
Re
vi

ew
 A

rt
ic

le

392

Copyright © 2020  The Korean Society of Plastic and Reconstructive Surgeons
This is an Open Access article distributed under the terms of the Creative Commons Attribution Non-Commercial License (https://creativecommons.org/ 
licenses/by-nc/4.0/) which permits unrestricted non-commercial use, distribution, and reproduction in any medium, provided the original work is properly cited. www.e-aps.org

INTRODUCTION

Severe cartilage defects and congenital anomalies affect millions 
of people and involve considerable medical expenses. Tissue en-
gineering offers many advantages over conventional treatments, 
as therapy can be tailored to specific defects using abundant 
bioengineered resources. Furthermore, as engineered tissue is 
theoretically immune-tolerant, immunosuppression is not re-
quired. Tissue engineering is increasingly studied and has been 
used in preclinical studies to reconstruct soft tissue, vessels, 
bones, and cartilage. This article introduces the basic concepts 
of cartilage tissue engineering and reviews progress in the field, 
with a focus on craniofacial reconstruction and facial aesthetics.

The craniofacial structure is highly individualized and of para-

mount functional and aesthetic importance. However, craniofa-
cial areas are frequently invaded by tumors and altered by trau-
ma. Moreover, congenital malformations such as microtia re-
quire large amounts of autologous tissue for reconstruction. Cra-
niofacial defects and anomalies have a serious impact on quality 
of life, and performing functional and aesthetically satisfactory 
reconstructions of facial structures are challenging. The stan-
dard treatment strategies are to replace the defects or damaged 
structures with autologous tissue [1-3]. However, the amount 
of donor bone, cartilage, skin, and soft tissue is restricted and 
their harvest can lead to significant morbidity. Tissues obtained 
from cadavers pose a risk of infection and immune response. Al-
loplastic materials have been developed to replace autologous 
cartilage grafts, but they frequently become exposed through 
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the skin and cause infections. Thus, new strategies for craniofa-
cial restoration need to be developed.

Facial cartilage tissues are present in the nose, ears, eyelids, and 
temporomandibular joint. They have a limited ability to regen-
erate, and defects or tears heal through fibrous scar tissue re-
placement. Conventional treatments for deformed or damaged 
cartilage are limited because of the scarcity of substitutable tis-
sue, and aesthetic reconstructions of cartilaginous defects re-
main among the most challenging reconstructive surgical proce-
dures. A highly representative example is external ear recon-
struction, in which it is crucial to fabricate a patient-specific 
three-dimensional (3D) cartilage framework with natural skin 
coverage. 

The basic concepts of tissue engineering consist of cells, scaf-
folds, and stimuli [4], although in some cases, cells are the only 
component required to form functional neocartilage [5]. Gen-
erally, the cartilage tissue engineering process includes the fol-
lowing steps: harvesting of autologous chondrogenic cells, cell 
expansion under a monolayer culture, redifferentiation under 
3D culture, in vitro incubation with a scaffold, and transfer to pa-
tients (Fig. 1). Cartilage tissue engineering strategies can be cat-
egorized according to the types of scaffolds and grafted cells. 

MATERIALS IN CARTILAGE TISSUE 
ENGINEERING

Therapeutic cells
Cells are the most important component of tissue engineering, 
and the cells commonly used in cartilage tissue engineering are 
listed in Table 1.

Chondrocytes
Chondrocytes are considered to be ideal candidate cells for car-
tilage tissue engineering. However, they have two disadvantages. 
First, it is necessary to harvest autologous cartilage to isolate 

Chondrocytes
Periosteum-derived progenitor cells
Mesenchymal stem cells
   Bone marrow-derived
   Adipose tissue-derived
Pluripotent stem cells 
   Embryonic stem cells 
   Induced pluripotent stem cells 

Table 1. Cells used for cartilage tissue engineering

Cartilage tissue engineering steps: autologous chondrocyte harvest, cell expansion under two-dimensional (2D) culture, redifferentiation under 
three-dimensional (3D) culture, in vitro incubation with a scaffold, and transfer to patients. 

