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Introduction

Osteoarthritis (OA) is one of the most widespread 
chronic joint diseases, mainly characterised by 
high rates of incidence and disability which 
creates huge threats to human health as well as 
heavy socio-economic burdens worldwide.1, 2 
The clinical symptoms of OA affect the whole 
spine and peripheral joints, especially the 
interphalangeal joints of the limbs, as well as the 
hips and knees that undergo heavy load-bearing.3 
Among them, the most affected joint is the 
knee. The risk of OA occurrence in knee joints 
correlates closely with age, particularly in older 
women.4

To date, the mechanisms of OA remain 
incompletely elucidated. Compared to other 
musculoskeletal diseases, the pathology of 
OA is more complicated due to its extensive 

effects on multiple joint tissues. The intricate 
histopathological changes including cartilage 
degeneration, abnormal bone remodelling and 
synovial inflammation make early diagnosis 
and treatment difficult.5 The articular cartilage, 
subchondral bone, and the interface between 
them constitute an anatomical unit, defined as 
osteochondral tissue, which accounts for the load 
transfer in the joint during weight-bearing and 
movement. Osteochondral injuries contribute 
to OA initiation and development,6 generally 
contributing to the joint pain, deformity and 
dysfunction generated by traumatic injuries 
and internal diseases associated with cartilage, 
subchondral bone or the bone-cartilage interface.7 
Repairing injured osteochondral tissues in the 
early stages of OA is a promising method to delay 
or reverse the OA pathological process, leading 
to reduced clinical impact of OA. 
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Clinical therapeutics for the regeneration of osteochondral defects (OCD) 

in the early stages of osteoarthritis remain an enormous challenge in 

orthopaedics. For in-depth studies of tissue engineering and regenerative 

medicine in terms of OCD treatment, the utility of an optimal OCD animal 

model is crucial for assessing the effects of implanted biomaterials on the 

repair of damaged osteochondral tissues. Currently, the most frequently used 

in vivo animal models for OCD regeneration include mice, rats, rabbits, 

dogs, pigs, goats, sheep, horses and nonhuman primates. However, there is no 

single “gold standard” animal model to accurately recapitulate human disease 

in all aspects, thus understanding the benefits and limitations of each animal 

model is critical for selecting the most suitable one. In this review, we aim 

to elaborate the complex pathological changes in osteoarthritic joints and to 

summarise the advantages and limitations of OCD animal models utilised 

for biomaterial testing along with the methodology of outcome assessment. 

Furthermore, we review the surgical procedures of OCD creation in different 

species, and the novel biomaterials that promote OCD regeneration. Above 

all, it provides a significant reference for selection of an appropriate 

animal model for use in preclinical in vivo studies of biomaterial-assisted 

osteochondral regeneration in osteoarthritic joints.
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Current obstacles to clinical research on naturally-occurring 
OA lie in the chronic and unpredictable disease course,8 the 
inconsistency between clinical symptoms (e.g. joint pain) 
and the occurrence of tissue structural changes, as well as the 
complicated underlying molecular mechanisms.9 To overcome 
the limitations of clinical research, the importance of selecting 
an appropriate animal model for preclinical in vivo studies 
has been widely recognised. Over past decades, numerous 
animal models have been established for OA research, among 
which the osteochondral defect (OCD) model is the most 
frequently used in biomaterials translational research. From 
the perspective of histology, articular cartilage possesses poor 
intrinsic healing capability owing to the lack of blood supply 
and innervation which makes it difficult to repair damaged 
osteochondral tissues.10 Moreover, cartilage and subchondral 
bone are equipped with completely different microstructures 
and physiological functions.11 Therefore, effective treatment 
for OCD patients has long been a problem in the field of OA 
research. In recent years, tissue engineering and regenerative 
medicine methods provide a possible option for osteochondral 
tissue regeneration. Advances in cellular therapies, scaffolds, 
and hydrogels have been widely applied to OCD regeneration.6, 12  
However, there is a significant preclinical gap that should be 
bridged between the efficacy of implanted biomaterials and the 
approaches of clinical therapies. 

In this review, we focus on OCD animal models. A systematic 
literature search was conducted in the databases of PubMed 
and Web of Science using combinations of the following 
keywords: animal model, in vivo, chondral, osteochondral, 
cartilage, material, biomaterial, mouse, rat, rabbit, dog, pig, 
goat, sheep, horse, primate. Publications from before October 
2022 were initially filtered based on the title and abstract 
by two independent reviewers. Conflicting results were 
discussed and determined after full text review. Literature 
that met the selection criteria (animal models for biomaterial-
assisted osteochondral repair) was included. The purpose is 
to introduce OA pathogenesis, and summarise the advantages 
and limitations of OCD models in each species along with the 
methodology of outcome assessment. Novel applications and 
newly-developed biomaterials in recent translational research 
are also reviewed, to provide a comprehensive understanding 
of biomaterial-assisted osteochondral regeneration for the 
early treatment of OA. 

The Pathogenesis of Osteoarthritis 

Typically, OA can be categorised into primary OA and 
secondary OA.13 Primary OA, also termed idiopathic OA, 
indicates a naturally-occurring condition in human patients 
due to degenerative changes in their joints. Secondary OA 
refers to a condition normally related to specific causes or risk 

factors resulting in joint OA. These causes are often associated 
with congenital diseases, calcium deposition, metabolic 
disorders of the bone, and trauma.13, 14 At present, research 
into the pathogenesis of post-traumatic OA has been the most 
extensive. Although some researchers hold different views 
on the pathogenesis of OA, this section sums up the main 
consensus on OA initiation and development.

