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Abstract 
 

Nowadays, orthopedic-related pathologic conditions are considered as a growing concern. Also, the conventional treatments (grafting 
techniques) are not efficacious enough for the growing clinical needs. In the last decades, researches have been focused on finding 
more effective alternative treatments. Tissue engineering (TE) is a newly emerging field of science that has great potential to reduce 
these clinical issues. There are three main components in TE including cells, biomaterials, and signals. Choosing the best combination 
of these components is a vital decision in a TE process. In this review article, we are going to discuss TE and its components and also 
highlight some of the researches in the field of orthopedic TE by focusing on some tissues including bone, cartilage, skin, skeletal 
muscle, peripheral nervous system (PNS), tendon, and ligament. In the end, TE, as a new field of science, faces some major challenges 
that we will address some of them in this article. 
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Background 

Complete restoration of damaged tissues and organs 
has always been the dream of mankind (1). Regenerative 
medicine (RM) is a multidisciplinary field of health 
sciences that aims to retrieve normal biological function 
and structure of tissues damaged by acute or chronic 
diseases, trauma, aging, congenital defects, etc. To reach 
this goal, RM benefits from various specialties such as 
tissue engineering (TE), biomaterials, cell biology, and 
cloning (2-6). The "Tissue Engineering" term was probably 
coined for the first time by Robert Nerem in the second 
half of the 20th century (7). It was described as use of 
techniques and rules of engineering and life sciences 
towards the achievement of a basic understanding of 
functional/structural correlations in the normal and 
abnormal physiological condition in mammalian tissues. 
One major aim in TE is developing biological substitutes 
that restore, maintain, or improve damaged tissues and 
their functions (7). In this narrative review, we are going to 
focus on TE disciplines and their applications in 
orthopedics. 
TE Components 

Although TE consists of multifarious elements 
depending on different strategies, there are three major 
components that are needed for fabrication of artificial 
tissues. This "triad of TE" includes biomaterials, cells, and 
signals (Figure 1) (8-10). 

Biomaterials: Biomaterial or scaffold is a  
3-dimensional (3D) structure that acts as an extracellular 
matrix (ECM) in a normal functional tissue. Biomaterial 
constructions should be cytocompatible and degradable 
to reduce unwanted host responses. Beside accurate size 
and shape, a proper biomaterial should possess 
appropriate functional, physical, and mechanical features 
to act as a structural support for the fabricated tissue and 

promote tissue growth (9, 11, 12). 
They provide adhesion sites for transport of cells or 

bioactive molecules such as adhesion peptides or growth 
factors. The most common types of biomaterial classes are 
natural biomaterials (e.g., collagen) and synthetic 
polymers [e.g., poly (glycolic acid) (PGA)] (3). 
 

 

Figure 1. Triad of tissue engineering (TE) 
 

Cells: The human body builds up countless number of 
heterogeneous cells (10). The production of appropriate 
cell line is an essential part of TE which leads to functional 
tissue and organs. These cells are used to regenerate, heal, 
or improve the function of tissues by manufacturing 
factors, signals, and other molecules like ECM components 
(9, 11). Two main groups of cells are used in TE: mature 
differentiated cells (e.g., fibroblast cells) and stem cells 
[e.g., embryonic stem cells (ESCs) or adult stem cells] (11). 
Also, based on the harvesting source, they are classified as 
autograft, allograft, or xenograft (13). 
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Signals: In physiological environment, the "signals" are 
agents of collaboration, coordination, and harmony. The 
signals can rearrange the genetic expression of target cells 
to proliferation, differentiation, ECM production, or many 
other functions (9, 10). There are four subgroups of signals: 
biological, chemical, mechanical, and electrical. Two 
important biological signals, growth factors, and 
cytokines are fundamental for regenerative strategies of 
TE (12). 
TE Applications in Orthopedics 

Orthopedic surgeons have always been in search of 
useful approaches to replace damaged or lost tissues. 
Many mechanical devices and grafting techniques have 
been used from past to present (14). Although these 
methods are successful to certain degree in saving lives 
and reducing morbidities, they are not always optimal 
(15). Some of the limitations that current therapies may 
have are post-surgical complications (e.g., infection), 
limitation of graft materials and donor site morbidity, risk 
of rejection in allografts, and the necessity of carrying a 
mechanical device for a long time (14). The objective of 
researches in the fields of TE and RM is to reduce post-
surgical problems, improve patient's recovery, and 
eliminate the need for following surgeries or 
interventions (16). In this part, we review some of the 
applications of TE techniques in orthopedics. 

