for menis-
cal scaffolds fabrication (see Tables 1-4); critically con-
sidering all gathered results, there is consensus about
complex networks efficacy (e.g. circumferentially-ori-
ented fibers, held together by a 90° grid of fibers) than
simpler grid structures. Composite meshes may withstand
different mechanical stimuli and forces (shear, tension,
and compression) with satisfactory outcomes once
implanted in vivo.?*? Intense research, also based on math-
ematical modeling methods, is devoted toward this direc-
tion. Interconnectivity, tortuosity, and high surface to
volume ratio, can provide for scaffolds endowed with
interesting mechanical/biological properties over the tradi-
tional designs. In this context, TPMS scaffolds seem
promising for biomorphic and porous supports fabrication,
also overcoming intrinsic limitations of materials as for
PCU.'67168 n fact, TPMS supports can show pore architec-
tures that are rearranged from a macro-scale to a nano-
scale, responding to the biological properties of the native
tissues, with a precise control over internal architectures
and complex external anatomical shapes. Compared to the
solid meniscal implants, TPMS scaffolds are favorable for
reduction in stress extremes, stress concentration area, and

1.24

displacement of meniscal extrusion.!®”-19821¢ Efforts are
required in this field.

A further consideration regards the degradation rate of
the scaffolds for meniscal tissue engineering (TE): it
should be at least 12 months, which will allow for cells to
grow and replace the support.?!’

Methodologically, the workflow leading from the
patient’s need to the printed tissue include: (1) identifica-
tion of the patient specific demand, coupling imaging tech-
niques (MRI and Computed Tomography (CT) scans) and
CAM/CAD 3D modeling; (2) digitalization of the 3D
model by conversion into STL (Standard Triangulation
Language) file; (3) slicing; (4) generation of the G-code
file containing the geometries of each 2D layer from the
3D model; (5) printing of the materials; (6) post-manufac-
turing modifications'>%?!® (Figure 2).

To guarantee satisfactory outcomes in meniscal devices
fabrication, great attention must be paid to the pre-process-
ing (selection of materials, cells and customized construct
design) and processing (choice of printing technique) phases;
however, post-processing is a peculiar step too, aiming to
scaffold structural optimization and, when required, matura-
tion of the seeded/bioprinted support to allow for further cell
growth, proliferation, and differentiation.?'® To this purpose,
bioreactors may have a key role. These systems, together
with provision of adequate and constant environmental
parameters (pH, temperature, CO, concentration) favoring
cell growth, also impart a convective flow to cell culture
medium (mimicking the in vivo conditions) and assert
mechanical forces on the cells improving tissue growth.
Referring to the original articles included in this review, scaf-
folds culture in static conditions prevails (Tables 1-4). Only
Bahcecioglu et al.'*!* compared scaffolds culture in static
(no load) or dynamic (load) conditions in bioreactor: a
dynamic compression at 10% strain for 4weeks (1 Hz fre-
quency, 1h/day, 5days/week) was applied on 3D printed
PCL supports, hydrogel-based supports (not printed),'** 3D
printed PCL/hydrogel constructs'#! gaining interesting
results. It was showed that dynamic compression influences
DNA content (cells proliferation) depending on the scaffold
material;, moreover, such stimulus could boost matrix pro-
teins production even though catabolic effects on cells could
occur at high strain levels. It descends that bioreactor-based
tissue engineering strategies applied to meniscal scaffolds
development may assure for interesting results allowing for
further insights on physiological fibers alignment and zonal
organization.'34

Type of scaffolds for meniscal
regeneration

From an extensive revision of the literature, scaffolds for
meniscal regeneration developed by 3D printing approaches
can be categorized into four different groups: (a) synthetic
3D printed bare scaffolds; (b) synthetic 3D printed
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Figure 4.

Synthetic 3D printed bare scaffolds, development and validation. (a) Schematic illustration of in PCL scaffolds printing

method; (A—C) different mean pore sizes is also showed through SEM microimages. (b) Effect of scaffold mean pore size on bone
marrow stem cells (BMSC) colonization and collagen Il deposition. (A—C) Representative 3D microimages of BMSC colonization
and collagen Il deposition in scaffolds with various mean pore sizes; the surface area covered by live BMSCs was the greatest on
the 215 um scaffold in all three groups. Green fluorescence marked live BMSCs (scale bar: 300 um). (D—F) BMSCs colonized and
bridged neighboring fibers in the former group, while those placed on the latter were isolated; red fluorescence, cytoskeleton; blue
fluorescence, nuclei (scale bar: 50 um). (G-I) The largest areas of synthesized matrices around the pores were shown in the 215um
scaffold compared with the other two scaffolds. Red fluorescence, collagen Il (scale bar: 300 um). (c) Macroscopic images of joints
and implants |12 weeks after surgery; better outcomes were displayed by 215 pum scaffolds. Scale bar: 10 mm.

Source: Adapted and reprinted with permission from Zhang et al.?* Copyright 2016 Elsevier.

conditioned scaffolds; (c) 3D bioprinted scaffolds; (d) syn-
thetic 3D printed + 3D bioprinted composite scaffolds.

Specific references to the experimental studies dis-
cussed in the paragraphs below and referring to scaffold/
cell types for meniscal reconstruction are reported in
Tables 1 to 4.

Synthetic 3D printed bare scaffolds

Due to the apparently quiescent nature of meniscal carti-
lage, amenable to limited vascularization and low cell den-
sity, a few researchers searched for scaffolds able of
bearing the joints load as a first prerequisite. In particular,
PCL!21525:143.144.148 55d Ecoflex30/50'1:152 were investi-
gated as materials for bare (i.e. free from biological condi-
tionings and/or cells) 3D printed scaffolds, thus assayed
through in vitro cell culture and/or in vivo implant (i.e.
subcutaneous and/or orthotopic implant) to predict the bio-
logical response mediated by the construct alone, in per-
spective of meniscal TE approaches. Additionally, PCU
was adopted for the development of porous meniscal

implant structures through triply periodic minimal sur-
faces'®” (Table 1; Figure 4).

Experimental evidence gathered on bare 3D printed
PCL scaffolds highlighted their biological weakness. In
fact, despite inducing MFCs adhesion/proliferation in
vitro, these supports do not sustain high collagen produc-
tion, correlating to PCL lack in bioactive sites.!** Low col-
lagen production after bare PCL scaffolds orthotopic
implant was previously observed also by Zhang et al.'?
who showed a higher cartilage degeneration in both femur
and tibia and lower tensile and compressive characteristics
ascribable to lower collagen content than that assured by
MSCs-seeded PCL scaffolds.

