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Abstract

Osteoarthritis is a common aging-related disorder that is confined mostly to the chondral layer of joints (e.g., the knee) but
can spread to bony layers over time. In its early stages, osteoarthritis has minimal symptoms; however, these gradually
worsen over time and include joint pain, stiffness, loss of mobility, and inflammation. The exposed subchondral bone of a
Grade 4 osteoarthritic knee is highly prone to erosion if left untreated due to persistent rubbing between the bones, which can
lead to painful bone spurs. However, treating osteoarthritis is especially challenging due to the poor mitotic potential and low
metabolic activity of chondrocytes. Although currently available tissue-engineered products (e.g., BST-CarGel®, TruFit®,
and Atelocollagen®) can achieve structural reconstruction and tissue regeneration, final clinical outcomes can still be im-
proved. Major challenges faced during clinical studies of tissue-engineered constructs include chondrocyte hypertrophy and
the development of mechanically inferior fibrous tissue, among others. These issues can be addressed by selecting suitable
biomaterial combinations, mimicking the three-dimensional (3D) architecture of the tissue matrix, and better controlling in-
flammation. Furthermore, it is crucial to generate essential signaling molecules within the articular cartilage ecosystem. This
approach must also account for the microarchitecture of the affected joint and support the chondrogenic differentiation of
mesenchymal stem cells. The use of tissue-engineered constructs has the potential to overcome each of these challenges,
since materials can be modified for drug/biomolecule delivery while simultaneously facilitating the regeneration of robust ar-
ticular cartilage. Three-dimensional printing has been successfully used in tissue engineering to achieve bioprinting. By ma-
nipulating conventional 3D printing techniques and the types of bioink used, many different types of bioprinting have
emerged. Overall, these bioprinting techniques can be used to address various challenges associated with osteoarthritis
treatment.
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1 Introduction

Articular cartilage is a type of specialized connective tissue
required for maintaining the skeletal frame, and its system-
atic positioning facilitates its functionality [1]. It comprises
a unique composition of extracellular matrix (ECM) compo-
nents responsible for load-bearing properties [1, 2]. The ar-
ticular cartilage ECM is mainly composed of water (80%),
with the remainder being molecules such as proteoglycans
and collagen [3]. These ECM components help joints ab-
sorb shock and resist wear and tear [2]. Overall, articular
cartilage is an avascular and aneural tissue, with the total
chondrocyte population comprising only 2% of total tissue
volume [2]. This population consists of mature cells that are
responsible for ECM remodeling; moreover, they do not
possess a proliferative phenotype in adults [4], with prolif-
erative cartilage progenitor cells (CPCs) found only during
the developmental and growth stages [5]. Cartilage growth
generally begins in the early twenties and is usually charac-
terized by complete ossification of the epiphyseal plate [5, 6].
This also isolates mature articular cartilage tissue from bone
marrow, which is the main source of mesenchymal stem
cells (MSCs), the progenitors of CPCs [6]. This isolation
causes articular cartilage to have poor mitotic potential and
poor regenerative ability [1, 6]. Moreover, since joints with
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articular cartilage are highly active, loss of cartilage is often
accompanied by continual loss of articular cartilage tissue
over time, an effect that can lead to cartilage degeneration
disorders such as osteoarthritis. Osteoarthritis is a common
age-associated disorder, affecting more than 88% of the
population over the age of 45 [7]. Osteoarthritis incidence is
also associated with comorbidities such as diabetes, obesity,
improper loading of joints, and injuries. Furthermore, osteo-
arthritis is more prevalent in women, who comprise 62% of
the total affected population [7]. Globally, 242 million
people are thought to be regularly affected by knee and/or
hip osteoarthritis alone [8], with the prevalence of osteoar-
thritis increasing by 113.25% over the past several decades,
from 247.51 million in 1990 to 527.81 million in 2019 [9].
The inability of articular cartilage to regenerate naturally
and efficiently is a challenge for treating osteoarthritis. Cur-
rent clinical strategies can be broadly classified into surgical
and non-surgical approaches [10]. Non-surgical approaches
include supplements such as glucosamine, hyaluronic acid,
and steroids, as well as activities such as physiotherapy [10].
Such treatments may alleviate symptoms and improve joint
function in some patients; however, they do not provide a
permanent solution and require continuous administration
to maintain positive effects. Furthermore, clinical studies
have shown that some supplements—e.g., glucosamine and
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chondroitin sulfate—are not totally effective when adminis-
tered to reduce pain and inflammation in osteoarthritis pa-
tients, often yielding limited improvement relative to a pla-
cebo [11]. Steroid injections, though effective in providing
short-term relief, may also result in potential adverse effects
with repeated use, including joint tissue damage and accel-
erated cartilage degradation [12]. Non-surgical treatments
thus have notable limitations with respect to providing long-
term relief or halting disease progression, since they focus
primarily on symptom management rather than cartilage re-
generation or joint repair. Surgical approaches include pro-
cedures such as microfractures, abrasion chondroplasty, and
arthroplasty, among others [10]. Surgical procedures such
as microfractures often result in the formation of fibrous
scar tissue, which can result in joint stiffness and pain. This
can lead to recurring osteoarthritis due to the wear and tear
of mechanically inferior regenerated tissue [8]. Thus, novel
treatments designed to overcome the drawbacks of tradi-
tional treatment modalities—including those involving ad-
vances in tissue engineering and regenerative medicine—
have been highly sought after. This is evident from the in-
creasing number of publications in the field of cartilage re-
generation, as shown in Fig. 1.
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Fig. 1 Scientific publications (i.e., books, clinical trials, research
studies, and review manuscripts) that have been published within the
last 25 years. Data were taken from PubMed®, checked on 25th No-
vember, 2024, using the keyword “cartilage regeneration.” These
data suggest increasing interest in this field of research

Tissue engineering is an interdisciplinary field that inte-
grates the use of biomaterials and biomolecules to aid the
regeneration of various affected tissues. Cartilage tissue en-
gineering aims to target the inherent tendency for tissue hy-
pertrophy while maintaining the superior biomechanical
characteristics of engineered tissue. Many tissue-engineered
products, including ChonDuxTM, EUFLEXXA®, and
HYMOVIS®, have been developed to treat osteoarthritis.
These products employ various biocompatible biomaterials
such as chondroitin sulfate, hyaluronic acid, and poly(ethyl-
ene glycol), all of which are used to form hydrogels that can
not only support the growth of chondrocytes but also mimic
the native ECM. Furthermore, tissue-engineered products

such as NeoCart® have been incorporated into surgical pro-
cedures such as autologous chondrocyte implantation (ACI)
to improve the regeneration of articular cartilage.

ACI is a procedure in which autologous chondrocytes
(harvested from the patient beforehand) are cultured in vitro
before being implanted at the defect site. The first two gen-
erations of ACI use a periosteal patch (also harvested from
the patient) or a collagen patch to cover the site where au-
tologous chondrocytes are injected [9]. The third generation
involves the rise of matrix-assisted ACI (mACI), in which
collagen-based scaffolds such as Hyalograft® C are incorpo-
rated with autologous chondrocytes [9]. The fourth genera-
tion of ACI features exploration of various biomaterials and
cell types along with the addition of growth factors [9].
However, during delamination in ACI treatment, cartilage
and fibrocartilage differentiations are similar. To date, no
previous study has been able to mimic the intricate microar-
chitecture of various zones of articular cartilage. Newer
tissue engineering strategies such as bioprinting have been
successful in addressing this issue, since they depend on a
layer-by-layer approach. This permits the design of accurate
tissue analogs using different types of cells, biomaterials,
and essential biomolecules.

2 The articular cartilage ecosystem and
osteoarthritis pathophysiology

Articular cartilage is a highly mechanosensitive tissue that
has a range of time-dependent and time-independent behav-
iors that can be non-linear or anisotropic [3]. Native articu-
lar cartilage has a tensile Young’s modulus of 5-25 MPa, a
compressive Young’s modulus of 0.24-0.85 MPa, a tensile
strength of 15-35 MPa, and a compressive strength of 14—
59 MPa [3, 10]. Mature articular cartilage comprises chon-
drocytes, which are differentiated cells that maintain the ar-
ticular cartilage ECM [1]. In general, ECM molecules and
chondrocytes maintain the delicate tissue microenvironment
and ensure efficient diarthrodial joint functioning, as listed
in Table S1 (supplementary information). Chondrocytes
themselves are bound to the ECM via integrins, decorins,
perlecan, and collagen type 6. These molecules then form
larger networks with aggrecan, collagen type 2, hyaluronic
acid (assisted by collagen types 9 and 11 and link pro-
teins), matrilin, and cartilage oligomeric matrix proteins
(COMPs) [3]. This combination forms a chondron that com-
prises eight chondrocytes. Furthermore, the arrangement of
chondrons determines the unique hierarchical organization
within the articular cartilage tissue, which can then be cat-
egorized into four distinct zones, as shown in Fig. 2.

Zone 1, also known as the superficial zone, comprises the
anterior face of the tissue and is in direct contact with the
articular surface. Here, chondrocytes are embedded in
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Fig. 2 Chondrocyte zonal distribution in articular cartilage along with collagen fibrils. This combination is essential in facilitating the load-
bearing properties of the joint. The functions of the various ECM components are listed in Table S1 (supplementary information). Reproduced
from [26], Copyright 2021, with permission from the authors, licensed under CC BY 4.0

compactly packed collagen type 2 fibers with diameters
ranging from 15 to 25 nm that are organized tangentially to
the articular surface [1, 13]. The chondrocytes in Zone 1 are
present in high numbers but are generally inactive and have
a flatter morphology than those in the middle zone [3]. The
superficial zone protects other layers from shear stresses and
regulates the flow of joint fluids during compression [2].
Zone 2, also known as the middle zone, also bears the ini-
tial brunt of any compressive loads applied to diarthrodial
joints [3]. Collagen type 2 fibers are relatively thick, with
diameters ranging from 40 to 100 nm, and they are arranged
at random inclines that are neither parallel nor perpendicu-
lar to the articular surface [1]. Zone 2 also contains a
greater concentration of proteoglycans, i.e., approximately
1.5-2-fold greater than in Zone 1; correspondingly, Zone 2
is better at resisting deformation [1, 2]. In general, chondro-
cytes have a spherical morphology and are sparsely distrib-
uted throughout the middle zone. Zone 3, or the deep zone,
tends to contain more proteoglycan content and a higher
level of deposition of the thickest collagen type 2 fibrils [1].
These collagen type 2 fibrils are generally arranged in a co-
lumnar fashion, and chondrocytes are densely stacked per-
pendicular to the articular surface. The assembly of ECM
molecules and cells within these zones creates unique
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microarchitectures and apertures with gradients [3]. The
articular cartilage interface ends with Zone 4, itself com-
posed of distinct tidemark and calcified zones. The tide-
mark serves as the chondro-osseous junction that distin-
guishes non-calcified from calcified articular chondro-
cytes and can have a thickness of up to 10 pm [14, 15]. It
is primarily composed of collagen and hyaluronic acid,
has a trilaminate appearance [16, 17], and provides a site
for perpendicularly aligned collagen fibrils of Zone 3 to
tether to the tidemark [15]. The tidemark is a metabolically
active junction that is associated with endochondral ossifica-
tion and long bone development in humans [16, 17].
Changes in the microanatomy of the tidemark, such as du-
plication of the junction, have been found to be closely
associated with aging and osteoarthritis [15-17]. Zone 4
differs markedly from the other zones with respect to the
mineralization of the ECM,; furthermore, at this stage
sparsely distributed hypertrophic chondrocytes can be ob-
served [3]. This occurs due to both an abundance of colla-
gen type 10 produced by hypertrophic chondrocytes and
the calcification of cartilage [16]. Finally, as a transition
layer between the cartilage and subchondral bone, Zone 4
is essential for dissipating mechanical forces from the
bone [16].
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The biomechanical properties of articular cartilage are
also influenced by specific joint movements and/or articula-
tion at the synovial joint. Synovial joints, also known as di-
arthrodial joints, have superior load-bearing capacity and re-
duce the friction between articulating surfaces during move-
ment [5]. Articular cartilage is often housed in such joints and
is usually surrounded by synovial fluid, a non-Newtonian
fluid. Synovial fluid is obtained from blood plasma and
comprises biomolecules including proteoglycans, collage-
nases, hyaluronic acid, lubricin, and prostaglandins [5]. Given
these components, synovial fluid is important for maintain-
ing the osmotic flow of water in and out of cartilage.

Since the main function of articular cartilage is to absorb
and appropriately dissipate mechanical shocks, the synovial
fluid acts as a lubricant, assisting normal functioning during
the loading and unloading of the joints [1, 5]. Overall, the
proteoglycans present in the ECM are largely polyanionic
and thus repel each other, contributing to tissue elasticity
and stiffness [6]. This characteristic also allows tissues to re-
tain large amounts of water, which endows them with bipha-
sic properties. Moreover, water retention in interstitial pro-
teoglycan pockets is further aided by hydrophilic repulsion
imparted by carbohydrate moieties present in glycosamino-
glycan (GAG) molecules [6]. Previous studies have found
that Zone 1 contains the highest quantity of free water but
the lowest proteoglycan content. This allows for the maxi-
mum flow of fluid out of Zone 1 in response to compressive
force [6]. However, Zones 2 and 3 both have relatively high
bound water and proteoglycan content, which creates high
hydrostatic pressure upon compression [6]. The superficial
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zone is essential for the lateral dispersion of shear and ten-
sile forces along the cartilage bone boundary, which hosts
the highest quantity of tangentially aligned collagen fi-
bers [6]. In contrast, the middle and deep zones help with-
stand compressive forces while walking, standing, or run-
ning. These four zones working together constitute a unique
system that enables a wide range of motion and flexibility
during movement.