The aetiology of OA is commonly believed to be generated by 
an imbalance between the catabolic and anabolic processes of 
the cartilage, accompanied by inflammation in each joint tissue, 
ultimately leading to joint dysfunction.15 The current consensus 
is that OA is a whole-joint disorder involving cartilage erosion, 
subchondral bone sclerosis, meniscal lesion, and synovitis 
(Figure 1). These characteristic phenotypes were modestly 
observed in a validated mouse OA model of destabilisation of 
the medial meniscus (Figure 2). Hyaline articular cartilage is a 
connective tissue without blood or lymphatic vessels that covers 
the surface of articulating bone.16 Two major components 
have been recognised within it. One is the chondrocyte. The 
other is the extracellular matrix (ECM) which is composed of 
collagens (mainly type II), glycosaminoglycans, proteoglycans 
(predominately aggrecan), water and electrolytes. The ECM 
is responsible for the overall shape and mechanical properties 
of cartilage.17 Articular cartilage has typically been divided 
into four zones: the superficial zone, the middle zone, the 
deep zone and the calcified zone, as shown in the diagram of 
osteochondral structure (Figure 3A) and in healthy human 
osteochondral sections (Figure 3B). Each of them has a 
different ECM composition and chondrocyte orientation.17, 18  
Compared to other zones, calcified cartilage has a special 
composition of glycosaminoglycans and glycoproteins, and 
acts as an interface between cartilage and subchondral bone.19, 20  
Subchondral bone refers to the bony component lying 
distal to calcified cartilage.21 It is a stress-bearing structure 
mainly composed of mineralised type I collagen that plays a 
complementary role to the articular cartilage.22 The menisci are 
two fibrocartilaginous crescents connected to the surrounding 
structures by bony and ligamentous attachments.23 The main 
components of the meniscus are water (72%), collagens (22%) 
and glycosaminoglycans (0.8%). Type I collagen accounts 
for a significant proportion, and types II–V collagens make 
up the remaining meniscal collagens.24 These biochemical 
compositions make it an ideal structure to provide shock 
absorption during joint movement and improve joint  
congruity.23, 24 For healthy people, the synovium comprises two 
types of synoviocytes, respectively characterised by phenotypic 
features of fibroblasts and macrophages.25, 26 The cellular 
components (e.g. lubricin and hyaluronic acid) of synovium 
are the main source of synovial fluid, contributing to the 
reduction of friction and the integrity of articular cartilage.26 
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Tongji Medical College, Huazhong University of Science and Technology, Wuhan, Hubei Province, China.
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Figure 1. Pathological changes in the development of osteoarthritis.

Figure 2. Safranin O and fast green staining of wild-type mouse knee joints at the medial site at 3 months post-sham (A) 
or post-DMM (B) surgery. DMM surgery was performed by transecting the medial meniscotibial ligament of the knee 
joint. Sham surgery serves as a control with the meniscotibial ligament intact. Scale bar: 200 μm. AC: articular cartilage; 
DMM: destabilisation of the medial meniscus; M: meniscus; S: synovium; SB: subchondral bone.

Figure 3. A schematic diagram and representative histological image of an osteochondral unit. (A) The zonal structure 
of the osteochondral unit. (B) Safranin O and fast green staining of a healthy full-thickness osteochondral unit from an 
adult human. Scale bar: 200 μm. ACAN: aggrecan; Col I: type I collagen; Col II: type II collagen; Col X: type X collagen; 
Prg4: proteoglycan 4.
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Osteoarthritis pathogenesis: cartilage and subchondral 

bone

During the development of OA, cartilage homeostasis is 
disrupted and chondrocytes are activated, a period which 
is characterised by increases in cell proliferation and the 
production of ECM-degrading enzymes.27 The most 
intensively-researched ECM-degrading enzymes are matrix 
metalloproteinase (MMP) family proteins and aggrecanases, 
both of which degrade native collagens and aggrecan, eventually 
leading to cartilage damage.28, 29 Following the breakdown of 
ECM, the subchondral bone undergoes abnormal remodelling, 
and invades through the interface between the bone and 
calcified cartilage, leading to direct exposure to the joint cavity. 
Subsequent structural changes of the subchondral bone can be 
observed in OA, including increased bone turnover, vascular 
infiltration, and the generation of microfractures, reflected 
in the clinical symptoms of bone sclerosis, osteophytes and 
bone cysts.30 The vascular endothelial growth factor released 
by chondrocytes in the joint is a mediator of angiogenesis. 
The overexpression of vascular endothelial growth factors 
and correlated down-regulation of anti-angiogenic factors 
in OA cartilage may promote the invasion of blood vessels 
and contribute to progression of the disease.31 Inflammatory 
mediators participate in the breakdown of cartilage ECM. 
Cytokines such as interleukin (IL)-1, IL-4, IL-6 and tumour 
necrosis factor α are overexpressed in chondrocytes in early 
osteoarthritic cartilage.32, 33 Their increased secretion results 
in an anomalous chondrocyte phenotype that impairs the 
synthesis of ECM collagen and proteoglycans. Furthermore, 
the release of MMP and aggrecanase enzymes (e.g. MMP-1, 
-3 and -13), as well as degradative enzymes, are also increased, 
causing destructive impacts on cartilage components.34, 35

Osteoarthritis pathogenesis: synovial tissue

Although synovial inflammation in OA patients is less 
pronounced, sufficient evidence exists to verify its pathogenic 
role. Inflammatory signatures in the OA synovium, mainly 
observed as cellular hyperproliferation, lymphocyte 
aggregation and increased vascular infiltration, have been 
identified by histopathological studies.36 The macrophage is 
the dominant immune cell type in the OA synovium.37 The 
quantity of activated macrophages within OA synovium is 
correlated with disease severity and progression.38 Most studies 
have led to a common belief that macrophages differentiate 
into two phenotypes, which are generally termed as classically-
activated macrophages (M1) and alternatively-activated 
macrophages (M2).39 Among them, M1 macrophages respond 
to intracellular danger-associated molecules, consequently 
secreting proinflammatory cytokines (e.g. IL-1β, tumour 
necrosis factor α and transforming growth factor β), and 
eventually leading to cartilage damage and bone alterations. In 
comparison, M2 macrophages exhibit anti-inflammatory and 
tissue-repair profiles.40 Moreover, macrophages and related 
inflammatory cytokines (e.g. IL-6 and tumour necrosis factor 
α) also participate in the pathogenesis of rheumatoid arthritis.41

Osteoarthritis pathogenesis: meniscus

Menisci are mainly composed of two cell populations. 