Fig. 1. Cartilage tissue engineering steps
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chondrocytes, which may result in scars and deformities. Sec-
ond, chondrocytes have limited growth potential. After three 
monolayer culture passages, chondrocytes gradually lose their 
characteristics and show fibroblast-like features. The cells un-
dergo dedifferentiation in subsequent passages. However, some 
research has shown that a hydrogel 3D culture system can 
achieve redifferentiation of dedifferentiated chondrocytes [6]. 

For chondrocyte isolation, the harvested cartilage tissue is cut 
into small pieces and digested overnight in collagenase type II at 
37°C. After digestion, the released cells are collected and cul-
tured in growth medium to acquire a sufficient amount of cells 
for tissue engineering. The culture medium is then changed to a 
chondrogenic medium for hyaline-like cartilage formation. Re-
cent clinical applications of tissue-engineered cartilage have 
mostly relied on chondrocyte-based tissue engineering. 

Mesenchymal stem cells 
Mesenchymal stem cells (MSCs) have several advantages in 
cartilage tissue engineering. MSCs can be isolated from various 
sources. Bone marrow-derived stem cells can be obtained by 
bone marrow aspiration and centrifugation. Adipose tissue-de-
rived stem cells can be obtained from lipoaspirate or fatty tissues 
that would be discarded from various plastic surgery proce-
dures. The fatty tissues are minced, digested with collagenase 
type I, and centrifuged. The pellets are resuspended, filtered 
through a 70-μm mesh, and cultured in a CO2 incubator. Unlike 
chondrocytes, MSCs grow rapidly and maintain their character-
istics for an extended time. Chondrogenic differentiation of 
MSCs requires a special medium containing several cytokines, 
such as bone morphogenetic protein (BMP)-2, tumor growth 
factor (TGF)-β1, and TGF-β3 [7].

Using MSCs for cartilage tissue engineering has some disad-
vantages. First, MSCs become senescent as sub-cultivation con-
tinues, and their capacity for chondrogenic differentiation de-
creases [8]. Another disadvantage is that MSC-induced chon-
drogenesis does not result in hyaline cartilage; instead, it pro-
duces type I collagen-rich fibrocartilage tissue [9]. However, for 
craniofacial reconstruction and aesthetic surgery, the fibrocarti-
laginous product can satisfy the requirements for structural sup-
port and graft durability. From this point of view, MSCs are 
more attractive for craniofacial tissue engineering than for artic-
ular cartilage tissue engineering.

Pluripotent stem cells
Embryonic stem cells
Embryonic stem cells (ESCs) have two distinctive characteris-
tics: unlimited self-renewal and the ability to differentiate into 
almost all cell types. However, ethical problems are an issue im-

peding the use of ESCs in tissue engineering [10].
Recent studies have reported chondrogenic differentiation of 

ESCs, attracting researchers’ attention [11]. However, chondro-
genic differentiation of ESCs requires complicated procedures, 
including embryoid body formation, micro-mass culture, and 
pellet culture [12]. Chondrogenic differentiation involves using 
a culture medium that includes various cytokines, such as insu-
lin-like growth factor (IGF)-1, BMP-2, BMP-7, growth differen-
tiation factor-5, TGF-β1, and TGF-β3 [12,13]. ESCs in hydrogel 
3D culture have shown enhanced chondrogenic differentiation 
compared with those in monolayer culture [14].

Induced pluripotent stem cells 
Somatic cells can be reprogrammed by forcing four transcrip-
tion factors (Oct4, Sox2, c-Myc, and Klf4) to be expressed, 
thereby inducing pluripotent stem cells [15]. Induced pluripo-
tent stem cells (iPSCs) also have a chondrogenic capacity under 
appropriate inducing conditions, and some studies have dem-
onstrated cartilage formation in animal models [16,17]. Unlike 
ESCs, iPSCs are free from ethical concerns. However, iPSCs 
have a possible risk of tumorigenicity and safety problems relat-
ed to the viral vector that is used for the introduction and ex-
pression of the four transcription factors [17].