Minor alterations in the ECM of articular cartilage can
exert drastic effects on joint function. Proper ECM mainte-
nance largely depends on factors such as mitochondrial dys-
function, oxidative stress, cellular senescence, and inflam-
mation [10]. These factors can be the result of infections, in-
juries, improper joint loading, or other comorbidities, in-
cluding diabetes, obesity, and cardiovascular disorders [10].
Moreover, continual and prolonged dysfunction of the ar-
ticular cartilage ECM can result in osteoarthritis. Osteoar-
thritis itself is a common tissue degenerative disorder that is
associated with aging but is also known to occur in younger
individuals. The severity of osteoarthritis can be assessed
by evaluating signs of inflammation, osteophyte formation,
and the degradation of cartilage tissue, among other factors.
Although the Kellgren-Lawrence scale has traditionally
been used to assess osteoarthritis progression, the Interna-
tional Cartilage Repair Society (ICRS) scale is now the
most widely used (Fig. 3). The molecular events causing
the progression of osteoarthritis can be linked to tissue in-
flammation, neurovascular invasion, and chondrocyte hy-
pertrophy, all of which can lead to degradation of the joint,
as shown in Fig. 4.
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Fig. 3 The International Cartilage Repair Society (ICRS) scale permits grading the severity and progression of osteoarthritis in patients. It does
so on the basis of radiological assessment and other clinical symptoms. Reproduced from [27] (Copyright 2005, with permission from OsteoArthritis
Research Society International) and [28] (Copyright 2023, with permission from the authors, licensed under CC BY 4.0)
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Fig. 4 Overview of key molecular mechanisms involved in osteoarthritis pathogenesis. These pathways can be triggered by factors such as
aging, stress, and mitochondrial dysfunction, all of which lead to imminent breakdown of the ECM and subsequent degradation of articular
cartilage joints
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2.1 Tissue inflammation

The causes of inflammation in osteoarthritis patients are
multifaceted and include both age-related changes and fac-
tors related to obesity. In the early stages of osteoarthritis,
inflammation occurs in the synovial lining, and downstream
effects begin to be observed in cartilage tissue. This in-
cludes the infiltration of lymphocytes, neutrophils, and mac-
rophages into the synovium [18]. Lymphocytes such as
LAG-3+ regulatory T cells and CD3+ T cells secrete proin-
flammatory cytokines such as interleukin-1 beta (IL-1p)
and tumor necrosis factor-alpha (TNF-a), which combine to
escalate joint inflammation, leading to greater cartilage
damage and worsening conditions like osteoarthritis [18].
Cytokines not only induce the synthesis of enzymes that di-
rectly degrade cartilage, such as matrix metalloproteinases
(MMPs), but also induce the production of other protein-
ases that increase the production of compounds such as
prostaglandin E2 (PGE2) [19]. This is achieved by modula-
tion of the expression of key enzymes and genes, including
cyclooxygenase-2 (COX-2), microsomal prostaglandin-E
synthase-1 (mPGES-1), and secretory phospholipase A2
(sPLA2) [19]. IL-1p is also known to inhibit the synthesis
of GAGs and collagen type 2 by promoting the apoptosis of
chondrocytes via the production of reactive oxygen species
(ROS) [20]. Furthermore, TNF-o impairs the chondrogenic
potential of cartilage tissue by inhibiting the migration of
CPCs [20].

Physical stress on joints and the presence of inflamma-
tory substances such as nuclear factor kappa-B (NF-kB)
and mitogen-activated protein kinase jointly promote the ac-
tivation of certain pathways inside chondrocytes [21]. Im-
portantly, these pathways are known to be upregulated in
osteoarthritis. When NF-xB is activated, the production of
molecules such as MMPs, nitric oxide synthase-2 (NOS2),
COX2, and IL-1 increases, and these molecules contribute
to the breakdown of the cartilage ECM [21]. Consequently,
this increases integrin signaling, which is triggered by the
breakdown of fibronectin fragments, and integrin signaling
promotes the further production of MMPs, a disintegrin and
metalloproteinase with thrombospondin motifs, and chemo-
kines, causing further damage to cartilage. Another key
player in this process is a transcription factor called hypoxia-
inducible factor-2 alpha (HIF-2a), which is significantly
elevated in osteoarthritis and plays a crucial role during the
final stage of chondrocyte maturation. HIF-2a production
is upregulated in response to hypoxia in cartilage tissue,
and its expression is also affected by proinflammatory cy-
tokines such as IL-1p and TNF-a [19]. Progression to late-
stage osteoarthritis is marked by cartilage degradation, in-
creased secretion of IL-1f, IL-6, IL-8, IL-18, IL-17, IL-22,
and transforming growth factor-beta 1 (TGF-p1) [18], and
synovitis, which is characterized by the inflammation of

the synovial membrane, resulting in joint pain, stiffness, and
swelling [18].

With aging, chondrocytes within cartilage become less
active, a process that is marked by increased accumulation
and expression of advanced glycation end-products and
their receptors [19]. This change disrupts normal signaling
pathways and synthetic activity, and results in the increased
production of cytokines and chemokines. In addition, the
aging process is accompanied by a decrease in autophagy, a
mechanism that protects against cellular stress. Overall, de-
creased autophagy leads to cell death, further fueling in-
flammation that causes osteoarthritis. In parallel, obesity
has also been identified as a significant risk factor, since
white adipose tissue acts as an endocrine organ that pro-
duces adipokines. Adipokines contribute to a chronic low-
grade inflammatory state that can directly influence carti-
lage homeostasis [19]. Notably, both the infrapatellar fat
pad and chondrocytes within the joint also produce adipo-
kines, thereby perpetuating the inflammatory cascade. The
stimulation of articular chondrocytes by adipokines is
known to trigger the expression of MMPs and NOS2,
thereby exacerbating the inflammatory environment and
contributing to cartilage damage in osteoarthritis [19]. Mito-
chondrial dysfunction is also observed during aging and can
contribute to osteoarthritis progression. An altered function
of mitochondria is the upregulation of PGE2, ROS, and ni-
tric oxide (NO), which affect adenosine triphosphate (ATP)
synthesis. ATP imbalance also promotes the cycle of in-
flammation, oxidative stress, mitochondrial dysfunction,
and, ultimately, apoptosis, thus further exacerbating osteoar-
thritis [22, 23].

2.2 Neurovascularinvasion

Healthy articular cartilage is avascular, a fact that can be at-
tributed to the nature of the development of cartilage from
the mesenchyme [1]. Without a direct blood supply, the car-
tilage ECM largely relies on the synovium to obtain nutri-
ents and oxygen via diffusion [3]. Furthermore, articular
cartilage cannot transmit sensations of pain, touch, or pres-
sure, since no nerve fibers are present. However, various
glycoproteins and chondrocytes can transmit mechanosen-
sory signals to some extent [1]. As a result, damage to ar-
ticular cartilage may not cause immediate pain, as injuries
to other tissues in the body normally do. The lack of inner-
vation can also contribute to challenges in detecting early
cartilage damage, since pain is generally not a direct symp-
tom until damage progresses to affect surrounding struc-
tures with their own nerve supply, such as the bone or
synovium [22].

Following damage to the joint and breakdown of carti-
lage tissue, the ECM is exposed to the mesenchyme; this is
characteristic of Grade 3 and 4 osteoarthritis. Once this
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occurs, the contact allows neurovascular invasion, a process
of infiltration of nerve fibers and blood vessels into the
cartilage tissue [22]. Neurovascular invasion further in-
duces pain and impairment in osteoarthritis patients. Stud-
ies evaluating patients undergoing total knee replacement
for severe osteoarthritis often show blood vessels breaking
through the tidemark. Normal articular cartilage contains
thrombospondin-1, troponin-1, and chondromodulin-1, all
of which suppress vascular endothelial growth factor
(VEGF) activity [24]. However, in osteoarthritis, these anti-
angiogenic molecules and proteoglycans are degraded due
to inflammation. Furthermore, due to increased HIF-2a ac-
tivity, the activity of VEGF and platelet-derived growth fac-
tor increases [24]. This in turn promotes angiogenesis in
damaged cartilage tissue via degradation of the basement
membrane caused by the production of MMPs. VEGF also
causes sclerosis of the subchondral bone by disrupting the
balance between osteoclast and osteoblast activity [24].
This can result in osteophyte formation, which is further
aided by increased expression of runt-related transcription
factor-2 (Runx2) [24, 25].

The presence of sympathetic and sensory nerves has been
reported in damaged cartilage tissue alongside vasculature.
In addition, nerve fibers—both surrounding blood vessels
and free-floating—and nerve trunks have been found within
the bone marrow beneath the cartilage (i.e., in the subchon-
dral bone marrow) as well as inside osteophytes [22]. Beta-
nerve growth factor (B-NGF) is a key factor that stimulates
the growth of sensory nerves. These nerves respond to
B-NGF by interacting with tropomyosin receptor kinase
A (TrkA) and p75, thereby triggering sensory nerve
growth [22]. Moreover, the presence of B-NGF in joint tis-
sues can lead to both abnormal nerve growth (neuroplastic-
ity) and increased sensitivity of nerve endings (hyperalge-
sia), thereby contributing to chronic pain [22]. Another
pathway influenced by B-NGF involves binding with its re-
ceptor TrkA, which causes release of certain neuropep-
tides called substance-P (SP) and calcitonin gene-related
peptide-I (CGRP-I) [22]. These neuropeptides bind to spe-
cific receptors on endothelial cells, thereby stimulating
angiogenesis.

2.3 Chondrocyte hypertrophy

After inflammation-mediated degradation of cartilage tis-
sue, the formation of hypertrophic chondrocytes is another
hallmark of osteoarthritis progression [26]. The molecular
signaling pathways involved in this process can be linked
to natural processes of bone and cartilage formation that
occur during development. Chondrogenic differentiation is
closely linked to bone formation, since they share a com-
mon osteochondral progenitor that arises from MSCs [26].
Here, the key signaling molecules governing chondrogenic
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differentiation and proliferation are Runx2 and sex-
determining region Y-box 9 (Sox9). Sox9 serves as a cen-
tral regulator of chondrogenesis, whereas Runx2 expression
is suppressed in healthy cartilage [26-28].

Within the cartilage tissue itself, chondrocytes themselves
express Sox9, which in turn activates genes encoding crucial
ECM proteins such as collagen type 2 and aggrecan [28].
Overall, direct control of bone morphogenetic protein
(BMP) activity is crucial for cartilage maintenance, since it
prevents the dedifferentiation of chondrocytes into osteo-
genic mesenchymal progenitors and inhibits the expression
of Runx2. Runx?2 acts as a master switch to initiate hypertro-
phic differentiation [27]. In osteoarthritis, Sox9 expression
is decreased, possibly due to inhibitory effects induced by
hypoxia and inflammation [28]. The upregulation of Runx2
is associated with increased activity of the HIF-2a, NF-«xB,
and wingless-related integration site (Wnt)/p-catenin path-
ways [27]. This upregulation results in the production of en-
zymes such as MMP9, MMP13, a disintegrin and metallo-
proteinase with thrombospondin motifs 4 (ADAMTS4),
ADAMTSS, ADAMTS7, and ADAMTS12, all of which
contribute to cartilage breakdown [26]. In addition, the for-
mation of fibrocartilage, a tissue with mechanically inferior
properties, is observed. Interestingly, cells expressing high
levels of Runx2 also display characteristics that resemble
cellular senescence, including an enlarged, flattened mor-
phology and increased staining for -galactosidase, a marker
of senescence. In one recent study, this process was found
to rely on p53 signaling pathways [27]. Due to the degrada-
tion of cartilage caused by MMPs, degraded products are re-
leased into the synovial fluid, reducing its viscosity and im-
pairing lubrication efficiency [29]. The degraded products
can also activate macrophages present within the synovial
fluid, thereby further amplifying the production and activity
of inflammatory cytokines [30].

In addition to disrupting signaling and promoting the for-
mation of hypertrophic chondrocytes, osteoarthritis prevents
the differentiation of MSCs from the exposed mesenchyme
toward chondrogenic lineages [26]. It also promotes focal
calcification of the cartilage ECM, tidemark duplication,
and the formation of osteophytes or bone spurs due to in-
creased turnover of mineral content [26]. Furthermore,
when the long bones of a person with osteoarthritis rub to-
gether during normal movement, damage can be caused to
the subchondral area due to the lack of robust load-bearing
articular cartilage tissue [26]. This damage further exacer-
bates joint inflammation and the subsequent vasculariza-
tion that accompanies it. Overall, the pathophysiology of
osteoarthritis highlights the intricate relationship between
inflammation, matrix degradation, and disruption of signal-
ing pathways involved in cartilage maintenance and repair.
Thus, understanding the key molecular mechanisms regu-
lating the articular cartilage microenvironment remains
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highly important for improving osteoarthritis treatments.
Such an understanding may enable researchers to identify
and design improved treatment modalities for clinical
application.