Fibrochondrocytes that are surrounded by abundant ECM are 
the main cell type located in the inner and middle part of the 
meniscus, while fibroblasts are the dominant cells distributed 
in the outer parts.24, 42 Vascular and nervous elements exist 
in the periphery of the meniscus, while the middle and inner 
portions of the meniscus have limited intrinsic healing ability 
due to the lack of vasculature.24 Recently, an increasing number 
of studies have revealed that meniscus in OA likely extends 
beyond mechanical structure damage to encompass biological 
interactions. One study has shown that lymphocytes and 
CD68+ macrophages are present in the margin of the meniscus 
in OA patients.43 The matrix-degrading enzymes, joint-
injury-associated inflammatory factors, as well as cytokines 
and chemokines secreted by the meniscus may result in 
damage to the joint tissue and subsequent OA development.44 

Furthermore, the exposure of the meniscus to compressive 
strain leads to an increase in the release of inducible nitric 
oxide synthase, IL-1β and nitrate, suggesting crosstalk between 
meniscal mechanical loading and joint inflammation.45

Osteoarthritis pathogenesis: other factors

With the exception of injury-related post-traumatic OA, 
other factors also affect OA pathogenesis, including age, 
gender and obesity. Increased levels of inflammatory 
cytokines and advanced glycation end products released by 
chondrocytes have been shown to be prevalent in the elderly. 
In aging individuals, the accumulated advanced glycation end 
products in the cartilage bind to receptors on the surface of 
chondrocytes, resulting in the increased secretion of pro-
inflammatory cytokines and vascular endothelial growth 
factor that eventually contribute to articular cartilage 
degeneration.46, 47 Oestrogen-related receptors (ERRs), which 
function to maintain tissue homeostasis, have been found to 
be up-regulated in bone and cartilage.48, 49 Two members of the 
ERR family, ERRα and ERRγ, are essential to the pathogenesis 
of OA. ERRα-mediated cartilage degradation is associated 
with IL-1β and MMPs, whereas ERRγ is the other catabolic 
regulator of OA pathogenesis, acting by directly upregulating 
MMP-9 expression.50, 51 These studies illustrate the potential 
effect of gender on OA development. Besides, adipokines 
released by adipose tissue, especially infrapatellar fat, have 
been confirmed to be correlated to the degeneration of 
articular cartilage, suggesting that obesity may also accelerate 
OA development.52 Above all, multiple factors, including 
inflammatory cytokines, MMPs, cell senescence, oestrogen 
and biomechanical imbalances participate in the pathogenesis 
of OA, accompanied by a series of subsequent pathologic 
changes. These findings provide some potential targets for OA 
treatment and prevention.

Osteochondral Defect Animal Models 

Over the past few decades, multiple induced or spontaneous 
animal models have been designed and applied to study 
the development or treatment of OA. The spontaneous 
models include naturally-occurring and genetically-modified 
disease models, while the induced models refer to animal 
models in which disease is primarily induced by surgical 
operation or intra-articular chemical injection.53 The ideal 
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OCD animal model should mimic the clinical situation, in 
particular exhibiting similarities of cartilage physiology 
with human patients. However, there is no single “gold 
standard” animal model for OA because of its heterogeneity.54 
Therefore, selecting the optimal animal model for a particular 
scientific question is an obvious challenge for researchers. 
Generally, small animal models may be more suitable for 
basic pathophysiological and pathogenesis studies of the 
disease process and are regarded as early screening models 
for therapeutic interventions. Their advantages include 
relatively low expense, ease of management, and availability 
of housing. However, the limitations of these models lie in the 
inconsistency of joint structure and mechanics between these 
small animals and humans.55 In contrast, large animal models 
are often used to validate research findings prior to conducting 
human clinical trials due to their anatomic similarities to 
humans.56 Their disadvantages are mainly associated with 
greater expense, handling difficulties, longer maturity periods, 
slower disease processes, and ethical considerations.54 Both 
small and large animals have been used for research on OCD 
regeneration. Small animal models mainly include the mouse, 
rat and rabbit,57 while large animal models include the dog, 
pig, sheep, goat and horse, as well as nonhuman primates58 

(Figure 4). Each species of OCD model has its own benefits 
and limitations, and the selection of an appropriate animal 
model should take the research purpose and related factors 
into consideration.

Current commonly-used OCD animal models utilised for in 

vivo studies are generated by surgical manipulations that create 
a defect in articular cartilage. According to the Outerbridge 
classification system,59 cartilage defects can be categorised as 
Grade 0 (normal cartilage), Grade I (nearly normal cartilage 
with softening and swelling), Grade II (partial-thickness defect 
with surface fissures), Grade III (full-thickness defect with 
deep fissures that reach subchondral bone), or Grade IV (OCD 
with subchondral bone exposed) (Figure 5). The method of 
constructing defects of various grades depends on the joint 
physiological conditions of different species and the purpose 
of the experiments.

Mouse

Mouse models have the availability of athymic, transgenic, and 
knockout strains that offer significant benefits for mechanistic 
in vivo studies. Additionally, mice are convenient to purchase, 
manage, and feed. However, the application of mouse models 
in cartilage repair studies is limited due to their small joint size 
and the extremely thin cartilage, which is only 30 μm thick–50 
times thinner than humans.60 Additionally, skeletal maturity 
in mice is difficult to judge because their growth plates remain 
open throughout their lifetime. An average age of about 10 
weeks is usually recommended for mice to be used in a study.61 

In general, a defect of 1.0 mm diameter and 2.0 mm depth on 
the femoral trochlear groove has been used to create a mouse 
OCD model.62

Figure 4. OCD models are created in different animals for tissue engineering studies. OCD: osteochondral defect.