Scaffolds
The roles of scaffolds in cartilage tissue engineering include pro-
viding structural support, enhancing chondrogenesis, and guid-
ing the regeneration of cartilage. Scaffolds can be classified as 
natural and synthetic polymers. The ideal scaffold characteris-
tics are biodegradability, biocompatibility, durability, low im-
munogenicity, cell adhesion, and ability to incorporate cells. 
The scaffolds commonly used in cartilage tissue engineering are 
listed in Table 2. 

Hydrogels
   Collagen 
   Chitosan 
   Alginate 
   Hyaluronic acid
Decellularized extracellular matrix 
Synthetic polyester
   Polycaprolactone (PCL)
   Polylactic acid (PLA)
   Polyglycolic acid (PGA) 
Hybrid or composite scaffolds
Scaffold-free strategies 
   Cell sheet engineering
   Aggregate tissue engineering
   Self-assembling process

Table 2. Commonly used scaffolds for cartilage tissue 
engineering
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Collagen
Collagen has many ideal properties as a cartilage scaffold. It is 
biocompatible and biodegradable, and has low antigenicity. A 
collagen sponge facilitates the adhesion and proliferation of 
chondrocytes, and promotes secretion of fibrocartilage-like ex-
tracellular matrix (ECM) [18]. It has been proven that high lev-
els of arginine, glycine, and aspartate residues in collagen in-
crease cell attachment and differentiation [19,20]. 

The chondrogenic differentiation of MSCs was found to be 
increased in collagen hydrogel, and a collagen type II hydrogel 
enhanced cell proliferation and chondrogenesis more than a 
collagen type I hydrogel [21].

A disadvantage of collagen scaffolds is their rapid degradation, 
which results in the loss of mechanical support before rigid car-
tilage formation. To overcome this disadvantage, highly cross-
linked collagen scaffolds [22] and collagen-based composite 
scaffolds have been developed [23]. 

Chitosan
Chitosan has a similar chemical structure to the natural glycos-
aminoglycan that is the main component of the ECM in carti-
lage [19,24]. It is derived from chitin, which composes the exo-
skeleton of crustaceans [25]. Chondrocytes cultured on a chito-
san sponge produced cartilage tissue [26], and chondrocytes 
grown in a chitosan-based hydrogel proliferated rapidly and 
formed hyaline cartilage tissues [27]. However, chitosan-based 
scaffolds have problems of fast degradation and poor mechani-
cal properties. Crosslinking, Michael addition of amines, and 
composite scaffolds could improve the duration and mechanical 
properties of the scaffolds [10,28].

Alginate
Alginate is a naturally formed polysaccharide extracted from 
brown sea algae [29]. Alginate is easily crosslinked using diva-
lent ions, such as Ca2+ [30]. Alginate porous sponges are broadly 
used in cartilage tissue engineering, and crosslinked alginate gels 
also have been researched as scaffolds for cartilage tissue engi-
neering [31,32]. The addition of collagen type II to scaffolds 
has been found to yield increased cell proliferation and ECM 
production [33]. In recent years, alginate has been adopted for 
3D bio-printing. A bio-ink based on an alginate-cellulose com-
posite solution suspended with iPSCs and chondrocytes pro-
duced hyaline-like neocartilage [34]. Chondrocytes containing 
alginate and a collagen type I mixture was developed as a bio-
ink and produced cartilage tissues [35].