Bone: Bone as the hardest connective tissue has a high 
potency of regeneration and repair (9, 17). Nowadays, there 
has been a dramatic increase in the incidence of bone 
diseases, particularly in the population affected by obesity, 
poor physical activity, and ageing (18). One of the 
challenges in treating bone disorders is nonunion defects. 
When the defect size exceeds the critical value, the bone 
tissue loses the ability to repair and requires intervention 
(19). The gold standard therapy in nonunion is bone 
grafting (20). Therefore, the research on artificial 
substitutes of grafting materials is constantly developing, 
which consequently results in novel treatments for 
existing diseases (21). The basic idea of bone TE is to 
understand the correlation of TE components to 
regenerate functional bone tissue and repair damaged 
tissues (18, 22, 23). 

The scope of this review article is to highlight some of 
the clinical studies in this field. In a clinical trial by 
Hernigou et al. in 2009, injection of autologous bone 
marrow concentration for treatment of osteonecrosis of 
the femoral head (ONFH) significantly increased the 
amount of progenitor cells and improved the prognosis 
(24, 25). In another study performed by Goel et al., 
percutaneous injection of autologous bone marrow to 20 
patients resulted in improvement or healing of tibial 
nonunion in 15 patients (25, 26). A number of studies in 
this field demonstrate that polytherapy in TE (i.e., using 
cells, scaffolds, and signals together) is more effective than 
single therapy (12). Also, osteoconductive scaffold has led 
to better results in clinical trials compared to a 
signal/factor (12). 

Extracorporeal shockwave therapy (ESWT) is an 
effective non-invasive method for treating ONFH, 
especially in early stage. Evidence shows that this 
therapeutic strategy improves bone quality by increasing 
vascularization, vascular endothelial growth factor (VEGF), 
and nitric oxide. This method was more beneficial 
compared to the previous therapies like bone grafting or 
core decompression (27).  

In an attempt to utilize new therapy for nonunion and 
segmental bone defects, Miller et al. conducted a clinical 

trial on 10 men and 6 women. They used reamer-irrigator-
aspirator (RIA) bone grafting enhanced with 
dexamethasone, a synthetic steroid that can 
experimentally help mesenchymal stem cells (MSCs) to 
differentiate into osteoblast during cell culture. Three 
patients received bone morphogenetic protein (BMP) in 
addition to RIA and dexamethasone. After a mean of 8 
months follow-up, almost all radiographic images showed 
healing. Analysis gave a mean 6.28 score of 10 in modified 
Lane and Sandhu scoring system; additionally, two 
patients got 9 and 10 score (28).  

Cartilage: In the field of cartilage regeneration, 
orthopedic research has been generally focused on 
articular cartilage injuries and its related disabilities, 
mainly due to osteoarthritis (OA), rheumatoid arthritis 
(RA), psoriatic arthritis, degenerative diseases, and trauma 
(29). Cartilage is a low-cellular non-vascularized 
connective tissue. The poor capacity of cartilage healing by 
itself is a result of the absence of adequate vascularity. 
Cartilage diseases lead to long-lasting disabilities with a 
constantly growing burden on the health care system (30). 