Figure 5. Outerbridge arthroscopic grading system of articular cartilage defects. (A) Grade 0: normal cartilage; Grade 
I: nearly normal cartilage. (B) Grade II: partial thickness defect. (C) Grade III: full-thickness defect. (D) Grade IV: 
osteochondral defect.
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Surgical procedure

The OCD model in mice was generated following an 
established published procedure.63 Briefly, the mice were 
anaesthetised under sterile conditions. Surgical manipulation 
was performed under a dissection microscope, and a medial 
parapatellar incision was made, followed by patella dislocation 
and exposure of the femoral trochlea. An OCD was then drilled 
in the middle of the femoral trochlea. The patella was relocated 
later after the implantation of biomaterials. Finally, the incision 
was sutured in layers.64

Rat

Similar to mice, rat models also have economic advantages, 
while their larger size makes it feasible to create cartilage 
defects in biomaterial studies. The thickness of rat articular 
cartilage is approximately 0.1 mm, which is obviously thicker 
than mouse cartilage.54 Although the body size of rats is larger 
than mice, their applications are also limited due to their 
smaller joints and thinner cartilage compared to humans. 
The growth plate in rats also remains open life-long, which 
makes it difficult to evaluate skeletal maturity.65 Generally, 
it has been recommended that rats between 9 and 12 weeks 
should be utilised for biomaterial studies, and the observation 
period usually lasts 8–12 weeks. The most common approach 
to creating rat OCD models for assessing biomaterial strategies 
is to drill a defect (2.0 mm diameter and 2.0 mm deep) on the 
femoral trochlear groove.

Surgical procedure

In most studies, rats were anaesthetised, and the region of the 
knees was shaved and sterilised. A medial parapatellar incision 
was created and the femoral trochlear groove was exposed 
after patellar dislocation. A defect was drilled at the centre of 
the trochlear groove. The fragments were washed out with 
sterile water. After implantation of biomaterials, the patella 
was relocated, and the incision was closed. Lastly, each rat 
received a peritoneal injection with the same amount of saline 
to compensate for fluid loss during the procedure.66

Rabbit

Rabbit models have long been used for research on OCD 
regeneration due to their ease of manipulation, low purchase 
cost and simple husbandry. Compared to rodent OCD models, 
the condylar size of mature rabbits is large enough to create 
defects of 3.0–4.0 mm, which is believed to be an appropriate 
size for studies of new biomaterial implants. However, 
significant differences remain in joint biomechanics and gait 
between humans and rabbits.65, 67 Unlike other species and 
humans, rabbit stifles exhibit an obviously higher flexion 
angle, and consequently the locations of natural load-bearing 
are totally different.68 In addition, the rabbit meniscus has 
increased numbers of cells, less vascular infiltration, and 
improved spontaneous healing capability.53, 67 Thus, although 
the defect size reported in this species is 3.0 mm, larger defects 
4.0 or 5.0 mm in diameter are recommended to prevent 
spontaneous healing.65 The thickness of rabbit cartilage is 
relatively thin, being approximately 0.44 mm at the trochlear 
groove and 0.3 mm at the anteromedial femoral condyle.69 

The skeletal maturity age of rabbits is 36 weeks. Rabbits at the 
age of 8–24 weeks have been utilised in studies. The defects  
(4.0 mm diameter, 3.0–5.0 mm depth) of OCD rabbit models 
are commonly created in the femoral trochlea,70 as well as the 
medial71 and lateral72 femoral condyles. 

Surgical procedure

Rabbit OCD models were created following the published 
protocol.70 The rabbits were anaesthetised, and their hind limbs 
were shaved. A parapatellar incision was made to open the joint 
cavity. Then the patella was dislocated and the femoropatellar 
groove was exposed. A circular defect was drilled in the 
femoropatellar groove. Normal saline was used to cool down 
and remove residual tissues. After the injection of bioactive 
components, the muscle and wound were sutured separately.

Dog 

OCD models have been extensively studied in dogs, which 
are considered as the closest species to a gold-standard 
animal model currently available. The anatomic structure 
of the dog knee joint is very similar to that of the human,73 
and this species also suffers from cartilage problems due to 
the lack of intrinsic healing ability.74 In addition, the body 
size of dogs is large enough to enable arthroscopy and MRI 
examination. Therefore, dog OCD models utilised for studies 
of cartilage regeneration may be closer to human conditions 
compared to rodent or rabbit models. Dogs commonly reach 
skeletal maturity between 1 and 2 years of age. The cartilage 
thickness of the femoral condyle (0.95 mm to 1.3 mm) is 
still thinner than humans. The diameters of defects in OCD 
models have been reported to be 2–10 mm, with 4 mm being 
the most commonly used.61 The defects are generally located 
in the femoral trochlea,75 the medial femoral condyle76 or both 
condyles concurrently.74 Although dogs have been considered 
as a gold standard model for OCD regeneration, the close bond 
between canines and humans, as well as their status as pets 
in human households, have emphasised the ethical issues of 
in vivo studies. These concerns have led to efforts to reduce, 
improve and replace the use of this species as much as possible.

Surgical procedure

Dogs were anaesthetised by intravenous injection and given 
preoperative antibiotics immediately. The dog was placed 
in a dorsal recumbent position under sterile conditions. An 
incision was made on the joint with lateral patellar luxation. 
The load-bearing areas of the femoral condyles were visualised 
by adequate joint extension. The defect was often created in 
the femoral trochlea or the medial femoral condyle. After 
the implantation of biomaterials, the wound was closed by 
suturing.77

Pig

The joint size, load-bearing conditions, and cartilage thickness 
of pigs are more similar to humans than dogs or other small 
animals. Both commercially-raised and miniature pigs have 
been utilised as models for OA, with the former being widely 
used for ex vivo studies due to the availability of specimens from 
abattoirs,78 while miniature pig strains are more docile and 
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relatively easy for creating surgical models. Adult mini-pigs 
have a similar body size and weight to adult humans. Although 
the joint size of mini-pigs remains smaller than that of humans, 
defects of 6.0–8.0 mm diameter or larger can be created in 
the femoral condyles and trochlear grooves. Comparable 
to humans, the intrinsic healing ability of chondral defects 
and OCD is also limited in mini-pigs.55 Thus, OCD models 
in pigs should be created in mature individuals to minimise 
the potential for intrinsic cartilage repair. The pig skeletal 
maturity age is about 18 months.58 Studies have reported that 
pig cartilage thickness is 1.5 mm,79 allowing for the creation 
of partial or full-thickness cartilage defects in OCD models. 
However, the construction and management of these specially-
bred pigs makes them very expensive. Gotterbarm et al.80 have 
demonstrated that OCDs with a diameter of 6.3 mm do not 
heal completely in mini-pigs, suggesting the feasibility and 
utility of this strain for studies of osteochondral regeneration. 
In general, defects ranging from 6.0 to 8.0 mm in diameter 
or larger have been created in the trochlear groove,81 medial 
femoral condyle,82 or both femoral condyles83 for producing 
pig OCD models. Subsequently, the pig models were followed 
up for 3–24 months after surgeries.