3 Clinical products currently available for
cartilage tissue engineering

With the emergence of tissue engineering in regenerative
medicine, understanding its three key pillars—i.e., scaf-
folds, cells, and biomolecules—remains important. Scaf-
folds are networks of polymeric (or less commonly, other)
biomaterials that provide a surface for cells to adhere to and
proliferate on. Furthermore, depending on the scaffolding
technique, various microarchitectures, mechanical stabilities,
and functionalities can be achieved [31]. The most common
scaffolds used for tissue engineering include fibrous, po-
rous, decellularized extracellular matrices, and hydrogels.
Fibrous scaffolds are characterized by the presence of
aligned fibers, which mimic fibrous ECM components such
as collagen, elastin, and fibrin, all of which have nanofi-
brous structures [31]. Fibrous scaffolds are generally fabri-
cated via techniques such as electrospinning and melt spin-
ning [31], and these materials can achieve different structural
complexities while providing excellent tensile properties. For
example, fibrous scaffolds have been widely used for skin,
cartilage, cardiac, and vascular tissue engineering [31]. In
one study, screw-based extrusion electrospinning (SBEE)
was shown to achieve fine deposition of biomaterials of
varying viscosities [32]. Moreover, SBEE can be used to
load bioactive factors and nanoparticles that can aid in tis-
sue regeneration [32, 33]. Erisken et al. loaded varying con-
centrations of f-tricalcium phosphate (f-TCP) nanoparticles
along with polycaprolactone (PCL) to fabricate a continu-
ous gradient nanofibrous scaffold that could mimic the
cartilage-bone interface [32]. In a later study, Erisken et al.
loaded varying combinations of insulin and f-glycerophos-
phate (B-GP) with PCL to target cartilage regeneration by
promoting chondrogenic differentiation of stem cells [33].
In general, porous scaffolds provide a larger surface area
for cells to adhere to, since there is high interconnectivity
among pores present within the scaffolds. Such scaffolds
can be fabricated via techniques such as freeze-drying, gas
foaming, and solvent casting [31], with cubic, gyroid, and
spherical pore geometries capable of being obtained with tun-
able pore dimensions and overall porosity [34]. Interest-
ingly, pore geometry has proven to be essential for mimick-
ing the cell—cell interactions of mechanobiologically active
tissues such as bone and cartilage [34]. A correct 3D pore
geometry can also aid in the transport of minerals, nutri-
ents, and ECM components [29, 34]. Decellularized extra-
cellular matrices (dECMs) can be obtained by processing

donor tissue in specific ways to retain extensive protein
and macromolecular networks and to eliminate cellular
components [32]. Decellularization of the ECM can be
performed via various physical, chemical, and enzymatic
methods [32].

Hydrogels are 3D biphasic scaffolds that can hold large
amounts of water [31]. Hydrogels can be fabricated via vari-
ous methods, including chemical crosslinking, enzymatic
crosslinking, coacervation, free-radical polymerization, and
freeze-thawing [31]. Once prepared, hydrogels form intri-
cate porous structures that can hold a large amount of
fluid, making them highly suitable for housing cells. Fur-
thermore, they can easily mimic native tissue architec-
tures, making them the first choice for regenerating carti-
lage tissue [31]. For example, hydrogels have traditionally
been employed to treat defects in cartilage tissue engineer-
ing applications. Finally, hydrogels are commonly fabri-
cated using biomaterials such as collagen, chitosan, and
polyethylene glycol (PEG), among others.

Biomaterials are generally categorized as natural or syn-
thetic based on their source. Various biomaterials used in
cartilage tissue engineering are listed in Table S2 (supple-
mentary information). In general, natural biomaterials are
preferred because they are biocompatible, do not often cause
severe immunogenic reactions, and are biodegradable [32].
They have also been found to promote cell signaling path-
ways and cell adhesion [32]. However, scaffolds fabricated
using only natural biomaterials may not possess good me-
chanical properties and have processing limitations [32].
These drawbacks can be addressed by using synthetic bio-
materials. Overall, synthetic biomaterials are less expensive
than natural biomaterials and do not degrade as easily; this
is usually preferable for tissues, which can take a very long
time to regenerate [32]. While synthetic biomaterials have a
lower innate ability to promote tissue remodeling, they can
be chemically functionalized to do so. Biomaterials can also
be functionalized by surface modification methods such as
chemical etching, peptide grafting, and plasma treatment.
For example, PCL is a synthetic biomaterial that is hydro-
phobic and therefore shows poor cell adhesion [35]. How-
ever, surface etching with sodium hydroxide (NaOH) can
be used to hydrolyze ester bonds into carboxyl and hy-
droxyl groups, thus providing sites for cell adhesion [35].
Arg-Gly-Asp (RGD) peptide has also been grafted onto
biomaterials such as polycarbonate urethane to promote
the adhesion of cells to the biomaterial and to prevent
apoptosis [36]. Finally, nitrogen ion plasma treatment has
been successfully used with silk fibroin films to increase
cell adhesion and proliferation [37]. Here, surface oxidation
via plasma treatment allows for covalent immobilization of
ECM biomolecules [37].

Furthermore, scaffolds can be classified as acellular or
cellular. Acellular scaffolds are directly applied to the
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defect site and do not contain any cells. Instead, they de-
pend on cell infiltration from the surrounding tissue post-
implantation. In contrast, cellular scaffolds are encapsulated
with cells during or after fabrication, and the scaffold is
then cultured under ambient conditions to facilitate the at-
tachment and growth of cells prior to implantation. Many
unique scaffolds are commercially available for treating os-
teoarthritis in humans. However, these scaffolds must un-
dergo rigorous clinical trial testing and receive approval
from government organizations such as the U.S. Food and
Drug Administration before they are available clinically.
During clinical trials, scaffolds are assessed using different
parameters, including tissue repair/fill volume, T2 relax-
ation time, visual analog scale (VAS), Western Ontario &
McMaster Universities Osteoarthritis (WOMAC) index, Os-
teoarthritis Research Society International (OARSI) re-
sponder index, International Cartilage Repair Society
(ICRS) score, International Knee Documentation Commit-
tee (IKDC) score, health-related quality of life (HRQoL),
and EuroQoL-5D (EQ-5D) questionnaire, among other mea-
sures. See a list of criteria summarized in Table 1.

The immune response also plays a key role in determin-
ing scaffold biocompatibility post-implantation. Biodegrad-
able scaffolds are known to elicit both innate and adaptive
responses in humans [50, 51]. The innate response is re-
sponsible for cell signaling patterns associated with wound
healing and inflammation [50, 51]. This process is mediated
largely by dendritic cells, macrophages, and neutrophils [50].
However, an exaggerated innate response can interfere with
collagen production and thereby promote tissue degrada-
tion [50]. The adaptive response is undertaken by T- and B-
cells, both of which can induce hypersensitivity [S1]. Thus,
assessing the immunological response of scaffolds after im-
plantation is essential for clinical trials. The lymphokine mi-
gration test (LMT) can be used to measure the levels of pro-
inflammatory cytokines such as ILs, TNF-a, and interferons
(IFNs), all of which are released by lymphocytes [52]. Im-
portantly, the sensitivity of LMT is 95.2%, and the specific-
ity is limited to 76.9% [52]. Thus, a better method of gaug-
ing the immune response to implanted scaffolds in osteoar-
thritis patients is to perform cytokine profiling of the syno-
vial fluid. In such a test, pro-inflammatory cytokines like
IL-1B, TNF-a, and IL-6, and anti-inflammatory cytokines
like IL-1 receptor antagonist (IL-1RA), IL-4, and IL-10 can
be used as biomarkers to determine the severity of the im-
mune response [53]. Moreover, proteins like S100 calcium-
binding protein A12 (S100A12), MMP1, and MMP13 can
be used as biomarkers [53, 54]. Finally, synovial fluid can
be collected from patients and tested using antibody arrays,
enzyme-linked immunosorbent assays, or human cytokine
assays [53].
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3.1 Viscosupplementation

Articular cartilage is a gel-like material that contains an in-
terconnected collagen fiber network. This network is bound
to large aggrecan assemblies via hyaluronic acid motifs. In
osteoarthritis, the hyaluronic acid degrades, which disrupts
joint loading and unloading. Thus, many injectable hydro-
gels have been fabricated using hyaluronic acid, collagen,
or their derivatives to supplement damaged tissue. This
method of treatment is known as viscosupplementation. It is
minimally invasive, and the hydrogel can be directly in-
jected into the treatment site. These treatments provide tem-
porary relief and must be administered periodically to main-
tain the optimal viscosity and function of the joint [55].
However, viscosupplementation can be ineffective for treat-
ing chondral lesions and full-depth osteochondral defects.

3.1.1 Atelocollagen®

Developed in 1986, Atelocollagen® was the first tissue-
engineered product capable of treating cartilage defects.
Aqueous collagen is dispersed in a pH- and osmolality-
adjusted buffer containing glucose and phosphate-buffered
saline (PBS) [56], which allows Atelocollagen® to be in-
jected at the defect site, where it boosts healing by partici-
pating in signaling to various cells necessary for tissue
recovery. The efficacy of intra-articular Atelocollagen® in-
jection has been studied in male New Zealand white rab-
bits [57]. In this study, at 12 weeks, a 2 mm chondral defect
had completely healed, and fully integrated articular carti-
lage had formed [57]. In 2021, a double-blind, randomized,
controlled clinical trial was performed in 200 patients to
assess the efficacy of injecting Atelocollagen® to relieve
joint pain [58]. The authors administered a single dose of
3 mg/mL via intra-articular injection in patients with osteo-
arthritis below Grade 3 [58]. Follow-up was performed for
both treatment and placebo groups at 4-, 12-, and 24-week
post-injection. Patients in the treatment group reported im-
provements in VAS, WOMAC, and 36-item short-form
health survey (SF-36) scores [58]. However, it is unclear
whether this treatment aids in the regeneration of articular
cartilage tissue.

3.1.2 HYMOVIS®

HYMOVIS® or high-molecular-weight viscoelastic hyaluro-
nan, is an 8 mg/mL formulation dissolved in the PBS of
HYADD4®, a hyaluronic acid (HA)/amide derivative, in
which 2%-3% of the carboxyl groups present in the polymer
are modified by introducing hexadecylamine as side chains
via amide bonds [59]. This HA/amide derivative is a par-
tially hydrophobized HA and is reported to form a physical
hydrogel in an aqueous medium. The impact of HYMOVIS®
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Table 1 Standardized tests and scoring systems used to assess pain, functionality, and tissue repair in osteoarthritis patients undergoing knee
surgery. Most clinical trials use a combination of these tests to quantify treatment efficacy

Name Details Scoring system (if any) Reference

Visual analog scale  Pain scores self-reported by individuals on  0-2: no pain; [38]
(VAS) a handwritten 10-cm line ranging from 2—4: mild pain;

“no pain” on the left end (0 cm) and 4-6: moderate pain;
“worst pain” on the right end (10 cm) 6-8: intense pain;
8-10: excruciating pain

Western Ontario &  Applied to assess osteoarthritis in the hip Three subscales: [39]
McMaster and knee; including a questionnaire pain (5 items): related to climbing stairs, standing, etc.;
Universities consisting of 24 items stiffness (2 items): after first waking and later in the day;
Osteoarthritis physical function (17 items): involving activities like
(WOMAUCQ) index bending, heavy household work, etc.

Osteoarthritis Measuring the percentage of patients Patients being classified as “responders” based on [40]
Research Society experiencing significant improvement in improvement in pain scores, improvement in physical
International symptoms related to osteoarthritis; function (measured using validated scales and
(OARSI) responder patients being classified as “responders” if ~ questionnaires), and overall patient assessment
index they meet scoring criteria

International Knee A structured questionnaire is used to gather Symptom assessment is done based on swelling, stiffness, [41]
Documentation information about the patient’s knee- pain, and locking/catching sensation
Committee (IKDC)  related symptoms and function to
score understand the patient’s knee condition

International Specifically designed to evaluate Degree of defect repair: 0 to 4 with O for no repair; [42]
Cartilage Repair macroscopic outcomes of cartilage repair  integration to border zone: 4 points for complete integration
Society (ICRS) procedures; aiming to simplify and focus and O points for no contact;
score the evaluation of cartilage repair on macroscopic appearance: from 4 (smooth) to 0 (total degeneration);

clinical needs overall repair assessment: normal (12 points), nearly normal
(11-8 points), abnormal (7—4 points), or severely abnormal
(3—1 points)

Health-related quality Used to assess how an individual’s health ~ Four core questions on general health: physical illness, [43]
of life (HRQoL) status impacts their overall quality of life injury, mental health, and how poor physical or mental

health keeps patients from performing routine activities
such as self-care, work, or recreation

EuroQoL-5D A versatile tool standardized for measuring Each dimension has five levels of severity: [44]
(EQ-5D) health-related quality of life; the “SD” in  no problems;

its name referring to its use of five slight problems;
dimensions for describing health state: moderate problems;
mobility, usual activities, self-care, pain severe problems;

& discomfort, and anxiety & depression  extreme problems

Magnetic resonance A system developed to standardize the The following parameters are assessed: [45]
observation of evaluation of cartilage repair using degree of defect repair;
cartilage repair magnetic resonance imaging (MRI); integration to the border zone;
tissue (MOCART) helping clinicians evaluate the success of  surface integrity;
score cartilage repair techniques and monitor subchondral bone changes;

patient recovery progress repair tissue signal intensity;
structure;
subchondral lamina
T2 relaxation time Used in MRI and nuclear magnetic The T2 relaxation time of native cartilage: (50.2+8.4) ms [46]
resonance spectroscopy; describing the (for early unloading) and (51.3+8.5) ms (for late unloading)
time it takes for the protons in a sample to
realign with the magnetic field after being
disturbed
Tegner activity score A scale used to assess patient activity level, Scale ranging from O to 10, with higher scores indicating [47]
particularly following knee injury and higher activity levels
during rehabilitation

Knee injury and A self-administered questionnaire used to  Containing five subscales: [48]
osteoarthritis monitor disease course and outcomes (1) pain;
outcome score following surgical, pharmacological, and  (2) other symptoms;

(KOOS) other interventions (3) activities of daily living;
(4) sport and recreation function;
(5) knee-related quality of life;
each subscale is scored separately from O (extreme knee
problems) to 100 (no knee problems)
36-Item short form A widely used questionnaire designed to Scores are aggregated into two summary measures: [49]

health survey
(SF-36) score

measure general health status of patients;
consisting of 36 questions and providing
scores across eight health domains

physical component summary and mental component
summary (MCS), each of which ranges from 0 to 100, with
higher scores indicating better health
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was examined via the use of synthetic calcium pyrophos-
phate (CPP) crystals to stimulate a monocytic cell line
(THP-1) in in vitro models [60]. The authors found that
HYMOVIS® significantly inhibited IL-1¢ production and
displayed anti-inflammatory properties by reducing IL-8 re-
lease (i.e., from (2300+£315) to (150+35) pg/mL) and inhib-
iting the migration of polymorphonuclear cells. The sup-
pression of IL-8 release was further confirmed following
stimulation with lipopolysaccharides [60]. HYMOVIS®
was tested in a multi-center open-label clinical study to
treat knee osteoarthritis [61]. In that trial, two doses of
HYMOVIS® were given to the patients one week apart, and
a follow-up assessment was performed after one year.
While the authors found significant improvement in
WOMAC and EQ-5D scores over time, 26% of patients ex-
perienced continued progression of osteoarthritis [61].