The available pharmacological treatments with 
palliative intent can only reduce the pain (31). The surgical 
approaches like arthroplasty for end-stage disease may not 
completely improve the disability. Also, none of the 
approaches can successfully restore natural hyaline 
structure of the cartilage tissue (32). Previous 
investigations have tried to retrieve chondral function by 
filling the defect and relieving the pain (30). Despite 
numerous research efforts, the natural healing process of 
cartilage tissue is still unknown (33). The novel strategies 
and therapies aim to decrease the need for joint 
replacement and increase the quality of life (17). 

The available TE clinical strategies in this field are: 1) 
bone marrow stimulation and augmentation, 2) 
autografts and allografts, and 3) cell-based techniques (34). 

In bone marrow stimulation and augmentation, 
producing perforations in subchondral plate leads to the 
formation of blood clot which conducts the recruitment 
of stem cells and promotes healing (34). However, the 
main structure of fibrin clot is collagen type 1 and the 
structure is not biomechanically proportionate for long-
term use of cartilage (34, 35). Osteochondral autografts 
and allografts, as mature viable hyaline cartilage-bone 
units have been used to fill small cartilage defects. 
Limitation of the donor site in autograft and type 
equalizing into the correct shape and architecture in 
allograft are the most important drawbacks of these 
methods (34). 

Cell-based therapy has been recently noticed (29). The 
first approach of cell-based therapy, autologous 
chondrocyte implantation (ACI), was first introduced in 
1994, which is the only cell-based therapy approved by the 
Food and Drug Administration (FDA) (29, 36). This strategy 
needs  two surgeries: first surgery to harvest healthy 
chondrocytes and second surgery to implant the cultured 
cells (34). One disadvantage of ACI that could lead to 
further operation is hypertrophy of tissue (36). MSCs are 
multipotent cells with self-replication potency that can 
reduce inflammatory factors and immune responses (29). 
MSCs application in the early stages of OA has shown 
excellent results (37). The bone marrow MSCs (BM-MSCs) 
have more chondrogenic and osteogenic ability compared 
to other sources (29).  

In 2016, Chang et al. showed that patients under 45 
years responded better to ACI, in despite of the fact that 
BM-MSCs are not distinct in different ages (38). In a 
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randomized control trial (RCT) in 2015, 30 patients with 
the diagnosis of the knee OA were divided into two groups. 
The first group (15 patients) received an intraarticular 
injection of allogeneic BM-MSCs and the second group (15 
patients) received only hyaluronic acid (HA). After 12 
months, the first group had superior functional and 
structural improvement in comparison with the control 
group (37, 39).  

Skin: Skin is the outermost part that covers the human 
body and is at risk of injuries more than any other organ 
(40-42). Deep injuries (e.g., full-thickness skin wounds) (41) 
and some metabolic disorders [e.g., diabetes mellitus (DM) 
and venous insufficiency] may lead to the formation of 
chronic non-healing wounds that require therapeutic 
intervention (43). The current gold standard for treating 
extensive skin wounds is autograft (44). Due to the 
limitations of grafting, producing artificial skin by TE can 
be a good substitute (41). There is a list of commercially 
available skin substitutes that can be categorized as 
dermal, epidermal, and dermo-epidermal (45).  

Epidermal substitutes were first introduced by 
Rheinwald and Green. They successfully cultured human 
keratinocytes as a cell sheet (46). Nowadays, these cell sheets 
are known as cultured epithelial autografts (CEAs) (45). CEAs 
are not suitable to be used in the reconstruction of full-
thickness skin wounds, and also, they do not provide a good 
dermal-epidermal connection (41).  

Integra was one of the first FDA-approved dermal 
substitutes for treating extensive large burn wounds. 
Later, it got approval for burn scar reconstruction (47, 48) 
and some diabetic foot ulcers (47). Integra has a two-
layered acellular structure made of a porous bovine 
collagen and shark chondroitin-6-sulfate, covered with a 
silicone sheet on top (47, 48). When used in clinical trials, it 
showed lower infection rate and better outcomes in 
comparison to conventional treatments (48). 