Surgical procedure

All operations were performed under general anaesthesia. 
A cylindrical OCD was punched on the patellar groove of 
the femur while avoiding penetrating the subchondral bone. 
Biomaterial implants were placed into the defect, and the 
incision was sutured.81

Sheep

The sheep is one species which is widely used as an animal 
model for OCD regeneration since sheep are easy to obtain, 
convenient to handle, and their maintenance is relatively 
inexpensive. The anatomy of sheep joints is comparable to 
that of humans. However, the thickness of sheep cartilage 
varies significantly between individual subjects, ranging 
from 0.4 to 1.0 mm, which makes it difficult to analyse and 
compare different studies using sheep models.84 The size of 
the infrapatellar fat pad in sheep is quite large, thus it requires 
remarkable flexion to visualise the femoral condyles, which 
limits the surgical operation. In addition, the generation of 
sheep OCD commonly involves subchondral bone tissues, 
which are very hard and dense, bringing out the difficulties of 
making identical defects when using different manipulations.61 

It has been verified that the critical defect size in sheep is 7.0 
mm. Frisbie et al.79 and other researchers all acknowledged that 
the cartilage thickness of the medial femoral condyle is 0.45 
mm. In sheep models, the location of created cartilage defects 
includes the medial femoral condyle,85 both femoral condyles,86 
and the femoral trochlea.87 The skeletal maturity age of sheep is 
around 2–3 years. In general, the OCD sheep model has certain 
limitations because of their variability in cartilage thickness, 
relatively large subchondral defects, and later skeletal maturity. 

Surgical procedure

An individual sheep was intravenously anaesthetised and placed 
in dorsal recumbency. The region of the knee was prepared 

for disinfection and subsequent surgery. A parapatellar 
arthrotomy was performed, and the medial and lateral femoral 
condyles were exposed. OCDs were created in both femoral 
condyles using a depth-limiting drill guide. Materials were 
then implanted, and the incision was closed.88

Goat

The goat model is widely applied in OCD regeneration, because 
of their advantages in terms of joint size, the thickness of 
cartilage and subchondral bone, the feasibility of arthroscopic 
procedures, and the limited capacity for intrinsic healing. The 
anatomic structure of goat joints is similar to that of humans, 
and the size is typically larger than dogs. Since the cartilage 
thickness of the goat medial femoral condyle has been reported 
to be between 0.8 and 2.0 mm,89 it provides a potential 
opportunity to study the healing effects of both partial and 
full-thickness chondral defects. The consistency of goat 
subchondral bone and the ratio of cartilage to subchondral bone 
have been reported to be closer to humans compared to small 
animals, dogs or sheep.61, 90 Moreover, goat subchondral bone 
is softer than that of sheep, thus common surgical techniques 
can be easily used to create OCD models. Meanwhile, goats 
are relatively inexpensive and more convenient to feed and 
maintain than other large animals. Goats usually reach skeletal 
maturity at the age of 2–3 years. The most frequently-used 
critical defect size in goats is 6.0 mm in diameter.89, 91 Defects of 
goat OCD models have been commonly created in the lateral 
femoral condyles,92 medial femoral condyles91 and trochlear 
grooves.89 In summary, although the size of lesions is still 
smaller than humans, the goat OCD model could become 
an accessible large animal model for damaged osteochondral 
regeneration once the economic limitations can be overcome.

Surgical procedure

A single knee joint was manipulated in each goat. A mini-
arthrotomy approach was employed to maintain the integrity of 
the joint and incision. Minimum exposure of the implantation 
was maintained by retractors with full extension of the joint, 
making it possible to gain access to the joint without patellar 
dislocation. A defect was created on the medial femoral condyle 
and a biomaterial implant was inserted. In the last step, the 
knee capsule was closed and skin was sutured.93

Horse

The horse model provides several advantages, listed below, 
for OCD regeneration studies. Similar to humans, horses 
also experience cartilage problems including primary and 
post-traumatic OA.54 In addition, the thickness of horse 
articular cartilage is more similar to humans than any other 
experimental species. They also have human-like cellular 
structures, biochemical compositions, and biomechanical 
characteristics.94 Compared to small animal models, the fully-
extended and upright stifles in horses during their gaits have 
the most anatomic similarities to human knees.55 It has been 
reported that the cartilage thickness of horses is approximately 
1.75 mm, which is very close to that of humans (2.2 mm).79 
Furthermore, horse articular cartilage exhibits low intrinsic 
healing ability. The reported critical defect size in the horse 
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is 9.0 mm in diameter, and defects ranging in size from 15 
to 20 mm (up to 21 mm) can be created in horse models.95, 96 

The horse’s sizable joint allows for arthroscopic examination, 
and the comparatively thick cartilage allows for the creation 
of OCDs that perfectly simulate clinically-relevant-sized 
defects in human cartilage.97 Horses generally achieve skeletal 
maturity at 2–4 years of age, and at 2–6 years old can be 
utilised in experimental studies. Commonly, defects 10 mm in 
diameter and 5.0–10.0 mm in depth have been created in horse 
OCD models, mainly located in the femoral trochlea,98 the 
medial femoral condyle,99 and the lateral trochlear talus.100, 101  
However, the use of horses for OCD studies requires large 
facilities, greater technological skills and higher costs. 
Moreover, horses are companion animals, suggesting that 
ethical issues should also be considered.