3.13 Synvisc-One®

Synvisc-One® (Hylan G-F 20) is an injection that supple-
ments the fluid in the knee to help lubricate and cushion the
joint and is capable of providing up to six months of osteo-
arthritis knee pain relief [62]. The injection includes hyal-
uronic acid and a pharmaceutically acceptable carrier with
which the hyaluronic acid is crosslinked by cyclizing a
double bond in a moiety of cinnamic acid in a partially ami-
dated hyaluronic acid [62]. An in vitro study assessed how
Synvisc-One® affected the health and growth of chondro-
cytes taken from the knee joint of osteoarthritis patients [62].
The authors used both 2D (flat) and 3D (spheroid) models
to mimic the cartilage environment, and these samples were
exposed to Synvisc—One® at two different concentrations,
after which cell growth and viability were measured. Com-
pared with an untreated control, SynVisc-One® at both con-
centrations (i.e., 100 and 500 pmol/L) improved the viabil-
ity and growth of chondrocytes in a 2D culture for up to
72 h. In 3D culture, Synvisc—One® at 500 pmol/L im-
proved the survival and maintenance of chondrocytes after
seven days [62]. A randomized, double-blind, multi-center
clinical study was thereafter performed using Synvisc-
One® to treat patients with knee osteoarthritis [63]. In that
study, a single dose of Synvisc-One® was injected intra-
articularly and the effects were followed for 26 weeks.
The authors found that this treatment improved OARSI
and WOMAC scores, although a significant placebo effect
was also observed [63].

3.1.4 EUFLEXXA®

EUFLEXXA® is a viscoelastic, sterile solution contain-
ing highly purified, high-molecular-weight hyaluronan in
PBS [64]. It is administered as a 1% sodium hyaluronate in-
jection extracted from bacterial cells. It is indicated for
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treating pain in patients with osteoarthritis of the knee who
have failed to respond adequately to conservative non-
pharmacologic therapy or simple analgesic treatment [64].
A randomized, double-blind, multi-center clinical study was
conducted in patients with chronic osteoarthritis; in this
trial, three weekly intra-articular injections of EUFLEXXA®
were given, and patient status was assessed at 26 weeks [64].
Here, 47% of patients reported that they were pain-free after
the treatment, a finding that was supported by low VAS
scores [64].

3.2 Implantable scaffolds

Implantable scaffolds are prefabricated and can be mono-
phasic or multiphasic, depending on their composition and
method of fabrication. In general, these scaffolds are fabri-
cated via traditional tissue engineering techniques such as
freeze-drying. They can also be composed of hydrogels,
which can be crosslinked either beforehand or in situ at the
implantation site. Moreover, since these scaffolds do not con-
tain any cells, they depend on the infiltration of MSCs from
the bone marrow to initiate chondrogenic differentiation and
facilitate tissue regeneration. Therefore, implantation is often
performed alongside surgical procedures such as mosaic-
plasty or debridement, both of which are highly invasive.

M

3.2.1 CartRevive"

The CartRevive™ scaffold is a relatively new monophasic
scaffold. It is a blend of dextran and hyaluronic acid conju-
gates developed by a Dutch bioengineering company called
Hy2Care® [65]. To use this scaffold, an injection site is first
debrided, and then the hydrogel is injected and crosslinked
in situ via a quick enzymatic reaction. Amine-terminated
dextran/tyramine conjugates are then grafted onto hyal-
uronic acid via 1-ethyl-3-(3-dimethylaminopropyl) carbodi-
imide (EDC)/N-hydroxysuccinimide (NHS) [65]. In one
study, Jin et al. studied the efficiency of CartRevive™ as
an injectable scaffold in vitro [66]. They found that the
HA/dextran/tyramine conjugate could mimic the structure
of proteoglycans found in natural cartilage. When bovine
chondrocytes were placed in the CartRevive™ scaffold,
they remained alive, as confirmed by a live/dead assay. In
addition, these hydrogels promoted increased chondrocyte
growth and matrix production relative to those containing
only dextran/tyramine composites [66]. At present, the
CartRevive™ implant is undergoing human clinical trials
to treat mild cartilage defects.

3.2.2 ChonDux™

ChonDux™ is an adhesive hydrogel composed of photo-
crosslinkable PEG combined with functionalized chondroitin
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sulfate [67]. Polyethylene glycol diacrylate (PEGDA)-HA
is the main component of hydrogels with methacrylated
chondroitin sulfate (CSMA), which serves to covalently
bridge PEGDA-HA and the tissue surface [67]. During
clinical trials, ChonDux ™ was applied by accompanying
debridement and microfracturing. The site of injury was
first debrided before undergoing microfracturing to allow
MSC:s to inhabit the application site. The PEGDA-HA hy-
drogel was then injected and photopolymerized in situ. This
protocol enabled MSCs to be trapped within the hydrogel
while simultaneously being bridged to the tissue surface via
CSMA [67]. A follow-up study involving 18 patients was
performed to assess the efficiency of ChonDux™ treatment
during repair of a full-depth cartilage defect of 2—4 cm?®
over the course of two years [68]. After microfracturing, a
CSMA pregel was used to fill the defect volume entirely;
this was then exposed to ultraviolet (UV) light for 240 s to
form a hard hydrogel. Postoperatively, patients received re-
habilitation for 12 weeks, after which they were barred
from engaging in high-impact resistance activities and exer-
cise after one year [68]. Patients reported low VAS scores
at four days, seven days, and six weeks post-operation.
Moreover, T2 relaxation time and tissue repair volume
analyses were performed using magnetic resonance imag-
ing (MRI) every three months for up to two years. The au-
thors found that T2 relaxation time decreased to normal
levels by 12 months and remained stable for the remainder
of the study. Finally, a tissue repair volume of (94.2+
16.3)% was reported by the end of the study [68]. How-
ever, cartilage delamination (in 27% of patients) and osse-
ous overgrowth (in 22% of patients) were both reported
during this study [68].

3.23 MaioRegenTM Prime

MaioRegen™ Prime is a triphasic scaffold sold by JRI Or-
thopedics Ltd. (UK) that aims to treat lesions in patients
with ICRS Grade 4 osteoarthritis [69, 70]. Biphasic varia-
tions of the same product are also sold for chondral and os-
teochondral defects. The first phase of MaioRegen™ Prime
comprises collagen type 1 sourced from equines and targets
chondral regeneration [69]. The second and third phases are
made of collagen type 1 and magnesium-hydroxyapatite
(Mg-HAp) at 60:40 and 30:70 ratios, respectively [69]. The
second phase aims to regenerate calcified cartilage and the
subchondral bone plate, whereas the third phase aims to re-
generate the spongy bone layer. In 2011, a pilot clinical
study was conducted to test the biomimetic potential of this
product in 30 patients, with a two-year post-op follow-up
performed for 28 patients [70, 71]. During the study, the im-
plantation site was exposed via parapatellar arthrotomy, and
sclerotic tissue was eliminated. The scaffold was then im-
planted, and patients were provided with rehabilitation for

up to 7-8 months. The IKDC and Tegner scores of patients
clearly improved by the two-year follow-up. However,
many adverse events were reported during MRI analysis via
MOCART score testing. For example, 20% of patients expe-
rienced hypertrophy in adjacent cartilage tissue, 63% had
cleft formation, and 47% had fissures and ulcerations on the
surface of the repaired tissue [71]. Another clinical study
was conducted in 2017 on 27 patients. Here, the scaffold
was adhered to the implant site via fibrin glue to provide ad-
ditional stability; the authors performed a five-year follow-
up [72]. The IKDC and Tegner scores of the patients had
significantly improved by at least twofold by the five-year
follow-up. However, 38.9% of patients experienced hyper-
trophic cartilage, 44.4% had cysts, edemas, and sclerosis of
the subchondral bone, and 27.8% had cleft formation in re-
paired tissue.

3.2.4 TruFit®

TruFit® is a biphasic bioresorbable plug developed by
Smith and Nephew that targets full-scale osteochondral de-
fects. The first phase is designed to facilitate cartilage regen-
eration and involves the fabrication of poly(lactic-co-glycolic
acid) (PLGA)/poly glycolic acid (PGA) at a ratio of 3:1 [73].
The second phase focuses on bone regeneration and is com-
posed of calcium sulfate (CaSOg4) [73]. Upon implantation,
pluripotent osteoprogenitor cells are siphoned into a porous
plug. A clinical study in which TruFit® plugs were im-
planted in 10 patients reported that full integration was ob-
served in only three patients by a two-year follow-up [74].
For the remaining seven patients, cystic lesions were ob-
served in the subchondral bone. Furthermore, the two-year
post-op IKDC score was only 57.4. Other clinical studies
have reported the formation of fibrous scar tissue, incom-
plete integration of the plug, and low EQ-5D scores in pa-
tients switching to arthroplasty or mosaicplasty following
implantation of the TruFit® plug [75].

3.2.5 ChondroMimetic®

ChondroMimetic® is a biphasic scaffold manufactured by
TiGenix [76]. The first phase, which targeted bone regen-
eration, was performed using bovine collagen type 1 and
chondroitin sulfate resuspended in HAp. A second phase
targeting cartilage regeneration was performed using por-
cine collagen type 2 and chondroitin sulfate. In the liquid
phase, there is interdiffusion between both phases, and this
can mimic the tidemark region upon freeze-drying. The
freeze-dried scaffold was then crosslinked with EDC and
NHS. An open-label single-center extension clinical study
has been conducted on 17 patients to assess the long-term
feasibility of ChondroMimetic® for the treatment of osteo-
chondral defects <12 mm [77]. During this study, scaffolds
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were implanted at mosaicplasty donor sites. At an eight-year
follow-up, a lesion fill volume of (95.2+3.6)% was re-
ported, with a T2 relaxation time of (52.5+4.8) ms [77].

3.3 mACI-based scaffolds

Autologous chondrocytes are the most popular choice for
fabricating cellular scaffolds for osteoarthritis treatment and
are known as autologous chondrocyte implants. The chon-
drocytes used for this treatment are usually harvested from
non-load-bearing cartilage tissue and thereafter expanded
in vitro. mACI is the third generation of ACI in which au-
tologous chondrocytes are integrated with a scaffold before
implantation (Fig. 5). This allows the scaffold to have zero
immunogenicity; however, it also poses a risk of dedifferen-
tiation and donor site morbidity. While autologous chondro-
cytes are popular for cartilage tissue engineering, MSCs
have also been used. MSCs can easily be harvested from a
patient’s infrapatellar fat pad, periosteum, peripheral blood,
or synovial fluid. Moreover, induced pluripotent stem cells
(iPSCs) generated from patient cells can be used; however,
they pose risks of possible tumorigenicity and unpredictable
cellular reprogramming. Finally, products such as Zofin™
and MIUChon™ are approved iPSC-based injections but
do not contain scaffolding biomaterials.

(a) e/9s)
3%°

hyaluronidases, etc.

\—’——J/
Biopsy of healthy
cartilage from the patient

(d)

-/ Chondrocytes from the
patient injected at the site
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collagen type 1 or 3 B .
/ \ ]

Isolation of chondrocytes using
enzymes like collagenases,

Fixation of scaffold

3.3.1 Hyalograft®C

Hyalograft® C is a modified hyaluronic acid membrane
seeded with autologous chondrocytes that was introduced
by Fidia Advanced Biopolymers in 1999. This membrane
was fabricated via Hyaff-1 1®, a benzylic ester of HA, that
imparts a fibrous structure to the scaffold [78]. It allows for
slower resorption—i.e., for up to four weeks—than HA,
which is degraded in three days. A retrospective cohort
clinical study was performed on 141 patients with a three-
year post-op follow-up [79]. In this study, autologous chon-
drocytes were seeded onto a membrane before being im-
planted at the site after arthrotomy. The membrane was ad-
hered to the surface using fibrin glue for larger defects. An
18-month post-op biopsy revealed the formation of hyaline-
like tissue along with some fibrocartilage. Although the
IKDC score at 38 months post-operation was (78.6+20.2)%,
graft failure was reported in 10 patients [79].