Aware of PCL limitations, many efforts have been made
over the years to improve the derived scaffolds potential;
in particular, both ultrastructure and hydrophobicity have
been extensively considered. Huebner et al.'** and Warren
et al.'*® and demonstrated that it is possible to control cell
infiltration and obtain an oriented matrix deposition (i.e.
aligned collageneous matrix) acting on PCL scaffold inter-
strand distances; in fact, lower interstrand distances
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(100 um) positively correlate with a higher collagen align-
ment percentage and, in turn, with a higher compressive
elastic modulus.'® As for the intrinsic PCL hydrophobic-
ity, it can be modulated by simple soaking of PCL scaf-
folds in NaOH solution. The treatment also induces the
formation of rough surfaces with pores, in turn improving
the biological performances of the scaffold.'?

Scaffold microarchitecture can deeply influence menis-
cal tissue formation as affecting endogenous and/or exog-
enous cell behavior®; in vivo studies on animal model of
meniscal injury (i.e. medial meniscectomy in rabbit; end
point: 12weeks) confirmed this assumption, also provid-
ing 215 um as the optimal pore size to guarantee for supe-
rior in vivo results (i.e. increased type I and II collagen;
chondroprotective effect).

Meniscal 3D printed prostheses based on bare Ecoflex
are new devices requiring further investigation due to the
novelty of (a) material use destination'""!%2; (b) fabrication
method, in relation to the intended use. In vitro data on
Ecoflex-30 (low viscosity) and Ecoflex-50 (high viscosity)
(Smooth-On Inc., Macungie, PA, USA) suggested their
cytocompatibility (L929-fibroblasts) even though the
seeded cells showed a spherical morphology instead of an
clongated one, requiring further investigation. Additionally,
fibroblasts clusters organization advocated to a possible
correlation between surface roughness (similar for both
Ecoflex-30/50) and a contact-inhibited growth.

As for mechanical behavior, these scaffolds showed
resistance to cyclic loading and displayed mechanical fea-
tures like native meniscus.

According to the experimental evidence, despite intense
efforts in ameliorating design strategies,'>*?% attempts to
create bare scaffolds from synthetic materials have assured
for limited achievements in terms of potential translational
approaches. Urgent efforts must be devoted toward modi-
fications able to orchestrate cells behavior within the scaf-
fold thus promoting the regenerative process.

Synthetic 3D printed conditioned scaffolds
(Impregnated)

As for most tissues, in meniscus TE the scaffold is the sup-
porting construct that, acting as a guidance, is necessarily
required for regenerating a new structure.’”’ Thus, it is
expected to have strong mechanical properties to endure
femur/tibia compressive load and circular hoop stress but
also adequate features to promote cell adhesion/prolifera-
tion, creating a proper environment for cells to reside, and
stem cells to differentiate, with also excellent permeability
to nutrients and metabolites.'>%147 Despite providing for
shape-fidelity and self-supporting structures, the major
challenge associated to polymers used in 3D printing is lack
in biomimicry??'; without an adequate ECM-like microen-
vironment, regeneration likely fails.??> To overcome this
issue, conditioning of the supportive structure with bio-
active elements has been widely investigated.

PCL, PCU, PU PCL, p(DTD DD), and PLA scaffolds,
endowed with intrinsic mechanical properties, have been
conditioned (e.g. infusion/impregnation) with bioactive
hydrogels based on natural polymers like colla-
gen, 8190153154156 Ge]MA and/or agarose,?’'40 SF,140.142.146
alginate,'*® dECM.'*” Growth factors to increase scaffolds
bioactivity was also sustained by Lee et al.'*’ and Nakagawa
et al.'* (Table 2).

A complex scaffold made of a holding structure condi-
tioned by a biological component must experience a
dynamic equilibrium to be effective. The polymeric mate-
rial acts as a reinforcement and is expected to bio-resorb
slowly, supporting the developing tissue until its matura-
tion and remodeling is occurred??’; thus, the biological
cues must create a temporary environment which degrades
in balance with ECM proteins secretion by the embedded/
colonizing cells.

Natural hydrogels were broadly used for synthetic poly-
meric scaffolds augmentation as they can reproduce native
ECM-like environments. According to our knowledge,
among these, protein-based hydrogels (collagen, gelatin,
silk-fibroin), polysaccharides (agarose, alginate, hyalu-
ronic acid), and dECMs have been adopted (Table 2;
Figure 5).

Collagen, the main ECM structural protein, showed a
critical role in cellular chondrogenic differentiation'*® and
porous PCU scaffold infilled with it proved not only to pro-
mote cell adhesion and proliferation but also to improve the
integration of the device in the host tissue, reducing the risk
for implant dislocation and failure, typically reported for
solid PCU in orthopedics.'>® Collagen combined with hya-
luronate contributed to mechanical features of p(DTD DD)
scaffolds also inducing robust integration and fibrochondro-
cytic ingrowth after orthotopic implant.’® The development
of collagen-hyaluronate sponges was reported by Ghodbane
ot al 38154

Gelatin combined with a methyl acrylate group
(GelMA)'24192 was also used. Specifically, GeIMA'! or
GelMA + fibrochondrocytes?” were adopted as condition-
ing hydrogels to impregnate PCL 3D printed scaffolds.
Compared to PCL nude supports, the presence of GelMA
determined fibrochondrocytes proliferation, and high lev-
els of collagen type I/Il mRNA suggesting the bioactive
potential ascribable to it; biologic recognition is likely due
to presence of RGD sequences on gelatine. Significantly, as
GelMA was recognized to be fibrogenic, complex meniscal
printed scaffolds with zonal variations were prototyped by
Bahcecioglu et al.'*! to emulate the anisotropic behavior of
the native meniscus (outer region with GelMA, fibrogenic
potential; inner region with agarose, chondrogenic poten-
tial). Moreover, incorporation of hydrogels also exerted a
protective effect on cells under dynamic stress together
with a reduction in cartilage degeneration.'#!

Li et al.'* combined SF to PCL scaffolds through cross-
linking, demonstrating its great contribution to balance
both the biomechanical features and the degradation rate
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Figure 5. Synthetic 3D printed conditioned scaffolds. (a) Schematic representation of polycaprolactone (PCL) and PCL-

hybrid scaffolds fabrication method. The conditioning hydrogel derived from meniscus extracellular matrix (MECM). (b) Gross
appearance of PCL and PCL-MECM hybrid scaffold. PCL models showed circumferentially and radially oriented fibers (on the left);
MECM conditioning occurred by injection (on the right). (c) Histological and immunohistochemical analyses of the regenerated
menisci after 6 months from surgery (animal model, rabbit): according to H&E images, the PCL-hydrogel-MFCs group showed
numerous elongated fibroblast-like cells or round chondrocyte-like cells (black/blue arrows, respectively); according to TB and
immunohistochemical data, positivity was detected for collagen Il and collagen | (H&E: hematoxylin and eosin; TB: toluidine blue;
COLI/II: collagen type I/1). (d) H&E staining of the femoral condyle and tibial plateau cartilage at 6 months from implantation
showing the chondroprotective effect mediated by the PCL hydrogel-MFCs implant.