Hyaluronic acid 
Hyaluronic acid (HA) is an anionic polysaccharide that has been 

widely studied as a material for improving cartilage repair. HA, a 
major component of the ECM in cartilage, regulates the activity of 
chondrocytes through chondrocyte receptors (CD44, RHAMM) 
[36]. HA is capable of absorbing a large amount of water, to the 
point that HA hydrogel can have a water content exceeding 
99.9%. An HA hydrogel scaffold can provide a 3D water-rich en-
vironment for chondrocytes to proliferate, while maintaining 
their natural morphology [37]. Although HA crosslinking can 
prolong its duration, as in cosmetic fillers, crosslinking does not 
provide enough mechanical strength for crosslinked HA to be 
used in isolation to make a scaffold. To overcome this problem, 
composite scaffolds with polyurethane, polycaprolactone 
(PCL), and resveratrol have been studied [38-40].

Decellularized extracellular matrix
Cartilage ECM is composed of proteoglycans and collagen. The 
type of collagen is mainly type II in hyaline cartilage and a mix-
ture of types I and II in fibrous cartilage [41]. Cartilage ECM is 
produced and maintained by chondrocytes, which compose 
only 1% to 5% of the total cartilage volume [42]. Decellulariza-
tion can be performed through physical, chemical, and enzy-
matic methods. Physical decellularization uses freeze-thaw and 
osmotic pressure for cell lysis without significant disruption of 
the ECM. Chemical methods use acidic/basic conditions or de-
tergents for decellularization. Enzymatic decellularization, using 
nucleases and proteases, is often performed directly after chemi-
cal decellularization to facilitate the removal of residual cellular 
material from the tissue [43]. 

Due to the dense ECM of cartilage, it is difficult to reseed cells 
into decellularized cartilage blocks. Various attempts have been 
reported, including making channels in full-thickness cartilage 
[44], pulverizing cartilage and packing it into molds [45], and 
using solubilized decellularized ECM as a hydrogel [46].

Polyesters
Polyesters are synthetic polymers that can easily be produced ac-
cording to specific needs. However, synthetic polymers have rel-
atively poor biological properties and cause foreign body reac-
tions due to the release of bio-incompatible substances during 
degradation [19]. The polyester polymers most widely used for 
scaffolds are PCL, poly-L-lactic acid (PLLA), and polyglycolic 
acid (PGA). PCL has a relatively low melting point (55°C–
60°C) and excellent blend-compatibility with different additives 
[47]. It has been used in absorbable plates and screws for frac-
ture fixation in surgery. PCL is highly hydrophobic and has a 
longer degradation time than PLLA [19]. Its hydrophobic na-
ture also leads to insufficient cell attachment and poor tissue in-
tegration [48]. PLLA, PGA, and PLA-PGA copolymer (PLGA) 
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are widely used in cartilage tissue engineering because of their 
effectiveness as scaffolds and for chondrocyte delivery [19]. 
PLLA also has been used in plates and screws for fracture fixa-
tion, and PLGA has been used in absorbable surgical sutures. 
PLGA breaks down rapidly and releases substances that interfere 
with cartilage regeneration. A previous study found that PLLA 
was superior to PLGA in cartilage tissue engineering [49]. 

Scaffold-free cartilage tissue engineering
Scaffold-free cartilage tissue engineering mimics natural carti-
lage-forming processes, which include cell proliferation and dif-
ferentiation, ECM production, and tissue maturation. Three 
distinct methods have been introduced: cell sheet engineering, 
aggregate engineering, and self-assembling [50].

Cell sheet engineering
This process resembles the appositional growth of natural carti-
lage from perichondrium, in which perichondrial cells (chon-
droblasts) proliferate and differentiate into chondrocytes layer 
by layer. 

To make cell sheets, chondrocytes are expanded and cultured 
in a monolayer until they reach high confluence. When the cells 
produce sufficient ECM and form a discrete layer, the sheets are 
lifted from the cell culture plates [51]. The lifted cell sheets fur-
ther undergo rolling, layering, or draping to form a durable 
thickness. Cell sheet engineering can produce neocartilage of 
clinically relevant dimensions and properties. However, several 
limitations should be solved. First, chondrocyte monolayer cul-
ture is frequently associated with dedifferentiation, in which 
chondrocytes gradually lose their characteristics [52]. Further-
more, external support structures are usually required to prevent 
cell sheet contraction [53]. The formation of a thick cartilage 
tissue requires extensive layering and limits diffusion to centrally 
located chondrocytes [50]. 