3.3.2 BST-CarGel®

BST-CarGel® is composed of chitosan and forms a hydro-
gel under physiological conditions [80]. Chitosan not only
aids during the differentiation of MSCs into chondrocytes
but also helps retain the spherical morphology of cells

7/ Chondrocytes from the
patient injected at the site

Periosteal patch
harvested from the patien’
and sutured on top

In vitro culture of
chondrocytes

using fibrin glue

Use of natural and
synthetic biomaterials
for scaffold fabrication

Fig. 5 A depiction of the key features of autologous chondrocyte implantation (ACI) and matrix-assisted ACI (mACI)-based scaffolds. (a) Over-
view of processes commonly used for the isolation and expansion of autologous chondrocytes. Illustrations of the various generations of ACI—the
first (b), second (c), third (d), and fourth (e) generations. (d, ) Overview of mACI
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within the ECM. BST-CarGel® is composed of chitosan
with varying degrees of deacetylation ranging from 30% to
70% [80]. This unique chitosan composition forms a hydro-
gel at 37 °C and pH 7.4, with acetylated and deacetylated
chitosan molecules having molecular weights in ranges of
10—4000 kDa and 200-20000 Da, respectively [80]. Over-
all, the unique composition of this hydrogel provides excel-
lent lubrication. A randomized controlled trial was con-
ducted to test the efficiency of BST-CarGel® compared
with microfracture alone over 12 months [81]. In this study,
41 subjects with a singular symptomatic focal lesion on
their femoral condyles were injected with BST-CarGel®
after microfracturing, whereas another 39 patients were only
treated with microfracture. BST-CarGel® was prepared us-
ing whole autologous peripheral blood at a 3:1 ratio and
was applied to the lesion after microfracturing. In the group
that received the BST-CarGel® treatment, (92.8+2.0)% of
lesions were filled after 12 months, whereas in the
microfracture-only group, only (85.2+2.1)% of lesions were
filled [81]. Furthermore, the T2 relaxation time of the BST-
CarGel® treatment group ((49.1+6.9) ms) was very close to
that of native cartilage.

3.3.3 CARTISTEM®

CARTISTEM® is a hydrogel composed of MSCs and HA
for patients with severe knee osteoarthritis [82]. To develop
this hydrogel, MSCs were obtained from allogenic human
umbilical cord blood (hUCB) and expanded to obtain only
mononuclear MSCs. hUCB-MSCs were used since they do
not elicit immunogenicity and can be easily cultured. An
open-label, single-arm, single-center clinical study was then
performed in seven patients, and a seven-year long-term
follow-up was performed for six patients [82]. The applica-
tion site was exposed via arthrotomy to create multiple
holes of 5 mm in depth. A single dose of CARTISTEM®
containing 2.5%10° cells was applied to the lesions. The
VAS score decreased significantly by three months post-op
but gradually increased at six months and remained con-
stant until the seven-year follow-up. Similarly, the IKDC
scores of patients reached a peak at six months and one year
post-op but decreased marginally by the seven-year mark.
Furthermore, arthroscopic examination of the regenerated
tissue at one year post-op revealed the formation of hyaline-
like cartilage with a high GAG content [82].

3.3.4 CaReS®

The cartilage regeneration system or CaReS® is a collagen
type 1 implant containing autologous chondrocytes. Colla-
gen type 1 is purified from rat-tail tendons and is mixed with
chondrocytes to obtain a final 3 mg/mL mixture [83]. This
mixture was then allowed to polymerize naturally at 37 °C to

obtain implants with a cell density of 3x10* cells/implant or
more. Next, an open-label exploratory clinical trial was con-
ducted in patients suffering from ICRS Grade 3 and 4 osteo-
arthritis [83]. At 52 weeks post-operation, patients reported a
mean IKDC score of 74.1, a VAS score of 22.9, and a T2
relaxation time of (60.4+7.3) ms. While complete integra-
tion was observed in six of seven patients, the authors also
observed frequent complications during wound healing.
Moreover, joint effusion was observed in five patients [83].

3.3.5 NeoCart®

NeoCart® is a collagen type 1 implant for treating chondral
defects in patients with ICRS Grade 3 osteoarthritis [84].
During administration, the implant is seeded with autolo-
gous chondrocytes before being cultured in a bioreactor to
promote a hyaline-like phenotype. Culturing implants in a
bioreactor provides pressure and oxygen tension conditions
that mimic the native articular cartilage joint microenviron-
ment [84]. Before implantation, the sulfated GAG content
was estimated to ensure a minimum concentration of
10 mg/mL. In a 2009 study, eight patients were treated with
NeoCart®, and six of these reported a 67%—100% defect fill
volume at a two-year post-operation MRI scan [84]. A ran-
domized controlled clinical study then compared the effects
of NeoCart® treatment and microfracture in 30 patients [85].
In this trial, the NeoCart® group consisted of 22 patients.
The implantation site was exposed via arthrotomy, and the
scaffold was secured via a bioadhesive. At five years post-
operation, few differences were reported in the IKDC and
VAS scores of the two experimental groups.

3.3.6 Cartipatch®

Cartipatch® is a hydrogel plug for osteochondral defects
that comprises autologous chondrocytes suspended within
an alginate—agarose mixture [86]. This product was devel-
oped to address the drawbacks associated with injecting a
chondrocyte suspension at the site itself, e.g., leaking cells
and chondrocyte dedifferentiation. For this trial, 200-300 mg
of cartilage tissue was harvested from each patient and then
expanded as a monolayer culture for three passages [86].
Next, approximately 1x107 cells/mL were harvested and
used to prepare the final product. An initial multi-center
clinical study was performed using ICRS Grade 3 and 4 os-
teoarthritis patients [86]. By the two-year follow-up appoint-
ment, hyaline-like cartilage regeneration was observed in
approximately 62% of the patient group. A subsequent
multi-center, randomized, and controlled clinical study was
performed to compare the efficiency of Cartipatch® with
mosaicplasty in 76 patients diagnosed with ICRS Grade 3
and 4 osteoarthritis. This study also compared methods for
small (<3.5 cm2) and large defects (>3.5 cmz) and featured
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a two-year follow-up [87]. In the Cartipatch® group, antero-
medial arthrotomy was performed to implant the product,
whereas in the mosaicplasty group, osteochondral tissue
plugs were harvested from the non-load-bearing region of
the femur and then implanted at the defect site via parapatel-
lar arthrotomy. All patients received heparin treatment for
30 d and were allowed to resume normal weight-bearing ac-
tivities two months post-operation. While the Cartipatch®
group reported higher IKDC scores than the mosaicplasty
group pre-operation, upon post-operation follow-up, the
mosaicplasty group reported a greater increase in IKDC
scores [87]. Furthermore, in the Cartipatch® group, intra-
articular effusion (in six patients) and hematoma (in two pa-
tients) were reported in trial subjects.

3.4 Limitations of available clinical products
to treat osteoarthritis

Traditionally, tissue engineering techniques such as freeze-
drying and solvent-casting have been used to fabricate clini-
cal products for osteoarthritis treatment. However, perfor-
mance data reveal critical issues that remain unaddressed,
including the development of hypertrophic cartilage, the for-
mation of mechanically inferior tissue, and the prevalence
of inflammation. The integration of scaffolds into native
tissue can also be improved. The fabrication of cartilage tis-
sue presents unique challenges, particularly regarding the
achievement of proper mechanical properties dictated by
the organization of collagen and proteoglycans. This me-
chanical integrity is crucial for tissue functionality, espe-
cially for weight-bearing joints such as the knee [88]. While
different polyesters can be used to modify scaffold mechani-
cal strength and degradation rate, there remains a risk of in-
flammation, which can strongly impact implant success
rates [89]. At present, clinical methods mainly target pain
management and often fail to provide satisfactory results.
However, synthetic scaffold materials may have well-
defined structures that may not permit full cellular coloniza-
tion. For example, a knitted poly-L-lactic acid (PLLA) scaf-
fold has large open areas that are not covered by the scaf-
fold, and this can lead to cells adhering mainly to the sur-
face rather than filling the scaffold space. Thus, limited
colonization can impact treatment effectiveness, since cells
may not be able to fully interact with the scaffold for tissue
regeneration [89]. While natural polymers such as collagen
are attractive for cartilage repair, they also present key chal-
lenges. Obtaining sufficient porosity and interconnectivity
in collagen scaffolds is crucial for cell colonization and tis-
sue ingrowth. Thus, the limited availability of native colla-
gen type 2 poses challenges for scaffold design despite the
availability of recombinant options [88, §9].

Another challenge in cartilage tissue engineering in-
volves inflammation at the transplant site. Inflammatory
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cytokines, especially IL-1p and TNF-a, are implicated in
cartilage destruction. Studies have shown that osteoarthritic
synovium-derived medium and inflammatory cytokines can
inhibit MSC chondrogenesis, thereby impacting engineered
cartilage tissue inside the body. These challenges arise post-
transplantation and can also lead to tissue fibrosis and the
formation of fibrochondrocytes rather than articular carti-
lage. Insulin-like growth factors (IGFs) such as IGF-1 and
IGF-2 are known to be expressed within chondrocytes,
where they orchestrate chondrocyte proliferation and fos-
ter differentiation of MSCs toward the chondrocyte lin-
eage. Transforming growth factor-p (TGF-f) has emerged
as a pivotal factor for orchestrating MSC differentiation
into chondrocytes, potently stimulating cellular prolifera-
tion and augmenting the synthesis of the ECM while inhib-
iting endochondral ossification. Within the expansive
TGF-p superfamily, BMPs including BMP-2, GDF-5, and
BMP-7 play key roles in chondrogenesis and terminal dif-
ferentiation, where they significantly enhance collagen
synthesis and formation of the cartilage matrix. Further-
more, fibroblast growth factors are required to maintain
cartilage matrix homeostasis and to activate stem cells.
Finally, the regulatory protein VEGF has also emerged as
a critical factor for supporting endochondral bone forma-
tion and potentially modulating chondrocyte proliferation
within cartilaginous tissue [90]. In general, each of these
challenges can be mitigated by incorporating novel drugs
and growth factors that can reduce inflammation and pro-
mote chondrogenesis.

A major barrier to translating tissue-engineered cartilage
into the human knee is maintaining reliable and consistent
chondrogenic tissue over time. Relative to chondrocytes,
stem cells have a greater proliferative ability. Therefore, us-
ing chondrocyte-based cell numbers for stem cell treatments
may not accurately measure the optimal cell density re-
quired [91]. While research on modified scaffolds remains
ongoing, newer tissue engineering techniques such as 3D
printing and bioprinting have also become clinically rel-
evant, since bioprinting can produce scaffolds with superior
architecture and optimal porosity. Furthermore, many bio-
materials and cells can be used to bioprint intricate struc-
tures while incorporating anti-inflammatory drugs or growth
factors that promote chondrogenesis. This makes bioprint-
ing a suitable method for designing next-generation osteoar-
thritis treatments.

4 Advances in bioprinting technologies for
cartilage tissue engineering

3D printing is a popular technique used in additive manufac-
turing. Bioprinting is a subtype of 3D printing that uses
bioinks to fabricate 3D structures. The core principle
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involved in bioprinting is to build the final product layer by
layer [92]. However, factors such as porosity and mechani-
cal strength must be considered during the scaffold design
to ensure long-term efficiency [92]. A key component of
bioprinting involves designing the printed scaffold, which
can be performed via computer-aided design software such
as SolidWorks, AutoCAD, Autodesk® Fusion 360, and/or
Computer Aided Three-Dimensional Interactive Applica-
tion (CATIA). These programs are generally used to sketch
models in a 2D plane that can then be rendered to obtain 3D
designs. The resulting 3D designs are then exported as a
standard tessellation language file that can be further pro-
cessed using slicing software such as Simplify3D, Ulti-
Maker Cura, Prusa Slicer, and KISSlicer. Slicing software
packages generate a geometric code (G-code) file that com-
prises a set of coordinates determining the pattern of move-
ment of a 3D printer nozzle. Various parameters such as
flow rate, temperature, and layer height can also be varied
depending on the type of material used and design of the
model.

4.1 Bioprinting strategies

Many different types of 3D printing exist, including fused-
deposition modeling (FDM) and selective laser sintering;
however, not all of them can be used for bioink printing,
since bioinks contain cells. The subsets of 3D printing that
can be used successfully for bioprinting are shown in
Fig. 6.

4.1.1 Inkjet-based bioprinting

Inkjet 3D printing was developed by Hewlett-Packard in the
1950s as a method of strategically dispensing droplets of
ink via thermal, piezoelectric, or electrostatic actuators [93].
Inkjet-based bioprinting is also known as drop-on-demand
bioprinting, since the ejection of droplets can be finely con-
trolled according to printing needs [93]. Additional custom-
ization can be achieved by varying the types of actuators
used. For thermal inkjet-based bioprinting, the actuator is
heated to 250-350 °C for a short period to facilitate bubble
formation in the bioink [94]. This quick expansion and con-
traction of the bubbles at the nozzle helps a bioink droplet
move toward the outlet for deposition [94, 95]. In piezoelec-
tric inkjet-based bioprinting, varying voltage pulses are ap-
plied to a piezoelectric actuator element near the nozzle [96].
This results in deformation in the outlet chamber, thus eject-
ing the bioink droplet [95, 96]. Similarly, in electrostatic
inkjet-based bioprinting, nozzle deformation is obtained by
applying electricity to a pressure plate via an electrode [94].
Overall, inkjet-based bioprinting is a high-throughput
method that can generate high-resolution prints with droplet
diameters ranging from 10 to 2000 pm [94]. Furthermore, a

wide range of biomaterials can be employed using this
method to bioprint different types of cells.