Source: Adapted and reprinted with permission from Chen et al.'*” Copyright 2019 American Chemical Society.
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of the supports in vitro. Moreover, orthotopic implant in
rabbit of PCL-SF supports showed new vessels formation
(especially at the synovial edge) and collagen I deposition;
recruitment, retention, and proliferation of synovial MSCs
was also sustained.

As for meniscal scaffolds augmentation, agarose
was used both alone'! and combined with GelMA+
fibrochondrocytes?’ for printed PCL scaffolds conditioning.
Both hydrogels exerted a protective effect on fibrochondro-
cytes under loading versus PCL alone; moreover, agarose
impregnated constructs proved increased levels of GAGs
and type II collagen in vitro. The blend GelMA-agarose
exhibited higher levels of aggrecan expression compared to
PCL.

Alginate and oxidized alginate were used by Gupta
et al.'*® for PLA 3D printed scaffolds conditioning; the
natural polymer had a great influence on micromechanical
properties and maintenance of structural integrity of the
scaffold; moreover, as showed both in vitro and in vivo
(subcutaneous implant) the presence of interpenetrating
network hydrogels actively participated in ECM forma-
tion, inducing deposition of GAGs and collagen.

Chen et al.'*’ reported about a hybrid scaffold based on
printed PCL and augmented with decellularized meniscal
cartilage derived hydrogel both free and in presence of
MEFCs. The acellular matrix confirmed its ability to act as
a functional cells’ carrier; moreover, a percentage of 2% in
hydrogel was identified as the most adequate to confer an
optimal bioactive behavior to the support. Thereafter,
according to orthotopic implant data in rabbits’ knee,
PCL + dECM + fibrochondrocytes explants displayed at
6 months post-implantation histological/biochemical and
biomechanical features like native menisci.

Interestingly, within this group, a singular type of
meniscal substitutes can also be included, corresponding
to 3D printed stiff antibacterial hydrogels. Yang et al.?**
fabricated a stiff (2.69 MPa tensile stress; 26.25 MPa ten-
sile Young’s modulus) N-acryloylsemicarbazide (NASC)/
gelatin support (gelatin was employed as a sacrificial
material) with polydopamine coated-ZIF-8 anchored onto
the scaffold surface. Together with their role as meniscal
substitutes, these supports show a strong ability to mini-
mize infection-induced implantation failure, representing
a vanguard device with a twofold function: support in tis-
sue regeneration and advanced drug-delivery system.??,

3D bioprinted scaffolds

Printable bioinks are attractive for their ECM-like features
assuring for biocompatibility, low cytotoxicity, high water
content, porous structure, bioactive molecules, and cells
incorporation. Thus, bioink development is a crucial step
as its composition and structure will significantly affect
the behavior/phenotype/differentiation of incorporated/
seeded/tissue resident cells in turn strongly modulating

tissue regeneration. In example, alginate and agarose
bioinks support the development of hyaline-like cartilage
tissue; while GelMA based-bioinks favor cartilaginous tis-
sue formation.'?

Typically, the components of a bioink are (1) the cells,
(2) the biopolymer (representing the prevalent portion of
the bioink),'3! and (3) the additives, modulating the bio-
printing materials’ rheological properties and thus guaran-
teeing for resolution, shape fidelity, structural stability, and
functional characteristics'>*??%; as for the additives, there
is no accordance in concentrations (Table 3).

Rhee et al.’*! developed scaffolds based on highly-con-
centrated collagens (15 and 17.5 mg/mL gels) bioinks mixed
with bovine MFCs. The supports showed to overcome the
mechanical limitations of collagen gels (1-3mg/mL) com-
monly used in bioprinting, displaying a linear increase of
the compressive modulus according to collagen concentra-
tion. The scaffolds also maintained geometric fidelity over
10days in culture and collagen fibers allowed for cells
homogeneous distribution within the support. A promotion
of cell growth/spreading with the increase in collagen con-
centration was also observed; despite heated bioink deposi-
tion (37°C), a minimal effect on cell viability occurred.
Similarly, also Filardo et al.'** manufactured a meniscus-
like scaffold using a commercial highly concentrated Type I
Collagen bioink (Lifelnk 200—Advanced Biomatrix, San
Diego, California) here added with human bone-marrow
MSCs. In accordance with previous evidence by Rhee
etal.,”! the method assured for cell viability and homogene-
ous cellular distribution within the support, which was suc-
cessfully cultured up to 28 days.

Markstedt et al.'*® set up novel bioinks composed of
nanocellulose and alginate. In particular, a formulation com-
posed of nanofibrillated cellulose/alginate (80:20) combined
with human nasoseptal chondrocytes proved its suitability
for 3D bioprinting, guaranteeing for homogeneous cell dis-
tribution (i.e. successful mixing), cell viability, and biocom-
patibility. Printability of alginate in combination with human
adipose derived stem cells was also possible as later showed
by Narayanan et al.’*° in a study demonstrating efficacy of
dielectric impedance spectroscopy as a label-free non-
destructive monitoring approach for quality of 3D constructs
(both during and after biofabrication).

More recently, cellulose nanofibers mixed with gela-
tine-alginate thermal responsive bioinks + MFCs were
prepared by Luo et al.”” The bioink showed capacity in
maintaining long-term cellular viability with also encour-
aging mechanical performances attributable to physico-
chemical interactions; hydroxyl surface groups of cellulose
and alginate can interact with carbonyl and amine groups
in gelatin thus forming hydrogen bonds. ECM proteins
content in vitro (GAG, type II/X collagens) was like that of
native meniscus.