Surgical procedure

The experimental horse was intravenously anaesthetised and 
positioned in dorsal recumbence. An incision was made at 
the medial side of the patellar ligaments, then femoropatellar 
mini-arthrotomy was performed through the wound. OCDs 
were created by drilling at the centre of the medial femoral 
trochlear ridge, then the wound was sutured in layers.99

Nonhuman primates

Numerous nonhuman primates have been utilised as 
experimental models in OA studies, including baboons, rhesus 
monkeys and cynomolgus macaques.102, 103 These species exhibit 
similar genetic, physiological and behavioural characteristics to 
humans. In addition, the development of naturally-occurring 
OA involves multiple joints in nonhuman primates, which is 
very close to the occurrence and progression of spontaneous 
OA in aging people.102, 104 Studies have verified that age-related 
changes in fertility and reproductive behaviours in several 
species of female nonhuman primates appear similarities 
to humans, making it possible to investigate the effects of 
hormones or reproductive status on the progression of OA.105 

Despite these advantages as an experimental model, nonhuman 
primates also face limitations related to costs, feasibility, ethical 
problems and public concerns, which prevent the widespread 
use of these species.

Surgical procedure

Skeletally-mature cynomolgus macaques were selected to 
create OCD models. All manipulations were performed under 
inhalation anaesthesia. A defect (3.2 mm diameter, 4.0 mm 
depth) was drilled in the load-bearing cartilage surfaces of 
the medial condyle and the patella. Finally, the wound was 
closed by suturing, and each animal was given postoperative 
analgesia.106 

Applications of Animal Models in Biomaterial 

Studies

Currently, the strategies utilised for OCD treatment can be 
mainly classified into two categories: non-surgical strategies 
and surgical strategies, with the former including physical 
immobilisation and nonsteroidal anti-inflammatory drugs. 
However, the therapeutic effects of these approaches have 

limitations because of the poor intrinsic healing ability of 
articular cartilage. Therefore, specially-designed structurally 
and functionally biomimetic tissue-engineered strategies using 
biomaterials have been established as a promising option for 
OCD regeneration.107 Currently, most studies of osteochondral 
regeneration are still in the preclinical phase, therefore the 
selection of optimal animal models is important to guarantee 
successful clinical translation. Small animal models are 
commonly utilised for primary proof-of-concept studies or 
degradation and biosafety assessment, prior to validation using 
large animal models. However, further preclinical biomaterial 
studies require large animal models based on consideration 
of the differences in osteochondral healing potential, 
tissue structures and compositions, as well as technological 
complexity. The latest applications of OCD animal models for 
evaluating the repair effects of biomaterials are reviewed in 
this section.

Mouse osteochondral defect models 

Using a full-thickness OCD mouse model, Shen et al.64 
found that hydroxyapatite-grafted-chitosan implants 
promoted the remodelling of subchondral bone and the 
production of osteogenic and chondrogenic factors, resulting 
in positive effects on osteochondral regeneration. Wesdorp 
et al.108 utilised a mouse OCD model to assess the effect of 
triamcinolone acetonide, an anti-inflammatory drug for 
cartilage regeneration. The study found that intra-articular 
injection of triamcinolone acetonide reduces synovial 
inflammatory levels but negatively affects cartilage repair. 
Marycz et al.109 fabricated three-dimensionally (3D)-printed 
composite of polylactic acid with nano-hydroxyapatite doped 
with europium (III) ions (nHAp/PLLA@Eu3+). Mouse OCD 
models with a 0.5 mm diameter defect were used to assess 
its effect on the differentiation of progenitor cells isolated 
from adipose tissue toward bone and cartilage-forming cells. 
Study results showed that the established scaffold accelerates 
osteogenesis and chondrogenesis and has biomedical potential 
for OCD regeneration.

Rat osteochondral defect models

Mendes et al.110 generated self-assembling tissue intermediates 
derived from human periosteum-derived stem/progenitor 
cells, and tissue intermediates were then implanted ectopically 
into OCDs in rat femoral trochlear grooves. The results showed 
that tissue intermediates have an intrinsic osteochondral 
regenerative potential that participates in both subchondral 
bone and cartilage repair. Li et al.111 identified a CD164+ 
subpopulation from adipose-derived mesenchymal stem cells 
(ADSCs) for cartilage regeneration. The effect of this specific 
subpopulation on the cartilage microenvironment was assessed 
by intra-articular injection and scaffold implantation composed 
of CD146+ ADSCs and articular cartilage ECM in rat OCD 
models. This study has confirmed the role of the CD146+ ADSC 
subpopulation in promoting cartilage repair and emphasised 
its significance as a potential new treatment. Ji et al.112 
designed an immunomodulation-based/porous microsphere 
composite as a novel controlled drug delivery system. In vivo 
experiments using OCD rat models demonstrated that the 
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composite structure optimised osteochondral regeneration 
mediated by macrophage immunomodulation, which may be 
a potential drug delivery system for cartilage repair. Kim et 
al.113 prepared polymeric nanofibrils decorated with cartilage-
derived decellularised ECM as a scaffold material for cartilage 
repair. The repair effect was evaluated by in vivo implantation 
of the ADSC/nanofibril aggregates to the defect located in 
the rat trochlear groove. The result showed that cartilaginous 
decellularised ECM-decorated nanofibrils combined with 
ADSCs have a synergistic effect on improving the cartilage 
regeneration of OCD.

Rabbit osteochondral defect models

Lin et al.114 successfully constructed a difunctional PEGS/
mesoporous bioactive glass (MBG) bilayer scaffold. The effect 
of the PEGS/MBG scaffold was evaluated using a rabbit OCD 
model. The results indicated that the scaffold proposed in this 
study has the potential to be a promising candidate for cartilage 
and osteochondral regeneration. Yang et al.115 synthesised a 
novel poly(amino acid) (PAA)-based hydrogel termed PAA-
RGD, which they implanted into the defect in a rabbit OCD 
model. In vivo studies demonstrated that the PAA-RGD 
hydrogel has the potential for OCD regeneration. Qi et al.116 

designed a novel oriented-collagen scaffold combined with 
Wnt5a, which is a growth factor that maintains chondrogenesis. 
A full-thickness OCD in the rabbit patellar groove was utilised 
to assess the effect of the Wnt5a/oriented-collagen scaffold. 
The results showed that the generated scaffold enhanced the 
regeneration of hyaline cartilage and subchondral bone in vivo. 
Ye et al.117 developed a functionalised self-assembling peptide 
containing a transforming growth factor β1-mimetic peptide. 
A composite scaffold was constructed with a combination of 
self-assembling peptide and decellularised cartilage ECM, and 
then implanted into the defect of a rabbit OCD model. In vivo 
studies confirmed appreciable neocartilage restoration. Wu 
et al.118 used a rabbit OCD model to test the repair effect of a 
hydrogel implant. They found that the implant as a bioactive 
supramolecular nanofiber-enabled gelatine methacryloyl 
hydrogel (BSN-GelMA) effectively achieved seamless 
osteochondral healing in the gap region of an OCD. Besides 
studies on cartilage repair, rabbit models have also been 
utilised for precise diagnosis of OCD. Hong et al.119 exploited 
a multifunctional nanoprobe based on Fe3O4 nanoparticles and 
self-assembled with kartogenin. An in vivo MRI imaging study 
was performed on a rabbit OCD model. The results showed 
that the nanoprobe appears distinctively T2-weighted on MR 
imaging, suggesting it could be applied for disease diagnosis 
and osteochondral regeneration therapy.