4.1.2 Extrusion-based bioprinting

Extrusion is the most popular method of bioprinting and has
been in continuous use since the 1980s [93]. In this method,
the bioink is extruded through the nozzle head by applying
a systematic load on the chamber containing it [93, 97]. The
load application within the chamber can involve a pneu-
matic, piston, or screw mechanism [93, 97]. In general,
extrusion-based bioprinting can be easily customized to suit
individual bioinks and their unique characteristics. Specific
customizations include varying nozzle gauges, flow rates,
print speeds, rates of extrusion, and printing temperatures,
among others [97].

4.1.3 Stereolithography (SLA)-based bioprinting

SLA-based bioprinting employs a layer-by-layer approach
using biomaterials or bioinks that can be exclusively photo-
crosslinked. For example, bioinks such as PEGDA and gela-
tin methacryloyl (GelMA) are commonly used, since they
can be crosslinked when exposed to UV or visible light [98].
Photoinitiators such as benzophenone and lithium phenyl-2.4,
6-trimethylbenzoyl-phosphinate (LAP) are also frequently
used to assist with crosslinking [98]. The bioink is held in a
tank that is free to move along the Z-axis, thereby allowing the
print to build the required height layer by layer [98], while a
digital micromirror device projects light and can move along
both the X- and Y-axis [99]. This allows for the direct projec-
tion of light in patterns that can be specified via G-codes [99].

4.1.4 Light amplification by stimulated emission of
radiation (LASER)-assisted bioprinting

LASER-assisted bioprinting is another additive manufac-
turing technique that uses LASER as an energy source to
deposit biomaterials onto a suitable substrate. A LASER is
a collimated beam of monochromatic electromagnetic ra-
diation that can be produced for wavelengths ranging from
the infrared, UV, or visible light parts of the electromag-
netic spectrum [100]. The first generation of LASER-
assisted bioprinting was LASER-guided direct writing
(LGDW), a technique in which a bioink suspension was
exposed to a weak LASER. LGDW allowed for micropat-
terning of bioinks with particles having diameters ranging
from 0.1 to 100 pm [101, 102]. The need for increased cell
viability, resolution, and precision led to the development
of LASER-induced forward transfer (LIFT). The key com-
ponents of a LIFT setup include a LASER generator and a
bioink transfer module [102]. The bioink transfer module
includes a ribbon attached to a layer of bioink that is targeted
by the LASER based on patterns specified by G-codes.
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4.1.5 Volumetric bioprinting

Volumetric bioprinting is a newer technology that uses pho-
tosensitive bioinks to generate scaffolds. Specifically, cell-
laden photosensitive bioinks, or bioresins, are held in a vat,
where they are strategically exposed to visible light to induce
polymerization [103]. Unlike SLA-based bioprinting, volu-
metric bioprinting does not follow the layer-by-layer process
of building a scaffold. Instead, the vat is irradiated with
light from multiple angles to create dynamic patterns [104].
This makes it possible to fabricate centimeter-scale designs
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with a resolution of up to 50 pm [105]. Although resins
such as acrylates and epoxies have been used, biocompat-
ible materials such as GelMA and silk fibroin have also
been used [105]. For example, Bernal et al. fabricated cell-
laden GeIMA hydrogels that could be printed in 12.5 s with
a cell viability of >85% [106]. One of the advantages of fol-
lowing the “layer-less™ approach is the ability to print entire
tissues and organs instantaneously without generating
supports or overhangs, which significantly reduces post-
processing time and waste [103—105]. The resolution of the
print obtained depends on image acquisition quality, which
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is usually achieved by taking computed tomography scans
of target tissues [103].

4.1.6 Freeform reversible embedding of suspended
hydrogel (FRESH) bioprinting

In 2015, a new method of performing embedded bioprinting
of hydrogels was reported by Bhattacharjee et al., Highley
et al., and Hinton et al. [107-109]. This new technique is
now known as FRESH bioprinting [109, 110]. In FRESH
bioprinting, both synthetic and natural biomaterials are first
deposited in a support bath [110]. The support bath is made
of a material with Bingham plastic-like rheological behav-
ior such as agarose, alginate, carbopol, elastomers, gelatin,
nanoclay, Pluronic F-127, or xanthan gum [110]. This al-
lows a bioink to be deposited into the support bath using a
nozzle that can move and extrude in planar, non-planar, and
freeform paths without disturbing previously fabricated
structures, after which the bioink is cured or crosslinked.
Various crosslinking strategies can be employed, including
ionic, pH, enzymatic, thermal, click-chemistry, and photo-
crosslinking protocols [110]. Thus, FRESH bioprinting is
quickly becoming popular for the printing of soft tissues
with high resolution and accuracy. Prominent companies
such as Advanced BioMatrix, Inc. have created Lifeink®
and LifeSupport®, a collagen-based bioink and support bath
material.

4.2 Bioprinted scaffolds for osteoarthritis
treatment

Bioprinting techniques have been successfully used to print
a variety of different tissues. However, their suitability for
osteoarthritis treatment remains a complex topic. This can
be attributed to the unique architecture of the knee joint and
its distinctive microenvironment. Although at present there
are no bioprinted products available on the market that are
specifically designed for osteoarthritis, extensive research is
being conducted to develop new treatments of this kind.
Design strategies can be used for chondral or osteochondral
defects based on the severity of osteoarthritis as determined
by the ICRS grading scale. These are summarized in
Table S3 (supplementary information).

4.2.1 Chondral defects

Chondral defects are characteristic of low-grade osteoarthri-
tis. Defects can manifest as fissures or cracks, and can result
in damage to up to 50% of the total cartilage tissue. How-
ever, in general no damage is observed to the calcified
Zone 4 or subchondral bone. Bioprinted scaffolds target-
ing chondral defects aim to regenerate hyaline cartilage
while ensuring the production of important ECM molecules

such as proteoglycans and collagen type 2. Previous stud-
ies have reported the use of a variety of cell types, includ-
ing MSCs, iPSCs, and chondrocytes to treat chondral de-
fects. The main aim of these treatments is to ensure the re-
generation of articular cartilage while preventing the for-
mation of fibrocartilage. Strategies used to treat chondral
defects using bioprinting techniques can be grouped into
bioink-based and scaffolding-based methods, as shown in
Fig. 7.

4.2.1.1 Bioink-based methods

In 2017, Nguyen et al. investigated two bioinks that used
iPSCs to generate 3D-bioprinted constructs designed to pro-
mote cartilage reconstruction. The compositions of these
bioinks included nanofibrillated cellulose (NFC), alginate,
and 4.6% mannitol for physiological osmolarity. The NFC
was sterilized via electron irradiation, and alginate
with >60% a-1-guluronic acid was then added. Crosslink-
ing was accomplished using 0.001% H2O2 exposure for
five minutes, and the authors added an iPSC-conditioned
medium from clone A2B iPSCs to facilitate increased sur-
vival. In the end, iPSCs were printed at a final concentra-
tion of 2x107 cells/mL in the bioink. The resulting con-
structs were cultured in a pluripotent medium mixed with
conditioned DEF-CS™ for seven days. NFC/alginate
60/40 (mass fraction) resulted in better cell proliferation
and survival and was able to maintain pluripotency. The
bioprinting results also confirmed that the NFC/alginate
60/40 bioink supported iPSC survival and growth, yield-
ing better 3D-printed constructs. Hence, this ratio was
confirmed to be suitable for iPSC survival, growth, and
chondrogenic differentiation. Coculturing with iChons or
growth factors also resulted in hyaline-like cartilage tissue
formation [111].

In 2021, Visscher et al. developed a bioink specific to au-
ricular cartilage tissue using a cartilage-derived extracellu-
lar matrix (¢cdECM). In their study, 37.5 mg/mL gelatin and
3 mg/mL HA were mixed with different ratios of cdECM
(i.e., 20, 30, and 40 mg/mL). GeIMA alone was used as a
control, and the different bioinks were blended with chon-
drocytes (2x107 cells/mL) prior to printing. Lattice- and ear-
shaped cell-laden constructs were then bioprinted and ex-
posed to UV light to induce crosslinking, thereby forming
hydrogels. Characterization was performed using a trinitro-
benzenesulfonic acid (TNBS) assay, and revealed that
c¢dECM had (71+2)% methacrylation, whereas the GelMA
hydrogel had (81+£3)% methacrylation. Thus, compared to
the GeIMA hydrogel, the cdECM hydrogels showed lower
swelling ratios. Moreover, scaffold stiffness improved with
increasing concentration of cdECM (i.e., 20 mg/mL: (3837«
462) Pa; 30 mg/mL: (10381+1339) Pa; 40 mg/mL: (25050+
2573) Pa) when balanced with GeIMA. Overall, the structure
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(AB), and picrosirius red (PR) protocols). Reproduced from [119], Copyright 2020, with permission from the authors, licensed under CC BY 4.0
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and mechanical properties of the various constructs were
stable. Further in vitro cell studies revealed 90% cell viabil-
ity at all cdECM concentrations. Finally, the authors re-
ported that cell proliferation within the cdECM constructs
increased with increasing concentration, with 40 mg/mL re-
sulting in significantly greater proliferation than GelMA at
1, 3, and 7 d of culturing [112].

Gomes et al. developed and characterized a bioink de-
signed to target chondrocyte inflammation and apoptosis
in osteoarthritic conditions. They did so by using different
ratios of cholinium caffeate (ChC), p-(1—4)-acetylated
polymannose or acemannan (ACE), and alginate [113]. The
resulting bioink was prepared with 5% alginate, 5% ACE,
and 1% ChC and was pre-crosslinked with 0.35% CaCly.
ATDCS cells were then integrated to create a bioink such
that the final density was 8x10° cells/mL. Extrusion-based
bioprinting was performed at 13 °C, and the scaffold was
then crosslinked with 5% CaCl,. The resulting bioprinted
scaffold was cocultured with THP-1-activated M1 macro-
phages for up to seven days to simulate the inflammatory
microenvironment found in osteoarthritis tissues. Ultimately,
the alginate/ACE/ChC scaffold was able to successfully
reduce the concentrations of TNF-o, IL-6, IL-10, and
granulocyte-macrophage colony-stimulating factor (GM-
CSF), thus demonstrating the efficacy of slow-release ChC
in reducing inflammation. This strategy can be used to
counteract inflammation in early-stage osteoarthritis, but
further studies are required [113].

Extrusion-based bioprinting has been most often used
to fabricate bioink-based constructs. However, this can
pose challenges regarding cell viability and crosslinking.
Since extrusion-based bioprinting uses pressure to force
ink deposition, excessive shear stress can reduce cell vi-
ability. This can be addressed by opting for different bio-
printing methods in which layer deposition occurs inde-
pendently of applied pressure. For example, Galarraga et
al. reported the use of a non-viscous norbornene-modified
hyaluronic acid (NorHA) bioink to fabricate a scaffold us-
ing an SLA-based bioprinting approach for regenerating
cartilage (Fig. 7b). This bioink comprised 2% NorHA,
0.05% LAP, and 0.08% dithiothreitol (DTT) as the mac-
romer, photoinitiator, and crosslinker, respectively. MSCs
isolated from bovine bone marrow (2x10 cells/mL) were
then added to prepare the bioink for disc bioprinting. After
56 d of in vitro culture, the authors observed that GAG
and collagen content increased approximately 100-fold
and 7-fold, respectively. Furthermore, collagen type 2 de-
position was found to be more common than collagen
type 1 deposition, and the authors also observed the forma-
tion of hyaline-like cartilage. Although the compressive
modulus at 56 d increased by about 8-fold, this was only
(42.0+13.9) kPa, approximately one-tenth of that of native
cartilage [114].

Some studies have reported using synthetic biomaterials
together with natural biomaterials, since this approach can
provide mechanical strength that is superior to constructs
fabricated from natural biomaterials alone. Chen et al. con-
ducted qualitative analyses to evaluate the proliferation po-
tential of cartilage cells in combination with different small
molecules. They found that the use of graphene oxide (GO)
can help to efficiently incorporate cells into bioinks. In that
study, GO was labeled with 1,1-dioctadecyl-3,3,3,3-tetrame-
thylindocarbocyanine perchlorate (DIL), while BMP2 was la-
beled with fluorescein isothiocyanate (FITC), thereby per-
mitting visualization and tracking of essential components
and their use during cartilage layer reconstruction. Next,
chondrocyte cell lines were cultured with GO at 37 °C and
5% COz. The resulting bioink was prepared using 1% colla-
gen type 1 and 1.5% chitosan solutions at a ratio of 10:1.
Next, EDC and NHS were added to collagen-chitosan and
GO solutions at various concentrations (i.e., 1%, 3%, 5%,
7%, and 10%). The resulting 3D-printed tissue was then
transplanted into the center of the femur cartilage via the
use of a cartilage hole-drilling rat model. A Fourier trans-
form infrared spectroscopy (FTIR) peak at 1800 cm™' con-
firmed that carboxyl (C=0) groups played a key role in
BMP2-GO interactions. Further analysis of immunofluores-
cence revealed that chondrocytes coexisted with GO par-
ticles, and a noticeable increase in the number of cartilage
cells surrounding the GO particles was observed after
10 days. Subsequent qualitative analysis indicated that the
10% GO solution had a greater potential for chondrocyte
proliferation than solutions containing lower concentrations
of GO [115].