Aggregate tissue engineering
Rotational force is applied to cells in a suspension culture to 
produce cell aggregates [54]. There are two types of aggregate 
culture. Rotational culture uses slow rotation with a prolonged 
duration (60 rpm for several days to weeks). In contrast, pellet 
culture utilizes high-speed centrifugation for a few minutes to 
produce cell pellets from cell-suspended media. The merits of 
rotational culture include improved diffusion of nutrients and 
gas compared to static culture [55]. Aggregate culture can in-
duce redifferentiation of chondrocytes that have expanded in 
monolayer culture [54]. When aggregates or pellets are formed 
and cartilage tissues are produced, chondrocytes proliferate 
minimally, except under specific culture conditions [55]. Carti-

lage produced from aggregates has an uncontrolled shape and 
limited size. Fusing small aggregates to form larger pieces of car-
tilage with controlled shapes may be required for this technique 
to be viable for producing cartilage suitable for use in craniofa-
cial reconstruction. 

Self-assembling process
The self-assembling process consists of distinct phases that re-
semble embryonic cartilage development. A high-density cell 
suspension is applied onto a non-adherent mold of the desired 
shape, the cells become coalescent according to the differential 
adhesion hypothesis [56], cartilage ECM is produced, and 
functional tissue is formed as the matrix matures [57]. This 
technique has the advantage of producing cartilage with func-
tional properties and a natural gross appearance [5]. However, 
the self-assembling process requires a high density of cells (107 
to 108 cells/mL) in a mold [58]. To achieve such cell numbers, 
monolayer expansion with subsequent redifferentiation through 
3D culture may be required [59]. 

PROGRESS OF CARTILAGE TISSUE 
ENGINEERING FOR CRANIOFACIAL 
RECONSTRUCTION
Trials for cartilage tissue engineering can be divided according 
to the cartilage type: articular cartilage or non-articular structur-
al cartilage. For craniofacial reconstruction, nasal cartilage and 
ear cartilage are the main focuses of interest. Tissue engineering 
in plastic and reconstructive surgery aims to provide tissue for 
the reconstruction of congenital and acquired defects. Although 
many cartilage tissue engineering trials have focused on the re-
construction of articular cartilage, we review the progress of car-
tilage tissue engineering for craniofacial reconstruction.

Nasal cartilage tissue engineering
Nasal septal cartilage can be easily obtained by septoplasty and 
many trials have used it for cartilage tissue engineering. Nasal 
septal cartilage has the shape of a plane sheet and it is the most 
useful building block for rhinoplasty. However, in case of sec-
ondary rhinoplasty or a severely deformed nose, when the sep-
tal cartilage is unavailable, auricular concha cartilage or rib carti-
lage can be considered for harvesting. While autologous auricu-
lar and rib cartilage can be used as alternative graft sources in 
rhinoplasty, neither tissue satisfies the requirements for graft 
materials in rhinoplasty. Costal cartilage has the problem of 
warping, and auricular cartilage is not suitable for the struts of 
axial nasal structures. Due to its simple plate-like structure and 
versatile applications in reconstructive surgery and rhinoplasty, 



Vol. 47 / No. 5 / September 2020

397

septal cartilage has become one of the most intriguing candi-
dates for tissue engineering. The plate-shaped cartilage could be 
engineered in vitro without scaffolds [60] and implanted into 
immune-deficient animals [61].

A nasal dorsal graft has been made without a scaffold by inject-
ing high-density cultured auricular chondrocytes into the pa-
tient’s abdomen and using the resulting chondrofat tissues as 
dorsal grafts. Through the two-stage transplantation method, 
the authors successfully made a chondrofat composite tissue 
and reconstructed a deformed nose [62]. In another trial of na-
sal dorsal grafts, auricular chondrocytes were immersed in an at-
elocollagen gel and administered in porous PLLA scaffolds. The 
implant-shaped cell-containing scaffolds were implanted in the 
nasal dorsum to correct the deformed nasal shape [63].