Dog osteochondral defect models

Sun et al.120 used a canine OCD model to test a mimetic natural 
cell-loaded scaffold. The novel scaffold was designed to load 
allogeneic bone marrow mesenchymal stem cells with the 
ability to release bone morphogenetic protein 7 in a sustained 
manner, promoting bone and cartilage regeneration. Baba et 
al.121 proposed that the bone marrow stimulation technique 
augmented by ultra-purified alginate gel induced hyaline-
like cartilage repair in a canine OCD model. Onodera et al.122 

used canine OCD models to evaluate the therapeutic effect 
of an acellular technique involving ultra-purified alginate 
gel implantation. The gel implant significantly enhanced 
osteochondral repair in canines, especially for small cartilage 
defects. Ryu et al.123 investigated the efficacy of an implanted 
biomaterial on the repair of OCD in canine knee cartilage 
tissues. The 3D-printed biomatrix consisted of human costal-
derived cartilage powder, micronised adipose tissue, and 
fibrin glue. The results showed that the matrix alleviates the 
inflammatory response and has the potential to repair cartilage. 
Stefani et al.124 developed an acellular agarose hydrogel carrier 
with embedded dexamethasone-loaded poly(lactic-co-glycolic 
acid) (PLGA) microspheres. The dexamethasone-loaded 
osteochondral implant with sustained release was evaluated 
using a canine OCD model. They demonstrated that a 
dexamethasone-loaded PLGA microsphere implant plays a 
role in chondroprotection in the presence of IL-1-induced 
degradation and improves in vivo functional outcomes.

Pig osteochondral defect models

Yan et al.125 proposed that PLGA nanoparticles loaded with 
a hyaluronic acid hydrogel and kartogenin would promote 
hyaline cartilage and subchondral bone repair in porcine 
models. Lin et al.126 used an OCD in the weight-bearing 
region of the medial condyle of the pig knee joint to test an 
implanted acellular spongy PLGA scaffold. The results show 
that PLGA scaffold implantation combined with treadmill 
exercise facilitates cartilage regeneration for weight-bearing 
regions in mini-pigs. Steele et al.127 designed a porous zonal 
microstructure scaffold from a single biocompatible polymer 
(poly[ε-caprolactone]), and evaluated the effect of the scaffold 
in a porcine OCD model. The scaffold was verified to induce 
a robust and stable repair in OCD joints. Asen et al.128 created 
an OCD in mini-pigs to demonstrate that implantation of 
transforming growth factor β1-releasing scaffolds could 
improve early-stage cartilage repair in vivo. Huang et al.129 

generated a scaffold composed of lyophilised type II collagen 
sponge and acellular normal pig subchondral bone, along 
with natural calcified-zone cartilage, and used the mini-pig 
OCD model to assess its effect. They found that calcified-
zone cartilage plays an important role in osteochondral tissue 
engineering that mainly repairs hyaline cartilage. 

Sheep osteochondral defect models

Bozkurt et al.130 created a minimally-invasive tissue-
engineering approach, in which specific cartilage proteins 
were utilised as targets for antibody-coated microspheres. A 
sheep OCD model was used to verify that implantation of bio-
targeted microspheres is an effective therapeutic approach for 
cartilage defects. Vukasovic et al.131 demonstrated the efficacy 
of the established bioreactor-based manufacturing system for 
cartilage repair by using chronic and acute sheep injury models. 
Tamaddon et al.132 used ten sheep OCD models to evaluate 
a novel scaffold system consisting of a porous titanium layer 
and a PLGA-infiltrated collagen layer connected by a porous 
polylactic acid junction layer. The scaffold exhibited the 
potential to repair large chondral defects and OCDs in the 
early stage of OA. Favreau et al.133 utilised a sheep OCD model 
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to assess a newly-developed bi-compartmental implant. The 
implant, comprising therapeutic collagen associated with bone 
morphogenetic protein 2 and bone marrow mesenchymal 
stem cell spheroids, was verified to simultaneously regenerate 
injured articular cartilage and subchondral bone tissues. 

Goat osteochondral defect models

Critchley et al.134 proposed that a novel bi-phasic, fibre-
reinforced cartilaginous template would regenerate the 
articular cartilage and subchondral bone in caprine joints. Jia 
et al.135 developed a multi-layered scaffold that mimics the 
structure and components of natural osteochondral tissues. 
An OCD caprine model was used to evaluate the potential 
ability of the multi-layered scaffold to repair cartilage. They 
found that the established multi-layered scaffold significantly 
improves the biochemical and biomechanical capabilities of the 
neo-osteochondral tissue. Kon et al.93 created a hemicondylar 
OCD in goat joint tissues to assess the safety and regenerative 
properties of a novel hemicondylar aragonite-based scaffold. 
Burdis et al.136 used a 3D-printed polymer framework to guide 
the self-organisation of early-cartilage microtissues to generate 
an engineered cartilage implant that mimics native articular 
cartilage. The caprine OCD model was used to test the effect 
of this engineered osteochondral implant as a therapeutic 
strategy for repairing injured synovial joints. Cunniffe et al.137 
investigated a porous bi-phasic scaffold composed of growth 
plate ECM and articular cartilage ECM, and verified that the 
newly-developed scaffold was able to repair OCD in post-
implantation caprine joints.