Olmos-Juste et al. studied the behavior of alginate and at-
tempted to develop a novel bioink for the printing of 3D
structures specific for treating osteoarthritis [116]. The pri-
mary aim of this study was to use waterborne polyurethane
(WBPU) together with alginate to print scaffolds that can
help chondrocytes maintain their distinctive shape and to
promote the growth of embedded mesenchymal stem cells.
WBPU bioinks containing 3.2% and 6.4% alginate were se-
lected for extrusion-based bioprinting after loading with mu-
rine teratocarcinoma-derived chondrogenic (ATDCS) cells
at a concentration of 2x10° cells/mL. After printing, the cell-
laden scaffold was crosslinked by submerging it in 0.1 mol/L
CaCl, for 5 min. After 28 d of in vitro culture, 6 pg of
GAG deposition was reported with at least 10000 chondro-
cytes per scaffold and no observable change to hypertrophic
phenotypes. However, the deposition of collagen fibers was
not detected. The alginate-WBPU bioink was found to form
an aqueous polymeric system that improved the shape fidel-
ity of the scaffold and could be used to treat chondral de-
fects in the future [116].

In a different study, Maihemuti et al. explored the appli-
cation of gelatin sourced from cold-water fishes to prepare
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low-viscosity bioinks [117]. Sodium alginate was also
added to the resulting bioink to enhance its mechanical
strength and degradability profile. Post-printing, the scaf-
fold was crosslinked by submersion in 2% CaCl, for 3 min
and EDC/NHS at a ratio of 4:1 for another 30 min. The au-
thors found that bioinks containing 15% gelatin and 6% so-
dium alginate exhibited a Young’s modulus of about
22.5 MPa along with optimal printability. In vitro biocom-
patibility was then tested in a human chondrocyte (C28)
cell line, and a near-optimal expression of aggrecan, colla-
gen type 2, and Sox9 was detected after five days of cultur-
ing [117]. Upon in vivo implantation in Sprague—Dawley
rats, biochemical analysis was performed three months post-
operation to identify immunogenic reactions caused by the
addition of the biomaterials. The white blood cell, red blood
cell, lymphocyte, monocyte, and neutrophil counts did not
significantly differ from those of the control group, suggest-
ing a lack of immunogenicity [117]. The authors also re-
ported that the sodium alginate and gelatin (6S/15G) formu-
lation took 32 d to completely degrade in vivo. Further-
more, rat groups implanted with the 6S/15G scaffolds exhib-
ited the highest ICRS score at three months post-operation,
and a follow-up MRI analysis revealed maximum filling of
the defect area without any complications [117].

4.2.1.2 Scaffolding-based methods

Next, we consider various methods to construct scaffolds
suitable for use in osteoarthritis treatment. For example, a
study in 2023 by Wang et al. focused on examining polyure-
thane (PU) treated with ultrasonic waves at high tempera-
tures to improve its mechanical properties [118]. Simultane-
ously, an injectable gelatin/sodium alginate hydrogel loaded
with 10000 chondrocytes was prepared and crosslinked
with 1% CaClp. The PU scaffold was then printed using
FDM 3D printing before being ultrasonicated for 30 min,
after which the hydrogel was incorporated. The resulting
PU scaffold had a compressive modulus of 2.21-2.48 MPa,
which is very similar to native ear cartilage. Further micro-
scopic examination revealed the generation of new cartilage
cells between the tissue and scaffold. Taken together, these
findings underscore the potential of engineered scaffolds for
effectively repairing damaged articular cartilage [118].
Moreover, while exclusively using biomaterials has proven
to be effective in facilitating the growth of hyaline-like carti-
lage, the use of growth factors can help accelerate this
process.

In 2020, Sun et al. studied dual growth factor release in
3D bioprinting to generate a 3D-bioprinted anisotropic carti-
lage construct, as shown in Fig. 7d. This construct was
formed by mixing hydrogels containing cells with biological
polymers and was used to print specific articular joint struc-
tures. PCL was thermally processed at approximately 60 °C
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to generate a physical gradient support structure, while an
MSC-laden hydrogel was maintained at approximately
37 °C. Recombinant human transforming growth factor-
beta-3 (thTGFf3) and thBMP4 were then microencapsu-
lated in PLGA (50:50 PLA/PGA) microspheres (uS) to fa-
cilitate the slow delivery of TGFf3 (20 ng/mL) and BMP4
(100 ng/mL) from within the hydrogel. This composite was
precisely deposited into microchannels interfaced with PCL
fibers via purpose-built syringes, and the authors then
tracked the release profiles of TGFf3 and BMP4 from
PLGA microparticles for 60 d. By the seventh day, the
PLGA-rhodamine microparticles exhibited a uniform distri-
bution within the hydrogel between PCL fibers, with negli-
gible cell toxicity. The expression of two lubrication mark-
ers, collagen type 2 and proteoglycan-4, was found to be no-
tably greater in superficial layers with small pore sizes,
which resembled the pattern observed in native cartilage. In
addition, the gradient scaffold is in principle capable of pro-
viding anisotropic chondrogenesis in different layers,
thereby mimicking native articular cartilage. Finally, the
scaffold also permits nutrient supply and vessel growth in
deep layers, both of which are crucial for successful carti-
lage regeneration [119].

In another study, Wang et al. explored 3D-printed appli-
cations of polyglycerol sebacate (PGS) alongside a gelatin/
chondroitin sulfate (CS) hydrogel for regeneration of the
chondral layer of cartilage [120]. To do so, a 50% (0.5 g/mL)
PGS solution was dissolved with sodium chloride (NaCl)
particulates in tetrahydrofuran (THF) to obtain an ink for
extrusion-based 3D printing. NaCl was then removed by
freeze-drying and washing to generate a porous surface
within the 3D-printed scaffold [120]. Next, a 1:1 ratio of
gelatin and CS was prepared in which the porous PGS scaf-
fold was soaked, and a combination of 0.5% EDC and 0.3%
NHS was used to crosslink the hydrogel to the scaffold. The
resulting composite PGS/gelatin/CS scaffolds had (592.09+
22.5) um macropores and compressive moduli of (2.443+
0.071) MPa and (0.315+0.019) MPa under dry and wet con-
ditions, respectively [120]. These scaffolds retained their
shape for up to four weeks in vitro and facilitated neocarti-
lage formation, as determined via GAG content, collagen
type 2, safranin-O, and hematoxylin and eosin (H&E) stain-
ing. One week post-implantation in New Zealand white rab-
bits, regenerated cartilage tissue was found to have a com-
pressive modulus of (1.801+0.149) MPa and filled (62.74+
4.46)% of the original defect site [120]. Compared with na-
tive cartilage, the regenerated cartilage was (88.80+6.40)%
thicker, but was also smoother and more homogeneous.
These results show that the composite scaffold was suc-
cessful in regenerating robust neocartilage tissue at the site
of the defect; however, long-term validation studies are
still required.
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4.2.2 Osteochondral defects

Osteochondral defects are characteristic of high-grade osteo-
arthritis. At the point of defect formation, more than 50% of
total cartilage tissue is damaged, with significant damage
having occurred at the calcified zone and the subchondral
bone. Bioprinted scaffolds targeting osteochondral defects
aim to regenerate hyaline cartilage and subchondral bone
while ensuring proper zonal regeneration, i.e., to mimic the
native joint. Studies have reported that the effectiveness of
MSCs depends on MSC migration from the mesenchyme
post-implantation. The strategies used to treat osteochondral
defects using bioprinted scaffolds can be categorized into
bilayered and trilayered scaffolds (Fig. 8), which we discuss
in greater detail below.

4.2.2.1 Bilayered bioprinted scaffolds

Nordberg et al. reported the successful generation of a 3D-
printed scaffold to repair osteochondral defects in Yucatan
minipigs. In this study, PCL (100%) was used to fabricate
the chondrogenic phase, and 80% PCL/20% TCP was used
for the osteogenic phase. An electrospun layer of 80% PCL/
20% TCP was sandwiched between these layers to mimic
the tidemark. Next, calcium was steadily released from the
scaffolds over 28 d of in vitro culturing, with release rates
leveling off after the first two weeks. The bone architecture
of scaffold-treated groups resembled autologous explants,
possibly due to the PCL scaffold. These scaffolds were inte-
grated with native bone, and the autologous explant bone
was indistinguishable from native bone and exhibited mini-
mal changes over time. Moreover, cartilage matrix staining
revealed no cartilage within the scaffold component of the
defect. Subchondral bone porosity was then observed in
scaffold-treated groups, and bone formation was success-
fully observed. Finally, tidemark formation was also ob-
served in an animal model, and it was found to prevent the
formation of bone tissue within the cartilage layer. Taken
together, these data suggest that while scaffolds facilitated
bone ingrowth and integration, cartilage formation was lim-
ited, and autologous explants performed best with respect to
cartilage repair [121].

In 2021, Zhang et al. combined dECM and silk fibroin
(SF) to 3D print a scaffold designed to replicate the natural
structure of osteochondral tissue (Fig. 8b). These bilayered
scaffolds were printed using PCL for the bone layer and a
dECMY/SF bioink for the cartilage layer. Compared with car-
tilage layer constructs, bone layer constructs exhibited
slower degradation rates due to the PCL frame and greater
compressive strength. Moreover, these scaffolds were de-
signed to encapsulate growth factors. TGF-p1 release from
the cartilage layer was found to promote increased expres-
sion of collagen type 2, aggrecan, and Sox9, all of which

are essential for cartilage formation. Next, BMP2 release
from the bone layer promoted increased expression of COL
I, Runx2, osteocalcin (OCN), and alkaline phosphatase
(ALP), all of which are important for bone formation. Over-
all, this study showed excellent integration and regeneration
in a rabbit osteochondral defect model, and therefore high-
lights the potential of similar scaffolds as novel methods of
achieving effective osteochondral tissue reconstruction [122].

In another study, Gu et al. reported the fabrication of a bi-
layer scaffold via digital light processing (DLP)-based bio-
printing [123]. Here, the bioink used consisted of lyophi-
lized 15% GelMA combined with 0.1% LAP and 200 pmol/L
kartogenin. Kartogenin was contained only in the upper
layer of the structure to promote the exclusive growth of
cartilage. Furthermore, radially emanating lotus pores of
200 pm in diameter were punched in the upper layer to pro-
mote cell infiltration. The scaffold was then tested in vivo
in a rabbit model via implantation in the knee. The regener-
ated tissue was tested, and the authors observed the distinct
formation of two layers with articular cartilage at six weeks
post-operation as well as new bone at 16 weeks post-
operation. Moreover, at 16 weeks post-operation, the reduced
modulus of the regenerated tissue was (6.32+0.45) GPa,
whereas the compressive modulus of the scaffold before im-
plantation was (302.0+15.0) kPa. These results, which
show good scaffold performance overall, were primarily
due to the availability of two distinct environments for de-
fects, which is desirable for the development of osteochon-
dral tissue [123].

Xu et al. have reported the development of a strontium
copper tetrasilicate/p-tricalcium  phosphate (Wesselsite
(SrCuSis010)/Ca3(PO4)2, WES-TCP) composite scaffold
that was loaded differentially with chondrocytes and rabbit
bone mesenchymal stem cells (rBMSCs) to aid in osteo-
chondral regeneration [124]. In this study, a 2% WES-TCP
scaffold was fabricated using extrusion-based 3D printing
by mixing with 20% poloxamer. The resulting WES-TCP
scaffold displayed superior mechanical properties, with a
compressive strength and modulus of 16.78 MPa and
(151.034+8.59) MPa, respectively [124]. Furthermore, the
sustained release of Si, Sr, Ca, Cu, and P promoted the os-
teogenic differentiation of rBMSCs in vitro, as verified by
the upregulated expression of Osterix (Osx), Sox9, and
Runx2 when measured on Day 7. Moreover, chondrocyte
proliferation within the chondral layer was increased, as in-
dicated by the upregulation of collagen type 2, aggrecan,
and Sox9. Further in vivo studies revealed that significant
osteochondral regeneration occurred by 12 weeks post-
operation; however, further analyses should be performed
to confirm these results [124].

In another study, Effanga et al. reported the use of a PCL
electrospun layer sandwiched between 3D printed layers of
the chondral and subchondral zones [125]. A gelatin and

@ Springer



900 Bio-Design and Manufacturing (2025) 8:877-908

’\f;\gials ;—&
N

9 &
0, R0
o, XA

°
L

—-——-\\Ce//
’e >
&

(a)  Bilayered . TT007 Pl (c) Trilayered

T I f Chondral zone
oL || ‘
l. =
== 2 } Calcified zone

} Subchondral zone

(b)

____________ (D Anti-inflammatory
layer
MMP-MeHA(DC)

(@ BMSC-laden cartilage
regeneration layer
BMSC-MeHA/PCL(KGN)
(3) Subchondral bone

regeneration layer
PCL(B-TCP)

Bone layer

(b3)

— Bone layer
— Bone layer without PCL.
Cartilage layer

N «
S S
8 3

S
3

Compressive stress (kPa)

F & 10 20 30 40 50 60
Cartilage layer Bone layer Bone layer Compressive strain (%)

without PCL
(b4)  conra

Pristine-bilayered construct GF-bilayered construct

DC-KGN-cell

Fig. 8 Overview of bioprinting-based strategies used for the repair of full-depth osteochondral defects. (a) Bilayered bioprinted scaffold. (b)
Overview of the 3D printing strategy used to fabricate a bilayered scaffold with dECM bioinks: (b1) live/dead cell viability measurements of
the cartilage (top) and bone (bottom) layers; (b2) comprehensive modulus (n=3; *p<0.05); (b3) stress—strain curves; (b4) gross observations
of defect repair at three months for control, pristine-bilayered construct, and growth factor (GF)-bilayered construct groups (scale bar:
4 mm), stained with H&E, Masson’s, and safranin-O/fast green. Reproduced from [122], Copyright 2021, with permission from the authors,
licensed under CC BY 4.0. (c) Trilayered bioprinted scaffolds. (d) Overview of the fabrication strategy of the trilayered construct: (d1) cross-
sectional views of the PCL(B-TCP) and BMSC-laden PCL-MeHA layers of the biomimetic multiphasic scaffold; (d2) maximum stress; (d3)
elasticity modulus; (d4) stiffness; (d5) representative TB-stained tibial plateau images of the injured joint from different groups (data were
analyzed by an independent-samples #-test (n=6); *p<0.05, **p<0.005). Reproduced from [128], Copyright 2021, with permission from
Elsevier Ltd.