The reconstruction of nasal alar defects with tissue-engineered 
cartilage was also successfully tried. Nasal alar defects following 
tumor resection surgery were reconstructed with tissue-engi-
neered cartilage grafts and forehead flaps. The cartilage was en-
gineered by culturing autogenous septal chondrocytes on colla-
gen bilayer sheets for 4 weeks. The reconstructed noses showed 
good results, both aesthetically and functionally [64]. 

In recent trials, polyester scaffolds have frequently been used in 
combination with 3D printing. There are two main methods: a 
3D printer either directly prints scaffolds or makes negative 
molds that compress scaffolds. In a study, composite scaffolds 

were 3D-printed by layer-by-layer deposition of PCL and chon-
drocyte-containing alginate gel. The PCL layers provided me-
chanical support and the cell-laden alginate gel was intended to 
develop neocartilage. The constructs were cultured in vitro and 
grafted in nude mice, and chondrogenesis was demonstrated in 
the chondrocyte-laden alginate gel layer [65]. In the latter meth-
od, the negative molds compressed PGA fibers that resembled a 
cotton ball, and the compressed PGA structure was treated with 
PLLA for solidification. Cadaveric alar cartilage was scanned us-
ing computed tomography and 3D-reconstructed, and the 3D 
images were then converted into images of the negative molds. 
The negative molds were printed with the 3D printer, and the 
PGA fibers were compressed as described above. The resulting 
ala-shaped PGA/PLLA scaffolds were infiltrated with nasal sep-
tal chondrocytes and incubated for 4 weeks. The constructs 
were implanted into nude mice, and resulted in neocartilage for-
mation with an anatomical alar shape [66]. 

Chondrocytes have a limited proliferation capacity and a ten-
dency to dedifferentiate. To overcome the limitations of this cell 
population, mixed MSCs and chondrocytes were used for carti-
lage tissue engineering. MSCs and chondrocytes (at an 8:2 ra-
tio) were mixed with bio-ink made from cellulose and alginate. 
The 3D-printed constructs were then implanted in athymic 
mice. The resulting cartilage demonstrated a boosting effect of 
MSCs on chondrocyte proliferation [67].

Author (year) Cells Scaffolds Culture/graft condition Results

Alexander et al. (2010) [60] Nasal septal chondrocytes, 
alginate-recovered

Scaffold-free, self-assembly 2% human serum, IGF-1, 
GDF-5

Rigid 1.7-mm-thick hyaline cartilage plate

Chang et al. (2012) [61] Nasal septal chondrocytes, 
alginate-recovered

Scaffold-free, self-assembly In vitro culture for 5 weeks
Implantation in nude mice

Rigid 0.5-mm-thick hyaline cartilage plate

Yanaga et al. (2013) [62] Ear concha chondrocytes, 
redifferentiated by multilayering

Scaffold-free Injection into human abdomen Chondrofat tissue suitable for nasal dorsum 
and chin augmentation

Fulco et al. (2014) [64] Nasal septal chondrocytes Collagen sheets (Chondro-Gide) Graft to nasal alar defects Chondrogenesis was confirmed after  
6 months 

Xu et al. (2015) [66] Nasal septal chondrocytes PGA fiber compressed in 
3D-printed negative mods and 
treated with PLLA 

In vitro culture for 4 weeks
Implantation in nude mice

Alar shaped cartilage formation in vivo

Schwarz et al. (2015) [67] Nasal septal chondrocytes Chondrocyte culture on a porcine 
decellularized septal cartilage

Chondrocyte differentiation 
medium

Chondrocyte infiltration and GAG synthesis

Kundu et al. (2015) [65] Nasal septal chondrocytes 3D printing with PCL and  
alginate-interlaced composite

Implantation in nude mice Chondrogenesis in alginate layer

Akbari et al. (2016) [69] Nasal septal chondrocytes, 
redifferentiated by multilayering