Costa et al.'* prepared by coprinting a cell-laden (i.e.
meniscus cells) gellan gum/fibrinogen composite bioink +
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Figure 6. 3D bioprinted scaffolds. (a) Schematic representation of 3D bioprinted scaffolds obtained coprinting a cell-laden (i.e.
porcine meniscus cells) gellan gum/fibrinogen (GG/FB4) composite bioink together with a silk fibroin methacrylate (Sil-MA (H))
bioink. An interleaved crosshatch pattern was obtained. (b) Scheme of the printed patterning used for 3D bioprinted constructs
fabrication. Explants gross appearance at 2, 5, and 10weeks after subcutaneous implantation in nude mice: the hybrid constructs
maintained their original dimension along time. In contrast, a reduction of dimension was detected in the GG/FB4 group at

2 weeks from surgery. (c) Compressive elastic modulus of 3D bioprinted constructs at 2, 5, and 10weeks after subcutaneous
implantation: Sil-MA (H) and hybrid (220.0 constructs showed a higher compressive modulus compared versus the GG/FB4 at

2 weeks from surgery. At 5weeks after implantation, a significant decrease in mechanical strength occurred in the Sil-MA (H) and
hybrid groups. At 10weeks of implantation, the compressive modulus of the constructs was maintained. (d) Histological images of
3D bioprinted constructs after 2, 5, and 0weeks of implantation (scale bars: 200 um): the formation of fibrocartilage-like tissue
was observed in the GG/FB4 and hybrid constructs. GAG and collagenous matrix production were confirmed by Safranin O and
Masson’s Trichrome staining, respectively. (e) Quantification of GAG and collagen production of the bioprinted constructs at 2,
5, and [0weeks after subcutaneous implantation: increase in GAG and collagenous matrix production was observed along time.
The hybrid constructs sustained the deposition of a considerably higher amount of GAGs and collagen versus the other groups, at

10 weeks after implantation.
Source: Adapted and reprinted with permission from Costa et al.'> Copyright 2020 American Chemical Society.

SF methacrylate bioink. While the gellan gum/fibrinogen importantly, this hybrid system allowed for fibrocartilagi-
component provided to create a favorable environment for ~ nous tissue formation without a dimensional change in a
cell viability, the SF methacrylate bioink contributed to ~ mouse subcutaneous implantation model also showing
biomechanical behavior and structural integrity. More collagen fibers allignement (Figure 6).
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Finally, Bandyopadhyay and Mandal'>? reported about

a SF-gelatin blended 3D bioprinted scaffold; no cells were
included here during printing despite the Authors referred
to as “bioink.” The support was developed to mimic the
internal and bulk architecture of the menisci; thus, it was
characterized by a tri-layer ultrastructure (grid/concentric/
lamellar infill) which displayed satisfactory swelling prop-
erties, in vitro degradation profile and stability at compres-
sion. Moreover, in vitro cell studies and in vivo
subcutaneous implant of the acellular scaffold demon-
strated immune-compatibility and its ability in promoting
cell growth and ECM proteins secretion.

The main issue associated to hydrogels is that they are
mechanically weak, lacking in viscosity and cross-linking
ability to retain 3D structure without collapsing and mimic
the biomechanics of tissues.’®138226227 [deally, a bioink
should possess proper mechanical, rheological, chemical,
and biological characteristics; however, hydrogel-only
scaffolds do not meet the mechanical requirements of
meniscus scaffolds leading researchers to combine them
with synthetic polymers'3%147,

Synthetic 3D printed + 3D bioprinted
composite scaffolds

To date, despite 3D bioprinting techniques have evolved
significantly, to develop fully functional tissues/organs for
transplantation through this approach would be prema-
ture.?”® Biomimetic bioinks often lack in mechanical
strength thus proving to be not adequate as the sole mate-
rial of a printed tissue.???> To overcome this issue, Sun
et al.,’’® Chae et al.,'3> and Romanazzo et al.'"*” combined
3D printing of the supportive polymer and 3D bioprinting
of the cell-laden bioink, in sequence. Interestingly, a dual-
nozzle + multi-temperature printing system was recently
proposed for menisci by Jian et al.!** (Table 4; Figure 7).
All Authors used PCL as supporting material!3>-137;
Chae et al.'*? adopted the blend PU/PCL while Narayanan
et al.,'> preferred PLA. As for the bioactive component,
different printable bioinks were prepared including algi-
nate + adipose stem cells or alginate + PLA nanofibers +

adipose stem cells!®; alginate + meniscal dECM + infra-

patellar stem cells'®’; gelatin + fibrinogen + HA + glycerol
+ bone marrow MSCs + TGFB/CTGF PLGA microparti-
cles'; collagen + bone marrow MSCs + TGFp or menis-
cal dECM + bone marrow MSCs!*?; GelMA + meniscal
dECM + MFCs'* (Table 4).

Referring to the mechanical behavior, Romanazzo
et al.,'*7 reported a 100-fold increase in stiffness for the
printed bioink in presence of PCL reinforcement, reaching
a similar order of magnitude to native meniscus. Moreover,
viability of the cells was maintained, suggesting that the
adopted process-parameters and shear stress were accept-
able. Sun et al.'* also verified the mechanical behavior of

the bioprinted scaffolds in vitro before in vivo

implantation. Here, the presence of growth factors in the
bioink was recognized as the key eclement to provide
mechanical strength to the construct (i.e. high tensile mod-
ulus, aggregate modulus, ultimate tensile strength, radial
strength). Regional variations in biomechanical behavior
in vitro also suggested the achievement of functional het-
erogeneity typical of native menisci. Chae et al.'* assessed
the tensile properties of the constructs after subcutaneous
implant; in particular, the cell-laden meniscal dECM scaf-
folds were implanted both after printing and after 1 week
of in vitro chondrogenic priming. All constructs main-
tained their original shape without evident deformation;
the tensile properties (maximum load to failure, elastic and
ultimate strength, and toughness) in all groups gradually
increased due to host cell infiltration and tissue ingrowth.
Moreover, the tensile properties of the meniscal dECM-
based constructs were higher than those of the colla-
gen + TGF constructs and the tensile properties of the
primed meniscal dECM group were higher than those of
the meniscal dECM group.

Multi-nozzle printing was interestingly reported by Jian
et al.'’’’; mechanical characterization studies’ results
showed lower compressive and tensile moduli in presence
of the hydrogel. However, the compression modulus of the
construct was higher than that of the human meniscus and
the tensile modulus was close to that of the meniscus in the
radial direction. However, as for circumferential tensile
modulus there was still a large difference.

As concluded by all the Authors, the combination of
different techniques is effective for achieving meniscal
higher-level biomimetic scaffolds, without affecting cell
viability. Despite the “ideal” scaffold has not been achieved
yet, and intense efforts are still required especially in mate-
rial science, this strategy seems extremely promising.