@ Springer



Bio-Design and Manufacturing (2025) 8:877-908

901

oxygenated alginate (Gel/OxAlg) ink was used for the chon-
dral layer, and a Gel/OxAlg/HAp ink containing 3.5% (mass
fraction) of hydroxyapatite (HAp) was incorporated to form
the subchondral layer [125]. After 3D printing of the sub-
chondral layer using Gel/OxAlg/HAp ink, a fibrous mesh
5-10 pm thick was deposited via electrospinning [125].
This was followed by 3D printing of the chondral layer
using Gel/OxAlg ink. After fabrication, the scaffold was
crosslinked via cryogelation followed by treatment with glu-
taraldehyde. The resulting fabricated osteochondral unit was
able to withstand compressive stress up to (2.7+1.8) MPa at
a strain of (37.3+3.8)%. In addition, the compressive modu-
lus and stiffness of the scaffold were measured as (0.07+
0.05) MPa and (5.60+2.85) N/mm, respectively. Further-
more, rat mesenchymal stem cells (rMSCs) were cultured in
media along with osteogenic induction of cells and scaffold.
Measured cell viability of the construct with the electrospun
PCL interface was more than 85% on Days 3 and 14 [125].

4.2.2.2 Trilayered bioprinted scaffolds

In 2019, Nowicki et al. developed a continuous gradient 3D-
printed osteochondral construct by combining several inno-
vative bioinks to more accurately mimic the complex struc-
ture and properties of natural osteochondral tissue. A new
approach was taken to develop an osteochondral matrix
material using a PCL primary bioink and involved a
bioink composed of polycaprolactone-triol, castor oil, and
poly(hexamethylene diisocyanate). In addition, nano hy-
droxyapatite (nHAp) was synthesized and 3D-printed into
subchondral bone layers, thereby improving its mechanical
strength and helping the constructs realize favorable shape
memory behavior. Furthermore, chondrogenic growth fac-
tors were introduced into the cartilage layer. The resulting
PCL+bovine serum albumin (BSA)/TGF-f1 construct sig-
nificantly outperformed other combinations with respect to
total collagen and type 2 collagen synthesis, both of which
are crucial for chondrogenesis. Taken together, these find-
ings suggest promising new directions for investigations
into cartilaginous and osteochondral responses within the
field of tissue engineering [126].

In 2020, Kilian et al. proposed a multi-layered bio-
printed scaffold for the regeneration of full-thickness osteo-
chondral defects. The associated bioinks were formulated
using alginate methylcellulose (algMC) and HAp-forming
calcium phosphate cement. The bioink of the first layer was
formulated with algMC and 5%10° human chondrocytes per
gram of the material and was crosslinked with CaCl, for
10 min. The second layer was printed by interweaving the
cell-laden algMC bioink and calcium phosphate cement
(without cells) via multi-channel extrusion-based printing;
this was designed to mimic the formation of calcified carti-
lage. The third layer was printed using only calcium

phosphate cement to mimic subchondral bone. Subsequent
in vitro studies revealed that constructs were able to support
cell growth and the deposition of essential ECM molecules.
Further studies should be conducted to explore different cell
types that can be supported [127].

In 2021, Liu et al. developed a trilayered bioprinted scaf-
fold to treat osteochondral defects in a rat model, as shown
in Fig. 8d. In these scaffolds, the top-most anti-inflammatory
layer was printed using diclofenac sodium (DC)-incorporated
MMP-sensitive peptide-modified methacrylated hyaluronic
acid (MeHA). The next layer was printed via multi-channel
extrusion to assist in cartilage regeneration. The authors
used two bioinks, bone marrow stem cell (BMSC)-loaded/
MeHA and kartogenin-loaded polycaprolactone (KGN/
PCL). The final layer was printed with f-TCP/PCL to re-
generate subchondral bone. Chondrogenic differentiation of
BMSC:s has been reported by earlier in vitro studies and is
thought to occur via the expression of aggrecan, Sox9,
TGF-p1, and collagen type 2. Furthermore, MMP13 expres-
sion was reduced threefold after five days of culturing.
Upon in vivo testing in a rat model, protein expression was
quantified by the optical density of samples stained for im-
munohistochemical analysis. The authors found that IL-1p
levels were significantly lower, whereas collagen type 2
was highly expressed at 12 weeks post-operation. Osteo-
phyte formation and cartilage degeneration were also much
lower in the treatment group than in the control group [128].

Finally, Singh et al. bioprinted an osteochondral model to
mimic inflamed human joints. To do so, they used two bio-
inks, cartilage ink (SF-polyvinylpyrrolidone (PVP)) and
bone ink (SF-PVP with nHAp) [129]. In these scaffolds, the
calcified layer was replicated via both the cartilage and
bone inks. The resulting morphology revealed an open po-
rous structure with an estimated porosity of 80%—85% for
composite constructs. These scaffolds were then found to in-
duce specific proinflammatory molecules within the struc-
ture of the printed scaffold. Next, the authors tested treat-
ments with anti-inflammatory drugs such as celecoxib
(CXB) and rhein (RHN) and tracked specific markers of os-
teoarthritis, including structural degeneration. After drug
treatment, the levels of inflammatory molecules such as NO
and PGE2 decreased. Moreover, ADAMTS4 levels de-
creased significantly following CXB and RHN treatment.
Anabolic markers (i.e., COL II, aggrecan, and OCN) were
found to increase in healthy constructs and decrease follow-
ing cytokine induction. Next, IL-6 levels increased signifi-
cantly with increasing cytokine levels and increased further
under increasing drug treatments. In addition, the expres-
sion of markers associated with cartilage breakdown (i.e.,
MMPs and aggrecanase-1) was found to be reduced [129].
While this study was performed to generate an inflammation-
associated model for osteoarthritis, the scaffold design con-
cept may also be applied for treating osteochondral defects.
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4.2.3 Comparisons of bioprinting strategies for
osteoarthritis treatment

Bioink-based methods use cell-encapsulated biomaterials
for bioprinting 3D structures capable of mimicking tissue
microarchitecture. Natural biomaterials such as collagen, al-
ginate, hyaluronic acid, and gelatin are commonly used,
since they are highly suitable for cartilage regeneration. The
use of dECM-based materials has also become widespread.
Scaffolding-based methods depend on the use of a synthetic
biomaterial to construct an external, 3D-printed scaffold
within which a hydrogel containing cells is housed. In gen-
eral, scaffolds fabricated exclusively with bioinks reported
mechanical strength values in the kPa range, whereas those
fabricated using scaffolding-based methods have superior
mechanical strength, usually in the MPa range. This differ-
ence can be attributed to the load-bearing function being as-
signed to 3D-printed scaffolds composed of synthetic bio-
materials such as PCL and PU. Unlike bioink-based con-
structs, scaffolding-based constructs performed better in
terms of degradability and shape retention post-implantation.
Construct degradability is an important factor to consider,
since cartilage regeneration can take anywhere between 6
and 18 months in humans [130]. One aspect that can be ex-
plored is a strategy to ensure effective crosslinking between
the 3D-printed scaffold and the hydrogel, which can further
improve construct stability.

While bioink- and scaffolding-based methods are both
suitable for treating early-stage osteoarthritis, different strat-
egies should be employed for targeting full-depth defects
characteristic of Grade 3 and 4 osteoarthritis. Scaffolds with
varying gradients and layers must therefore be designed to
cater to the microarchitecture of the different zones present
in articular cartilage. In a bilayered scaffold, the main strat-
egy is to regenerate cartilage tissue and underlying subchon-
dral bone separately. Trilayered scaffolds are also important
for individually regenerating the calcified zone, which is
mainly composed of hypertrophic chondrocytes, collagen
type 1, and nHAp. In both strategies, more emphasis is
given to ensuring proper zonal design and integration such
that a full-depth defect can be regenerated entirely. Further-
more, scaffolds fabricated using both approaches had supe-
rior mechanical strength relative to methods that used
bioink-based or scaffolding-based methods alone. Designs
for cartilage layers included rectilinear and grid patterns,
while designs for bone layers included more complex pat-
terns such as honeycomb. Various drugs and bioactive fac-
tors like kartogenin, growth factors, and nonsteroidal anti-
inflammatory drugs (NSAIDs) have also been successfully
incorporated into bilayered and trilayered bioprinted scaf-
folds. The further addition of bioceramics such as nHAp
and B-TCP along with synthetic polymers like PCL during
the fabrication of calcified cartilage and subchondral bone
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zones was also found to aid in the regeneration of osseous
tissue. Another aspect that can be explored is the introduc-
tion of unique designs for a tidemark layer when fabricating
bioprinted scaffolds, as this approach remains underex-
plored [17]. Furthermore, advanced technologies such as
volumetric bioprinting should be further developed to
achieve high-resolution prints of complex geometries.

5 Conclusions

Significant progress has been made in the development of
tissue-engineered products to treat osteoarthritis, but many
of these products are still lacking in certain areas. For ex-
ample, while viscosupplementation with products such as
Atelocollagen® and EUFLEXXA® can provide pain relief,
they need to be administered periodically and are therefore
unfeasible long-term treatment options. Moreover, although
they provide much-needed lubrication, they are ineffective
in treating full-depth defects. In contrast, acellular implant-
able scaffolds such as ChonDux™ and TruFit® are me-
chanically stable and are designed to target cartilage and
bone defects, while cellular scaffolds such as NeoCart® and
BST-CarGel® have been found to successfully regenerate
cartilage tissue. However, over the long run important limi-
tations such as fibrosis and osteophyte formation persist.
This could be because implantable scaffolds are heavily de-
pendent on surgical procedures such as microfracture and
arthrotomy. This exposes encapsulated chondrocytes and
other cell types to the bone marrow microenvironment, ulti-
mately resulting in the dedifferentiation of cells toward fi-
brocartilage formation. Furthermore, patients must be pre-
scribed various drugs to combat the inflammation and anti-
genicity that result from these procedures. However, the use
of exclusively natural biomaterials in scaffold fabrication
can lead to issues with long-term stability. For example,
collagen-based scaffolds often suffer from inadequate me-
chanical strength, thereby compromising their ability to
withstand joint stress over time [131]. Similarly, while hyal-
uronic acid offers excellent biocompatibility and water re-
tention, it is too unstable for prolonged mechanical func-
tion, which is critical in load-bearing applications for osteo-
arthritis treatment [132]. The next generation of tissue-
engineered products for osteoarthritis treatment involves the
adoption of novel strategies, such as the use of bioprinting
to create custom scaffolds. In addition, the use of drugs or
growth factors may be critical. Overall, bioprinting has ad-
vantages over other tissue engineering techniques, since it
is a high-throughput method with the ability to recreate
complex 3D tissue anatomy very precisely. Hybrid ap-
proaches that combine bioprinting with electrospinning or
freeze-drying may enhance scaffold porosity and mechani-
cal resilience in the future. Furthermore, various studies
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have been carried out both in vitro and in vivo to test the
suitability of a wide range of biomaterials, cell types,
drugs, growth factors, and small molecules. These studies
have successfully reported the regeneration of chondral
and osteochondral defects; however, further in-depth re-
search is still needed to confirm their use prior to clinical
trials.

Advancements in scaffold fabrication for osteoarthritis
treatment are needed to overcome current bioprinting limita-
tions. Emerging techniques—such as self-assembling scaf-
folds using biomimetic materials—offer the potential to au-
tonomously organize into complex structures, thereby im-
proving tissue integration and reducing the need for surgical
intervention [133, 134]. These materials are often known as
smart biomaterials, and constitute the foundation of 4D
printing and real-time in situ 3D printing technologies [133].
Smart biomaterials are also becoming easier to integrate
within tissues, since they are now capable of responding to
biological cues such as inflammation or mechanical stress
by releasing growth factors or anti-inflammatory agents.
These “smart scaffolds” can support tissue repair, minimize
fibrosis, and dynamically regulate the immune response.
The convergence of bioprinting, smart materials, and per-
sonalized medicine offers a promising future for osteoarthri-
tis treatments, enabling tailored, adaptive therapies. Real-
time in situ printing, in particular, could facilitate customized
scaffold deployment directly at the injury site [133, 134].
Moreover, patient-specific scaffolds, crafted from imaging
data, would better match the anatomy, facilitating enhanced
integration and effectiveness. This can be achieved via 5D
printing, which can deposit curved layers in all three axes
along two rotational axes [134]. In addition, targeted drug
delivery systems embedded within the smart scaffolds
could release therapeutic agents directly at the site, thereby
minimizing systemic side effects and improving clinical out-
comes. In essence, future scaffold fabrication may revolu-
tionize osteoarthritis treatment by becoming more respon-
sive, precise, and personalized, three major goals of ad-
vanced regenerative medicine.
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