Another approach is using naturally available scaffolds 
such as amniotic membrane (AM), either alone or as a 
delivery system for seeded cells. In a recent double-blind 
phase 1 RCT, Momeni et al. studied the healing of donor 
sites in 10 burn patients with total burn surface area 
(TBSA) of 10 to 55 percent. They treated harvested area with 
Vaseline gauze (control group), AM (AM group), or AM as a 
delivery system for seeded fetal fibroblasts (AM-F group). 
Wound closure happened at 10.1 ± 2.4 and  
11.3 ± 2.9 days post-treatment in AM-F and AM groups, 
respectively. This was significantly shorter compared with 
the control group (14.8 ± 1.6 days) (49). 

Peripheral Nervous System (PNS): PNS is a highly 
advanced complex network of nerves (50) that can be 
damaged during different conditions (e.g., motor vehicle 
accidents, tumor growth, etc.) (51). PNS injuries can cause 
notable impairment and morbidity (52). In axonotmesis 
and neurotmesis types of injury, Wallerian degeneration 
happens in the distal part, and neurotmesis may need a 
nerve graft (53).  

Microsurgery is currently the gold standard technique 
for nerve repair, which is used to restore the nerve 
continuity with creation of an anastomosis between 
proximal and distal stumps (54). For nerve gaps more than 2 
cm, nerve grafting is needed (50). Autologous nerve 
grafting, as the standard method, has some significant 
limitations and a total successful recovery rate post-
treatment of about 50% (50, 55). A probable alternative to  
the autologous graft is tissue-engineered nerve guide 
conduits (NGCs). 

NGCs are tubular structures made of natural or 

synthetic polymers that bridge the nerve gap and act as a 
guidance pathway, providing both structural and trophic 
support for axon sprouts to pass from proximal to distal 
end (50, 51). NGCs can be simple empty tubular structures 
or can be filled with trophic factors or supporting/stem 
cells which enhance the efficacy and improve axonal 
regeneration (51, 56). A novel technique is filling the nerve 
conduit with platelet-rich plasma (PRP) that has shown 
good results in multiple studies (57-59). This suggests that 
PRP contains factors (e.g., neurotrophic factors) that 
improve nerve regeneration (56).  

In a prospective RCT performed by Boeckstyns et al., 
the clinical outcome of conventional treatment 
(neurorrhaphy) was compared with tissue-engineered 
collagen conduits in treatment of an injured mixed 
sensory-motor nerve. There was no significant difference 
between two approaches in clinical outcome 24 months 
after repair (60). However, using nerve conduits 
eliminated the limitations of autograft.  

Hou et al. in a recent work done in 2019, used a poly 
(lactic-co-glycolic acid) (PLGA) NGC filled with 
intraluminal sponge fillers (known as ISF-NGC) to bridge a 
10mm gap in rat sciatic nerve. The ISF-NGC was compared 
with a hollow PLGA NGC (H-NGC). They observed that 
structural regeneration and functional recovery  
were higher in the ISF-NGC group and the findings  
were comparable with the current gold standard  
(autograft) (61). 

Skeletal Muscle: As one of the most abundant tissues in 
the human body that form about 40% to 45% of the body 
weight (62), skeletal muscle has a highly organized 
structure with a notable ability for spontaneous 
regeneration (63). Some congenital or acquired conditions 
can impair this regeneration capacity (e.g., congenital 
myopathies, large muscle volume loss following traumatic 
injuries, muscular atrophies, muscle dystrophies, tumor 
excision injuries, etc.), which have steadily raised with 
population aging and life expectancy increased in recent 
decades (64, 65).  

Conventional methods are limited for treatment of 
volumetric muscle loss (VML), a condition defined as 
losing the volume of muscular mass permanently that can 
cause functional disorders and cosmetic deficits (66). 
These methods are mainly based on surgical interventions 
with common grafting complications. Other treatment 
methods are mostly rehabilitation options including 
using mechanical devices (e.g., ventilator devices) or drugs 
than can replace the missing metabolites (62, 67). For a 
successful treatment of systemic muscle diseases such as 
muscular dystrophies, multiple administrations of drugs 
and missing metabolites and designing a proper delivery 
system for them are required (68). The basic idea of 
skeletal muscle TE is generation of new muscle fibers that 
can be helpful in treatment of such conditions without 
grafting-related issues (69).  