Cell types in printed meniscal
scaffolds

For meniscal replacement, the use of cell-free scaffolds is
commonly considered a first choice; it would provide for
off-the-shelf devices and ensure for no further costs and
eventual risks associated with cell manipulation, also
including bacterial contamination and phenotype loss. In
addition, regulatory limitations that could hinder transla-
tion into clinical practice are thus avoided.!**??° In cell-
free implants, the tissue resident cells must be capable of
reaching the site of injury and colonize the supporting
structure.?!4° Pre-clinical studies outcomes considering
orthotopic implant of conditioned cell-free 3D printed
scaffolds were reported in the literature.!3%145:147:154 Here,
the Authors aimed to assess resident cells migration and
the biological response in situ (i.e. lesion recovery) elicited
by PCL scaffolds laden with growth factors (i.e. connec-
tive tissue growth factor and TGFp),'*® GelMA + pig
meniscal dECM!* or injected with meniscal dECM. '



Stocco et al. 31

(b)

( a) @ Computer & Software

_____S)
Three-axis stage Pressure
controller controller

~

Multi-catridge
module

Cell-laden
hydrogel

5

3D bio-printed
construct
PCL (gray)
PLGAS™ encapsulated
cell-laden hydrogel (green)
PLGA™ gncapsulated
cell-laden hydrogel (red)

B e L S LU L LT

chamber v
(c) Native Control CTGF & TGFB3 puS
OUTER NNER INNER OUTER INNER

S s S
coLl %

PR

Figure 7. Synthetic 3D printed + 3D bioprinted composite scaffolds. (a) Schematic illustration of bioprinted protein-releasing
mesenchymal stem cells (MSC)-laden hydrogel-PCL composite constructs for meniscus regeneration in goats. (b) 3D-bioprinted
meniscus scaffold for implantation (f). Schematic illustration of MSC cell-laden hydrogel encapsulating PLGA microparticles carrying
CTGF (blue box) or TGFB3 (yellow box) in different regions, between PCL fibers; printing occurred from different syringes; (H-1)
SEM images of PLGA uS showing a less than 5 um diameter for CTGF (h) and TGFf3 (i) respectively. (c) Regeneration of the goat
meniscus at 24 weeks after implantation. Zonal matrix phenotype analysis in engineered versus native tissue. Tissue sections were
stained by immunohistochemistry for collagen type | and Il (COL-I and -Il) presence or by hematoxylin and eosin (H&E) for cells
distribution and tissue integrity; toluidine blue (TB) staining occurred for assessment of proteoglycans deposition while picrosirius
red (PR) for COLI and COLIII verification. Histological evaluation of the regenerated meniscus in the CTGF & TGF(3 group
revealed matrix phenotypes and distribution resembling those in the native tissue.

Source: Adapted and reprinted with permission from Sun et al.'3¢ Copyright 2019 Elsevier.

Also p(DTD DD) scaffolds infused with collagen-hyaluro-
nan were considered.'** However, according to experi-
mental comparative studies, it seems that cell augmentation
might provide for superior regenerative potential'** than
cell-free constructs, which likely lead to a worse repair due
to insufficient ECM production in turn getting to inferior
mechanical performances.'#7220

Identification of the most adequate cell population for
meniscal reconstruction is crucial for a satisfying outcome
in regeneration, despite it also represents a significant
challenge amenable to the specific physiological role of
the tissue. As meniscus is a load-bearing structure, the
cells must be able to adhere/proliferate overcoming com-
pressive and shearing motion and, in case of mature cells,
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also preserve the specific fibrochondrogenic phenotype.
This feature was in example addressed by Bahcecioglu
et al.'*! showing that a dynamic compression at 10% strain
has no significant effect on MFCs viability but can affect
cell proliferation rate in case of no protecting hydrogel
(i.e., alginate).

Regarding cell sources for meniscal tissue regeneration,
the most reported include specific resident cells referred to
as meniscocytes 3142146 or MFCs!227:97131135,141,144,147,157
and MSCs!21525,130.132-134,136,137,140,146.149.156 (Tables |-4).

Meniscocytes/meniscal fibrochondrocytes

The main advantage residing on tissue constructs
derived from meniscus cells is their better histocompa-
tibility.23* Cells of both human-origin*"'4>!%¢ and animal-ori-
gin! 297 3LI33.139,14L144 147,157 were assayed in combination with
PCL scaffolds'>'* (eventually conditioned?®!3>141,142.146,147)
or hydrogels/bioinks®”131:13%157 a5 solely scaffold. Specifically,
cell printing was accomplished by Luo et al.,’” Jian et al.,'®
Rhee et al.,'3! and Costa et al.'*%; others preferred seeding
once the supportive scaffold was developed.

The primary aim of in vitro cell studies is to evaluate
cells/scaffolds interactions; assays considering menisco-
cytes/MFCs adhesion and migration, distribution, viabil-
ity, and the maintenance of specific cell morphology are
mandatory,'2279713LI3S 139142157 However, confirming cell
bioactivity in terms of ECM production is also imperative.
To this purpose, gene expression studies (Aggrecan,
SOX-9, COL Io/llar) and evaluation of specific ECM
proteins content/presence (total collagen, collagen I/11
deposition, GAGs, hydroxyproline) were taken into
consideration,27:97139.141,144,157

Furtherly, ex vivo pre-seeded scaffolds were implanted
subcutaneously in nude mice'3%'4%14¢ or orthotopically in
rabbits.'*” After 4 weeks of subcutaneous implant, Cengiz
et al.!*21%¢ highlighted the ability of the constructs to pro-
mote tissue infiltration, blood vessels formation, newly
formed collagenous ECM with only mild inflammatory
cells invasion. Indeed, seeded/unseeded (control group)
implants displayed here similar outcomes; the Authors
suggested that seeding higher cells number and/or extend-
ing ex vivo culture time may lead to different results.'*?
Conversely, Costa et al.'*® displayed different in vivo
events: at 10weeks from surgery, constructs with cells
showed higher ECM production with higher levels of
GAGs and collagens, whose fibers also appeared aligned
as in native tissue.

The subcutaneous site and the knee joint site are different
environments; it descends that ectopic implant can provide
data on biocompatibility but for outcomes in terms of sup-
port effectiveness and tissue regeneration, orthotopic
implant is indispensable.'*? According to our knowledge,
only Chen et al.'¥’ considered the performances of pre-
seeded scaffolds once implanted in the meniscus of a rabbit

animal model of injury (i.e. total medial meniscectomy).
Briefly, PCL-hydrogel-MFCs scaffolds (hydrogel: meniscal
dECM) were compared to PCL scaffolds and PCL-hydrogel
scaffolds. At 3 and 6 months all supports showed meniscus
regeneration, but histological structure, biochemical con-
tents, and biomechanical performance were superior in
presence of cells, highlighting their significant role in regen-
eration and, in turn, also in chondroprotection; because of
the major size of the regenerated tissue, more effective bio-
mechanical properties with adequate load transmission and
stabilization occurred. Together with MFCs, the Authors
also speculated a possible recruitment in vivo of stem cells
(from synovia, bone marrow, infrapatellar fat pad, or periph-
eral blood) mediated by bioactive cues secreted by MFCs or
identifiable in the dECM.