Scaffold-free Dynamic rotational bioreactor Mechanically stable 0.9-mm-thick 
cylindrical cartilage

Apelgren et al. (2017) [67] Nasal septal chondrocytes and 
BMSCs 

3D printed cellulose and alginate 
hydrogel

Nude mice Cartilage formation
MSCs enhanced chondrocyte proliferation

Hoshi et al. (2017) [63] Auricular chondrocytes Atelocollagen gel in porous PLLA 
structures

Nasal dorsal graft MRI findings: intact grafts after 1 year

IGF, insulin-like growth factor; GDF, growth differentiation factor; PGA, polyglycolic acid; 3D, three-dimensional; PLLA, poly-L-lactic acid; GAG, glycosaminoglycan; PCL, 
polycaprolactone; MSCs, mesenchymal stem cells; BMSCs, bone marrow-derived mesenchymal stem cells; MRI, magnetic resonance imaging.

Table 3. Trials of tissue engineering of human nasal cartilage
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The progress of human nasal cartilage tissue engineering is 
summarized in Table 3 [60-69].

Auricular cartilage tissue engineering
Auricular cartilage tissue engineering has a history of more than 
20 years. The first trial with human chondrocytes was published 
in 1999, and the basic concept of PGA fiber scaffolds has con-
tinued in current trials. In the original study, chondrocytes were 
obtained from pediatric auricular cartilage, and were seeded on 
a 1-cm PGA fiber mesh. The cell-laden PGA fiber scaffolds 
were incubated in vitro for several weeks and implanted in nude 
mice. The resultant neocartilage showed the histological fea-
tures of natural cartilage [70].

Cotton-like PGA fiber scaffolds underwent further develop-
ment by immersion in 2% PLLA dissolved in methylene chlo-
ride. The PLLA functioned to enhance the rigidity and cross-
linking of the PGA fibers. The resultant neocartilage showed 
equivalent mechanical strength to that of native cartilage [71]. 

The cartilage-forming capacity of chondrocytes from auricles 
affected by microtia was compared to that of chondrocytes from 
normal auricles, and it was concluded that there were no signifi-
cant differences [72,73]. 

The first clinical trial of microtia reconstruction with tissue-
engineered cartilage was conducted by Yanaga et al. [74] and 
published in 2009. Chondrocytes from patients with microtia 
were expanded in a dedifferentiated state, and redifferentiated 
by a chondrocyte multilayering method. The final gelatinous-
formed cells (0.5–1 × 107 cells/mL; 10 to 50 mL) were injected 
into patients’ lower abdomen. Six months later, a solid newly 
generated cartilage block had formed, and was surgically har-
vested. The cartilage blocks were used for auricular cartilage 
frameworks. Long-term results (up to 5 years) demonstrated 
good convolutions without clear cartilage resorption, equivalent 
to those of traditional costal cartilage embedding and elevation 
procedures [75].

Chondrocytes have a limited ability to proliferate, and harvest-
ing the source cartilage poses a risk of complications. Several tri-
als showed that a mixture of auricular chondrocytes and MSCs 
yielded cartilage that was equivalent to constructs made from 
solely chondrocytes. The ratio of chondrocytes and MSCs var-
ied from 1:1 to 1:3 [76,77] . 

A recent clinical trial of microtia reconstruction with tissue-
engineered cartilage was published in 2018 [78]. 3D convolu-
tions and the shape of the cartilage framework were created by 
3D printing technology. The compressing forces of the skin en-
velope, which may deform the convolutions of grafted tissue-
engineered neocartilage, could be endured by a sandwich struc-
ture containing rigid PCL struts. The scaffolds were composed 

of a PGA fiber mesh coated with PLLA. The opposite normal 
ear was scanned and 3D-reconstructed. Negative molds of the 
ear framework were made using 3D printing technology. A grid 
of PCL struts was sandwiched between two PGA fiber meshes. 
The sandwich structures were compressed by two negative 
molds that had the shape of the anatomical ear. The resultant 
ear frameworks were then soaked in PLLA solution for cross-
linking. Chondrocytes from patients with microtia were ex-
panded and seeded on the ear scaffolds. The cell-laden scaffolds 
were further cultivated in serum-free chondrogenic medium for 
12 weeks. The final tissue-engineered neocartilage was embed-
ded beneath the pre-expanded mastoid skin. The reconstructed 
external ear maintained its shape up to 2 years. The progress of 
human auricular cartilage tissue engineering is summarized in 
Table 4 [70-79].