Some of the main approaches in the field of muscle TE 
are: 1) acellular scaffolds that may promote muscle 
regeneration, 2) cellular scaffolds that are significantly 
more effective than previous, 3) engineered muscle grafts 
derived from cell sheets: although containing high-density 
cell populations, they lack structural support due to the 
absence of a scaffold, 4) minced muscle grafts that need in 
vitro expansion or large harvesting sites, and 5)  
tissue-engineered muscle grafts (TEMGs) that have a special 
regeneration capacity with very time-consuming 
production process. All these methods can be combined 
with growth or trophic factors to achieve a better clinical 
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outcome (70).  
Successful case of treatment with TE technique was 

first reported in a 19-year-old marine by Mase et al. in 2010. 
They replaced the injured quadriceps muscle of a patient 
suffering from VML injury by a decellularized matrix from 
small intestine submucosa. The result was promising and 
new tissue formation was visible on computed 
tomography (CT) scan at 36 weeks after treatment (71). 

In a recent animal study by Wang et al., 18 mice with a 
5mm rectus femoris defect were divided into three groups: 
1) untreated, 2) treated by a collagen scaffold, and 3) 
treated by a collagen scaffold seeded with muscle-derived 
stem cells. The third group had a significant improvement 
in muscle regeneration compared to others (72).  

Tendon and Ligament: Tendons and ligaments are 
fibrous connective tissues that the main proportion of 
their dry weight consists of collagen (73). They have a week 
self-healing ability and cannot completely regenerate after 
a full-thickness trauma (73, 74), which makes them a good 
target for TE researches. Tendons and ligaments such as 
anterior cruciate ligament (ACL) and rotator cuff 
commonly get injured after trauma or orthopedic 
surgeries (73-75). The currently available therapies like 
surgical repair are not durable enough and have a higher 
failure rate in long term (75). 

The TE treatments for tendon/ligament injuries are 
divided into three main categories: 1) injectable gels for 
drug delivery, 2) tissue grafts, and 3) synthetic degradable 
or non-degradable materials (76). However, the number of 
clinical trials in this field is limited. In two ongoing 
clinical studies, cell therapy was used to repair a ruptured 
rotator cuff tendon. In one study, autologous stromal 
vascular fraction (SVF) cells and in the other one MSCs 
were injected to supraspinatus muscle and tendon, but 
the results of researches are not available yet (77). 

In another report by Wang et al., the long-term profit 
of autologous tenocytes in human tendon repair was 
discussed (78). The patients who participated in this study 
were suffering from chronic resistant lateral epicondylitis 
and have not been responsive to non-surgical treatment. 
After receiving autologous tenocyte injection, they were 
followed up for about 12 months. According to visual 
analogue score (VAS), the healing was significant and 
optimistically durable up to 5 years (75).  

Some of the commonly-used cells, biomaterials, and 
signals in the field of orthopedic TE have been collected in 
table 1. 

Challenges 
As a new field of medical science, TE has been 

continuously developing in recent years, altering the 
outlook of diseases and respective therapeutic strategies. 
Correspondingly, it has faced various challenges which can 
be categorized in four main groups: 1) fundamental 
challenges, 2) knowledge limitation, 3) evaluation 
challenges, and 4) clinical challenges (18, 94) (Figure 2). 
 

 
Figure 2. The most common challenges in tissue engineering (TE) can 
be categorized into four classes, fundamental challenges, knowledge 
limitations, evolution challenges, and clinical challenges. 