Among primary cells also nasoseptal chondrocytes
were used as constituents of a bioink based on nanofibril-
lated cellulose and alginate; in vitro cell viability and
homogeneous distribution were confirmed within the sup-
ports however no further evaluation was performed for
bioactivity.!*® In this context, Lehoczky et al.?*! proved
nasal cartilage as an interesting alternative source of chon-
drocytes, overcoming the limit of chondrocytes from
debrided knee cartilage, that show a reproducibly poor
capacity to chondro-differentiate.

Satisfactory regenerative results from in vitro/preclini-
cal studies using meniscocytes/MFCs would indicate the
possibility to implant autologous primary cells. This strat-
egy is broadly accepted and described in several TE
approaches for other joint compartments, especially for
articular cartilage (e.g. Stocco et al.,>*> Migliorini et al.>*?).
However, in the perspective of future clinical application,
some considerations/reflections are due. To guarantee
effective scaffold colonization, seeding at high density is
required: (1) primary cells display a poorer proliferation
ability than stem cells; (2) sufficient tissue must be pro-
cessed for primary cells isolation (debrides? larger sam-
pling?); (3) meniscocytes/MFCs, whether isolated from
patients affected by a chronic and/broad lesion, might be
primed by the inflammatory environment thus acquiring
cellular alterations which could affect proliferation and tis-
sue regeneration.®®146:234235 Only results descending from
long-term studies follow-up will help in the identification
of the most effective strategy for satisfactory outcomes.

Mesenchymal stem cells

In case of meniscal lesions approached through TE strate-
gies, stem cells figure out as a keystone'*? by virtue of: (i)
self-renewal and highly proliferative potential; (ii) reduced
immunogenicity versus mature cells (as lacking Human
Leukocyte Antigen (HLA) class II expression)®; (iii)
active secretion of local anti-proliferative mediators reduc-
ing/suppressing inflammation and in vivo immune
response (immunomodulatory role)?®; (iv) ability to
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differentiate toward different lineages including cartilage,
bone, muscle, fat.

To date, several sources of MSCs have been considered
for meniscus repair through 3D printing; these include
bone marrow '21325132134136149 gunoyia 140149 ymbilical
cord,'® lipoaspirate,'**!33 infrapatellar fat pad'37!4>146;
however, according to our knowledge, only few studies
actually considered their mixture/dispersion in bioinks fol-
lowed by direct printing!3%132-134136.137 pather preferring a
subsequent seeding on the bare-synthetic/conditioned 3D
printed scaffold.1>15:25140.142.146,149,156

Printability of MSCs (i.e. preservation of viability and
stemness) needs attention®’; biological and printing require-
ments (often opposite) must both be met for successful out-
comes and transability to production floor'3%!3* as cells could
be affected by fluid shear stress intensity/duration in turn
increasing the number of cells undergoing necrosis. In this
scenario, damaged cells can release trophic factors which
seem to exert negative effect on viability and differentiation
of the resident cells.>3® A great awareness about this issue has
been demonstrated by Narayanan et al.'*° providing evidence
on dielectric impedance spectroscopy as a label free method
to in-process monitoring the adequacy of the printing strat-
egy (number of cells, percentage of viability, proliferation).

From a methodological perspective, the studies involv-
ing MSCs printing need to confirm the suitability of the
approaches. No detrimental effect on MSCs viability was
highlighted by several Authors!3%132-13413¢ referring to the
conditions they adopted. In addition, Sun et al.'*® and Chae
etal.3? also assessed and confirmed the differentiated cells
bioactivity in vitro through evaluation of ECM proteins
expression and deposition; for a broad appraisal of the bio-
active potential of the scaffold, Sun et al.'*¢ also performed
the orthotopic implant. The in vivo outcome of the devel-
oped anisotropic support (i.e., protein-releasing MSCs-
laden hydrogels with a synthetic PCL) was evaluated at
24weeks from surgery (i.e. animal model: goat; total
meniscectomy) by histological and immunohistochemical
analyses. The results confirmed the preliminary in vitro
data on zonal expression of type I, II collagen but also
highlighted that MSC-derived meniscus chondrocytes can
generate and maintain anisotropic and stable phenotypes
in vivo, after transplantation. Furtherly, the 3D bioprinted
meniscus into goat knees proved ability in long-term
chondroprotection.

To comprehend the effective contributory role in regen-
eration guaranteed in vivo by MSCs, the study by Zhang
et al."” is enlightening (animal model: rabbit; total menis-
cectomy of the medial meniscus). Briefly, the Authors con-
sidered the orthotopic implant of PCL 3D printed menisci
subsequently laden with BM-MSCs (seeding 24 h before
surgery) versus bare-PCL scaffolds. As for the main study
results, the cell-laden scaffolds displayed significantly
higher integration with the joint, significantly better fibro-
cartilaginous tissue formation (resembling the native

meniscus in matrix composition/cellularity), lower carti-
lage degeneration, retained mechanical strength. Moreover,
better lower foreign body reaction was identified in the
cell-seeded group confirming MSCs immunoregulatory
behavior. Interestingly, this study also validates the poten-
tial of allogenic MSCs for meniscal TE.

As for subcutaneous implants of ex-vivo seeded scaf-
folds with MSCs, only two studies were reported.'#140
Despite presence of human IFPSCs did not show signifi-
cantly different outcomes versus cell-free scaffolds in
terms of tissue infiltration and vessels formation, the
Authors convey that cell seeding gives rise to benefit.

At last, orthotopic implants of 3D printed cell-free scaf-
folds, previously validated by in vitro MSCs seeding, were
also performed.?> 140149

Surgical strategies in preclinical
studies and future perspectives

Animal models of meniscal injury for orthotopic
implant of 3D printed devices

In this evolving phase for meniscal devices development,
pre-clinical studies considering orthotopic implant of the
3D printed scaffolds provide important data to broadly
describe, study, and ameliorate the biological and biome-
chanical behavior of these substitutes.

According to our knowledge, different animal species
were included in in vivo studies evaluating the 3D printed
meniscal scaffolds outcomes. Specifically, sheep,3%14%149,154
goat,'3¢ rabbits,!>?>140.147 and rats'*" were adopted. As for
rats, surgery specifications were not reported.

Meniscal surgery in sheep

After administration of general anesthesia, sheep were
approached in supine position. Patella was luxated or sub-
luxated after medial parapatellar arthrotomy'#'>* or lat-
eral patellar arthrotomy.'* Hence, joint flexure and
condylectomy allowed for medial meniscus exposure pre-
serving ligaments. Slightly differently, Jian et al.'*
reported to have performed two apertures (5mm) which
were drilled in the anterior horn of the medial meniscus
and in the anterior horn of the lateral meniscus, after
patella dislocation.