Horse osteochondral defect models

Korthagen et al.138 established a bi-layer osteochondral implant 
composed of a polyetherketoneketone bone anchor and a 
polyurethane elastomer. The novel implant was confirmed 
to generate a layer of neocartilage in damaged sites using 
equine OCD models. Mancini et al.139 used an equine model 
to investigate the potential cartilage repair property of a 
composite implant that consisted of 3D-printed poly(ϵ-
caprolactone) combined with articular cartilage progenitor 
cells and mesenchymal stromal cells. Murata et al.140 proposed 
that the implantation of a scaffold-free 3D-construct of 
synovial membrane-derived mesenchymal stem cells into an 
OCD could regenerate the cartilage and subchondral bone 
in a horse model, suggesting that the technique has potential 
for the treatment of subchondral bone cysts. Zanotto et al.141 

assessed the repair effect of a self-assembling peptide hydrogel 
combined with trypsin pre-treatment and functionalised with 
two growth factors (platelet-derived growth factor BB and 
heparin-binding insulin-like growth factor 1) using a horse 
OCD model. Results showed that, compared to microfracture 
alone in a horse model, microfractures combined with trypsin 
treatment and the functionalised hydrogel improved cartilage 
repair and integration into surrounding tissues.

Nonhuman primate osteochondral defect models

Park et al.142 used five skeletally-mature male nonhuman 
primates (Cynomolgus monkey, Macaca fascicularis) to create 
an OCD model, which was utilised to assess the properties of 

a novel foetal cartilage-derived progenitor cell-based cartilage gel. 
Results demonstrated that the foetal cartilage-derived progenitor 
cell-based cartilage gel exhibits cartilage repair potential and 
adhesive properties. Jiang et al.143 assessed the cartilage repair 
potential of selected chondrogenic clonal mesenchymal stem cells 
by implanting them into the defects of cynomolgus monkey OCD 
models. In vivo studies have shown that selected chondrogenic 
clonal monkey mesenchymal stem cells differentiated into 
chondrocytes, and the treatment based on selected chondrogenic 
clonal mesenchymal stem cells enhanced the cartilage repair ability 
in the cynomolgus monkeys. Ma et al.144 used a newly-developed 
3D clonal mesenchymal stem cell-loaded monkey acellular dermal 
matrix scaffold to repair injured cartilage in cynomolgus monkeys. 
Results verified that cartilage defects in monkey models were 
effectively improved by chondrogenic clonal mesenchymal stem 
cell treatment.

Assessment of Osteochondral Defect 

Regeneration Outcomes

To determine whether strategies utilised for OCD regeneration 
are effective, articular cartilage and subchondral bone repair 
must be evaluated by various methods including histological, 
histomorphometric, and biomechanical approaches145 (Figure 

6). The former two assessments are mainly conducted on 
decalcified and paraffin-embedded joint samples. Generally, 
histologic assessment adopts different scoring systems to 
perform gross evaluation and microscopic analysis. These 
scoring systems range from the simplest, with fewer associated 
parameters (e.g., Wakitani scores, Pineda scores) to the 
more complex and integrated ones (e.g., O’driscoll scores, 
Sellers scores, Forties scores). In addition, International 
Cartilage Repair Society and Osteoarthritis Research Society 
International scores are the most widely-utilised systems, 
with the former often being used for the evaluation of human 
joints, while the latter is more specific for the assessment 
of OA staging. Haematoxylin–eosin staining is a basic 
histological staining technique that is generally employed for 
the comprehensive evaluation of cells and tissues. However, 
safranin O/fast green and toluidine blue, as well as alcian blue 
staining methods are more suitable for evaluating proteoglycan 
and glycosaminoglycan content. Picrosirius red146 and 
Goldner’s trichrome147 are classic techniques used to visualise 
collagen fibres in histological sections. For undecalcified 
samples, Stevenel’s blue/van Gieson’s pichrofuchsin dye,148 
toluidine blue149 and thionine staining are utilised to assess 
the osteochondral compartment. Histomorphometry mainly 
measures microtomographic bone-related parameters and 
quantifies the percentage of biochemical analytes (type I/
II/X collagen and/or glycosaminoglycans). The measured 
bone-related parameters include bone volume/trabecular 
volume, trabecular number, trabecular separation, trabecular 
thickness, bone mineral density, mineral apposition rate, and 
bone formation rate. Parameters such as bone growth, defect 
volume and osteoid surface area are also frequently used. The 
assessment of biomechanical properties is usually combined 
with histological evaluations, which play an important role 
in regenerative medicine studies, especially osteochondral 
regeneration. In addition mechanical tests, including 



Review

274

Wei, Y.; et al.

www.biomat-trans.com

indentation test, compression test and pushout test, are 
generally performed on fresh or frozen/thawed samples before 
histological processing. These biomechanical methods are used 
to evaluate parameters such as tissue stiffness, compressive 
load, dynamic modulus, Young’s modulus, equilibrium 
modulus, or contact stress of the cartilage compartment.

Conclusion

Animal translational research plays an important role in 
exploring the mechanism of specific diseases, improving the 
methods of early diagnosis, and identifying potential treatment 
targets. Therefore, the selection of an optimal preclinical animal 
model is critical to ensure successful translation to the clinical 
application of biomaterials. There is no single animal model 
of disease that can perfectly simulate human joint conditions 
because of the different biomechanics and biokinematics. 
Although small animal models generally provide benefits 
regarding availability, feasibility and management, large animal 
models are more similar to humans, not only physiologically, 
but also in terms of disease progression. Regardless of the 
animal chosen, standardised assessment methods in terms 
of histology, histomorphometry and biomechanics are 
encouraged in the selection of OCD models. Besides scientific 
evaluation, practical factors such as ethics, costs and housing 
need to be considered.

This review presents an overview of current OCD animal 
models utilised for biomaterial studies along with their 
advantages and limitations. The pathogenesis of disease 
progression and scientific assessment of OCD models are also 
systematically summarised. This study will provide guidance for 
the selection of an optimal OCD animal model for evaluating 
biomaterial strategies of osteochondral regeneration. 
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Figure 6. Summary of the evaluation methods for OCD regeneration. ADAMTS5: a disintegrin and metalloproteinase 
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