 
Some of the fundamental challenges are selecting 

capable cells, obtaining an appropriate cell source, and 
procuring biomaterials to afford a proper scaffold, 
especially in orthopedic TE that should have considered 
mechanical and other physical features (95, 96). About 
signal component, beside the challenges regarding to the 
selecting an appropriate source, finding optimal time and 
dosage is another obstacle (97). In large structures such as 
bone, providing the appropriate vascularization and 
microenvironment vascularity is also a challenge (95, 98). 
The limitation of knowledge is a result of small number of 
TE techniques and slow advancement of clinical and 
laboratory studies (94). Evaluation difficulties are rooted in 
lack of sufficient clinical studies, small patient number, the 
absence of randomization, and lack of control group (12). 
The clinical challenges include infection (most common), 
technical restriction, difficulties of approval process, and 
the absence of a widespread public clinical access (12, 99). 

 
Table 1. The most common components used in different tissue engineering (TE) methods 

Tissue Cell  Biomaterial Signal 

Bone BM-MSCs, umbilical vein 

stem cell, AD-MSCs (81, 82) 

Collagen, chitosan, PGA, PLA (20, 80) FGF, TGF-β, PDGF, IGF (79) 

Cartilage Fibroblasts, chondrocytes, adult 

MSCs, AD-MSCs, BM-MSCs (84, 85)  

Cell-derived-ECM (83) TGF-β and BMP-2 (79) 

Skin Fibroblasts, keratinocytes, MSCs, 

ESCs, amniotic fluid stem cells, 

iPSCs (89, 90, 91) 

Collagen, chitosan, fibrin, gelatin, elastin, 

HA, silk, PLA, PGA, polyurethane (42, 87, 88) 

VEGF, SDF-1α, FGF (86) 

Peripheral nerve Human umbilical cord MSCs, AD-

SCs (51) 

Laminin, collagen, elastin, HA, fibrinogen, 

PLLA, PCL, PLGA (50, 51) 

NGF, FGF, NT-3, BDNF, 

PDGF (92) 

Skeletal muscle Satellite cells, perivascular stem 

cells, MSCs, and ESCs (70) 

Collagen, fibrin, gelatin, HA, chitosan, 

keratin, alginate, decellularized matrix, 

PLLA, PLGA, and PCL (63) 

HGF, FGF, IGF, VEGF, TGF, 

NGF (66) 

Tendon/ligament ESCs, fibroblast, MSCs (17, 74) Proteoglycan, glycoprotein, fibronectin, and 

thrombospondin (93) 

FGF, PDGF-BB, EGF, TGF-β, 

and IGF (93) 

BM-MSCs: Bone marrow mesenchymal stem cells; AD-MSCs: Adipose-derived mesenchymal stem cells; MSCs: Mesenchymal stem cells; 
ESCs: Embryonic stem cells; iPSCs: Induced pluripotent stem cells; PGA: Poly(glycolic acid); PLA: Polylactic acid; ECM: Extracellular matrix; 
HA: Hyaluronic acid; PLLA: Poly-L-lactic acid; PCL: Poly(ε-caprolactone); PLGA: Polylactic-co-glycolic acid; FGF: Fibroblast growth factor; TGF: 
Transforming growth factor; TGF-β: Transforming growth factor beta; PDGF: Platelet-derived growth factor; IGF: Insulin-like growth factor; 
BMP-2: Bone morphogenetic protein 2; VEGF: Vascular endothelial growth factor; SDF-1α: Stromal cell-derived factor 1 alpha; NGF: Nerve 
growth factor; BDNF: Brain-derived neurotrophic factor; NT-3: Neurotrophic factor 3; HGF: Hepatocyte growth factor; EGF: Epidermal 
growth factor 
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Conclusion 
This narrative review aimed to explain the general 

concept of TE as a new field of science and its applications 
in orthopedic surgery. Many researchers in this field are 
trying worldwide to find novel solutions for emerging 
orthopedic-related disabilities and conditions by using 
"triad of TE" and other components. Although there have 
been some satisfaction, there is still a long way ahead and 
TE, as well as orthopedic TE, are new emerging fields of 
science at their young age and more researches need to be 
done to translate these techniques into the clinical 
application. 
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