Partial meniscectomy led to resection of all but about
10%'%* or 20%'#° of the meniscal outer zone; or 80% of the
medial meniscus.'>* Thereafter, the meniscal defect was
repaired through implant and suture of the graft; the joint
capsule, the subcutaneous tissue and the skin were sutured
layer by layer.

To reduce sudden or extended movements, Nakagawa
et al.' and Lee et al."* housed the sheep in small pens.
Only after complete condylectomy recovery, sheep were
group-housed in progressively large paddocks.
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No limitations of movement were imposed to sheep by
Ghodbane et al.'** and Jian et al.'*

As reported by Nakagawa et al.,'* the anatomic shape
and the contour of the menisci are quite similar among ani-
mals regardless of age. Differences can occur in the ante-
rior-posterior length.

Meniscal surgery in goats

Surgery on goats was reported by Sun et al.'*® Similarly for
sheep, after anesthesia, medial parapatellar approach was
performed; the patella was luxated medially and joint flex-
ure allowed for medial meniscus exposure followed by
total meniscectomy with ligaments preservation. Joint
capsule and subcutaneous tissue were closed separately
through continuous absorbable suture.
No immobilization method was reported after surgery.

Meniscal surgery in rabbits

Once anesthetized, an anteromedial'*’ or medial'>* para-
patellar incision was performed. Thereafter, different strat-
egies were reported. Li et al.'* cut the medial collateral
ligament for medial meniscus exposure; hence, total
medial meniscectomy occurred followed by implant suture
to the capsule of the meniscal rim, and the anterior and
posterior horns were fixed by the tibial bony tunnel. Zhang
et al.'>» detached the medial meniscus without injuring
the ligament and sutured the scaffold to the adjacent syn-
ovium and the ligamentous structures. After suture of the
medial collateral ligament, the wound was closed in layers.
Chen et al.'* also performed a total medial meniscectomy
except 5% of the external rim were then implanted; to pre-
serve joint stability, the ligaments were not injured or
disconnected.

No immobilization method was
surgery, 125,140,147

reported after

Body donation as a resource for research and
development in 3D printed meniscal scaffolds
fabrication

The most significant issue in 3D printed meniscal scaf-
folds development relays on fabrication of mechanically
efficient devices fitting well the defect area and supporting
loading and fixation without giving rise to ruptures and
dislocations. Certainly, substitutes good performances also
depend on the injury severity and location: orthopedic sur-
geon’s responsibility must combine clinical information,
radiological image, and clinical experience aiming to indi-
vidualize meniscal tears management and considering fac-
tors related to both the patient and lesion.?’

Considering the state-of-the-art on meniscal substitutes
fabrication, possibility to reproduce clinical practice envi-
ronment is extremely tempting as supporting a complete

high surgical education but also transversal integration
between different professional figures. Combination of
different specific backgrounds and skills (clinicians, sur-
geons, researchers) may promote future translation to
clinic of optimized 3D printed meniscal devices (still a
challenge). In this setting, it descends the precious role that
may be attributed to Body Donation Programs: a resource
for simulation of clinical scenario allowing to get in touch
with surgical issues from both surgeons and researchers
(actively involved in devices fabrication) perspective. In
example, Body Donation Program currently active at the
University of Padua and allowing for collection of donated
cadavers and body parts surgically removed,?****! largely
proved what stated above.6>242-247

According to our knowledge, the cadaver-based
approach for the evaluation of 3D printed meniscal substi-
tutes performances has never been proposed previously
and it may represent a tempting further strategy for devices
evaluations to be interposed between pre-clinical studies
and implant in human. Hence, in the light of the above
considerations, the cadaver could be considered as a
patient, allowing to lay the foundations for a 2.0 custom-
ized surgery based on effective interplay between clini-
cians and researchers thus providing for scaffolds that
fully meet patients’ needs overcoming the limitations of
current devices.

Corpses or lower limbs from Donation Programs could
be a fundamental tool also in meniscal substitutes develop-
ment, allowing for optimization in scaffold design, sur-
gery, and implant validation. Ideally, in a cadaver-based
research approach, corpses or lower limbs could undergo
3-T clinical MR scan and CT scan of the knee for data
acquisition; thus, 3D reconstruction of the knee joint by
DICOM image segmentation could be performed. Manual
image segmentation should be developed by a multidisci-
plinary team composed of experienced orthopedic, anato-
mist, radiologist, and biomedical engineer; accuracy in
image segmentation will minimize variations in the mod-
els. After data conversion into STL file, followed by con-
version in a G-code file containing the geometries of each
2D layer from the 3D model, 3D printing could occur.
Once the scaffold will be fabricated according to the pre-
ferred strategy (i.e. 3D printing/3D bioprinting), surgeon
could attempt different surgical approaches for implant,
also experimenting and comparing vanguard techniques.
Additionally, this step could guarantee for direct assess-
ment of device handling characteristics. At the end, after
implantation, the cadaver could again undergo MR and CT
scans for fitting evaluations in normal and flexed posi-
tions. Other tests could include mechanical evaluations for
knee kinematics and load stress, providing for significant
advance in the ability to simulate and quantitatively study
the effects related to 3D printed scaffolds implantation
(Figure 8). It descends that the precious value attributed to
the cadaver in this context likely relies in its possible role



Stocco et al.

35

DONATED BODIES/LIMBS MRI/CT SCAN

SURGERY AND MECHANICAL STUDIES ON
DONATED BODIES/LIMBS

Knee angle in
Flexion/Extension

Mechanical tests

2 v
3D RECONSTRUCTION, SEGMENTATION, PRINTING

AARd

& <

Figure 8. From donated bodies and limbs to effective 3D printed meniscal scaffolds development: a workingflow proposal. After
meniscal scaffolds development by 3D printing/bioprinting, based on MRI/CT scan images, the performances of the constructs may
be evaluated by a cadaver-based approach. Donated bodies may represent a precious resource for reliable studies on meniscal

substitutes manipulability, mechanics, and fitting, thus constituting an intermediate step toward their future use in clinical practice.

as intermediate between pre-clinical studies and clinical
practice.

Conclusions and final considerations

The urgent need for effective meniscal scaffolds, overcom-
ing the limitations of available devices or surgical strate-
gies, has prompt intense research in TE. The development
of different bioactive scaffolds has been reported in the
literature, tacking advantage from several different fabri-
cation methods including lyophilization, solvent leaching,
solvent casting and particulate leaching, lamination tech-
nique, electrospinning.’® Repopulation of commercial col-
lagen type I supports with MFCs?*® and preparation of
decellularized meniscal ECMs*'!?# have also been con-
sidered. In this dynamic context, the field of 3D printing/
bioprinting is gaining wide attention, highlighting the tre-
mendous potential of these technologies. When applied in

medicine, 3D printing approaches can provide for complex
and customized devices responding to both surgeon and
patient requirements, solving the problems of traditional
transplantation, assuring for production in high speed, and
resolution with also cost and risk potential benefits for
patients.>** However, despite the increased ability of TE to
mimic the native environment, and the great potential of
printing strategies, which type of scaffold is best suited for
meniscus is still pending. Several challenges need to be
still solved.

(1) Technique. The development of printed constructs
is affected by a plethora of technical factors.
Among these, material viscosity, shear-thinning
properties, identification of the most adequate
cross-linking strategy, maintenance of 3D shape
and cell viability after ink/bioink deposition, tem-
perature, resolution in turn related to the diameter
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of the needle, which might result in some restric-
tions on material viscosity and affect the shear-
stress induced during the dispensing process.

(2) Scaffolds. Currently, no biomaterial with adequate
mechanical strength, outstanding biocompatibility
and promoting the activity of cells after printing
have been identified. As for bioinks, critical chal-
lenges include printability, adequate solidification
to guarantee structural fidelity, mild curing process
for cells protection, proper mechanical strength for
stability in vivo. Several gelation attempts and
hydrogels have been investigated for extrusion-
based bioprinting, but none of those fully satisfies
all above requirements.””' Additionally, when
selecting the printing material, a compromise is
often required between one showing adequate fea-
tures in supporting the specific cells phenotype and
one with desired printing characteristics.'

To manage this issue, polymeric (mainly PCL) and bio-
logical materials (bioinks) have been combined thus
developing augmented scaffolds with tunable (but still
not clearly defined) characteristics.?*> PCL is an intrigu-
ing material for meniscal scaffolds fabrication by virtue
of its degradation rate. In vivo it loses its molecular
weight considerably slower than other aliphatic polyes-
ter?'”; however, it has substantial hardness and insuffi-
cient flexibility.!*> As for dECMs as conditioning
components, their potential is significant but decellulari-
zation process can significantly ruin/alter physical prop-
erties and bioactivity.

Considering scaffolds design/fabrication, complex cir-
cumferential ink/bioink deposition should be preferred to
the most experienced layer-by-layer approach to mimic the
arrangement of the collagen fibers in the native menis-
cus.'®> Commonly reported grid-based structures may fail
in meeting the mechanical requirements of meniscus,
especially once implanted in vivo. However, obtaining of
an architecture reproducing the native collagen fibers ori-
entation still represents a significant issue in meniscal
scaffold fabrication justifying the not fully satisfactory
results achieved so far and suggesting the need of intense
efforts toward this direction.

Ideal devices are required to be endowed with adequate
mechanics, bioactivity, and easy supply. To address this
purpose, meniscus microstructure analysis is of great
importance and a challenge too; the irregularity of the
diameter and cross-linking pattern of the fibers in the ECM
cause difficulties in the identification of a proper method
for ultrastructural characterization. Moreover, few 3D
printer and printing materials are adequate to satisfy the
requirement for nano-scale printing accuracy. Spatial reso-
lution is strongly influenced by the specific technology
and the processed material. Insufficient resolution can dra-
matically affect both the quality and functionality of the
scaffold.?"

To counteract this issue, thus capturing the complexity
of native tissues, a new hybrid technology combining cel-
lular microtissues, biomaterials, and 3D printing is emerg-
ing. Spheroids are 3D spatial arrangements of cells that
can be recognized as scaffold-free microtissues.?*® Acting
as tissues building blocks, they can be combined with a
photo-crosslinkable hydrogel and subsequently bioprinted
to obtain spheroids-based 3D bioprinted scaffolds.
Supporting the creation of cell—cell contacts and cell-
extracellular matrix (ECM) interactions these structures
can mimic the natural environment. Despite, according to
our knowledge, meniscus has never been specifically
approached in this manner, experimental data reported for
articular cartilage tissue engineering?*23+2%¢ suyggest that
it may represent an extremely promising future perspec-
tive also in this field.

(3) Cells. Considering cell sources, both MFCs and
MSCs have been used for 3D printed scaffolds
repopulation. MFC could be interesting for meniscal
TE due to adequate fibrochondrogenic differentia-
tion potential and their ability to form collagen fib-
ers resembling in thickness and orientation that of
native meniscus. Moreover, MFCs were associated
to a less tendency to form bone precursors leading to
calcifications than MSCs. However, isolation of an
adequate amount of MFCs from surgically removed
debrides is a great issue. In vivo, MFCs reside in a
dense ECM which is only about 0.1%—0.12% of the
wet weight of normal meniscus. Additionally, also
partial meniscectomy allows for limited cells isola-
tion thus requiring in vitro monolayer cell expansion
with the concrete risk of dedifferentiation and
reduced ability in secreting typical proteins of the
ECM along with passages in 2D culture. In particu-
lar, significant downregulation of mRNA expression
levels of type II collagen and aggrecan, with an
increased gene expression of type I collagen
occur.?”’ To date there is no consensus on the ideal
cell source for meniscus regeneration.>>

Another significant consideration regards the complex
environment in which the MFCs reside, mainly character-
ized by combined hypoxia and dynamic loading.
Intriguingly, hypoxia (regardless of loading) promotes
accumulation of hyaline cartilage while dynamic compres-
sion (regardless of oxygen tension) induces a matrix
remodeling associated to SOX9 and COLIAI upregula-
tion.>*® As these two conditions were demonstrated to exert
a priming role on cells behavior it descends that they are
essential features to bear in mind when validating the bio-
activity of a new meniscal scaffold.

(4) Pre-clinical studies. A further consideration regards
in vivo studies on animal models of meniscal lesion.
According to our knowledge, no study on 3D
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printing/bioprinting considers inflammation which,
conversely, could be a characterizing feature in
patients undergoing meniscal repair surgery.
Experimental evidence considering meniscal injury
context supports a significant local increase in the
inflammatory mediators TNF-alpha and IL-6 (as
well as of IL-6 in the synovial membrane close to
the injury) with a role in the initiation of articular
cartilage degeneration.*® An inflamed status likely
affects tissue regeneration and cells viability/respon-
siveness; in particular, stem-cells are susceptible to
local stimuli and may be primed by the presence of
a pathological/inflamed environment.

Preclinical studies allow to predict the biological behavior
of the 3D printed scaffolds even more when cellular ele-
ments are included. Thus, resorting to them is important for
the researcher to modulate, ameliorate, change, or confirm
the adequacy of fabrication protocols leading to effective
devices. However, from surgeon perspective, looking
toward 3D printed scaffolds implant in patients, surgical
training on human bodies could be particularly appealing
also allowing for full integration with researcher activity
and guaranteeing for excellence results in the field.
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