PROBLEMS TO BE SOLVED 

Despite the promising prospects of cartilage tissue engineering, 
some problems and challenges still exist due to current limita-
tions.

A problem facing cartilage tissue engineering is that many cells 
are needed to make sufficient neocartilage, since chondrocytes 
have a low proliferation rate and a tendency to dedifferentiate. 
Efforts have been made to address these issues, including redif-
ferentiation of chondrocytes in 3D culture systems, the use of 
adult stem cells, and the use of growth factors to promote chon-
drocyte proliferation and redifferentiation [80]. Some growth 
factors that have been used to promote neocartilage formation 
include TGF-β1, TGF- β2, TGF-β3, platelet-derived growth fac-
tor subunit b, BMP-2, BMP-6, BMP-7, IGF-1, and fibroblast 
growth factor-2 [74,81-86]. However, further understanding of 
various growth factors and their effects on chondrocytes are re-
quired to popularize the use of tissue-engineered cartilage in 
craniofacial reconstruction procedures. Another solution to 
compensate for the large number of chondrocytes relies on de-
velopment of stem cell technology. Stem cells theoretically have 
an unlimited proliferation capacity. Although adult stem cells 
are mortal and become senescent, they can be easily obtained. 
Pluripotent stem cells can differentiate into chondrocytes, but 
the procedures are complex and involve various ethical and safe-
ty problems. The use of MSCs can alleviate such problems, but 
the regenerated cartilage has extensive fibrous components. In 
recent trials, mixtures of MSCs and chondrocytes regenerated 
histologically appropriate cartilage [76,77]. 

3D modeling and printing technologies, which can be used to 
tailor patient-specific scaffolds, have become popular in carti-
lage tissue engineering. However, current technologies are limit-



Vol. 47 / No. 5 / September 2020

399

ed in manufacturing biocompatible porous scaffolds with dura-
ble mechanical strength. A recent clinical trial adopted 3D 
printing technologies to fabricate patient-specific auricular scaf-
folds [78]. However, they did not directly print 3D scaffolds, 
but instead printed negative molds for compressing PGA fiber 
meshes. The bio-printing technologies used a mixture of chon-
drocytes and hydrogel as a bio-ink, and the resulting constructs 
regenerated cartilage structures when implanted into immune-
deficient mice [67]. However, the hydrogel scaffolds could not 
sustain their shape during chondrogenesis. Bio-ink and PCL in-
terlace printing have been tried to make a durable structure with 
chondrogenicity [65], but the stability of the structure after the 
degradation of PCL has not been demonstrated. Future devel-
opments of 3D printing technologies will make it possible to 
print more durable, tissue-incorporable, and biocompatible 
scaffolds for cartilage tissue engineering.

The immune reaction and degradation of scaffolds are another 
problem in cartilage tissue engineering. Scaffold degradation 
may elicit inflammation, which compromises tissue healing and 
regeneration [87]. Scaffolds usually elicit an immune response 
and cause foreign body reactions as a result of their biological, 
chemical, and physical properties [88]. PLGA, which is widely 
used in cartilage tissue engineering, degrades into glycolic acid 

and lactic acid. The degradation products of PLGA reduce the 
pH in the surrounding tissue, cause inflammation, and inhibit 
collagen production [89]. In recent years, studies on biomateri-
als for scaffolds have focused on the immune response and deg-
radation profile, as many researchers have come to recognize the 
close relationship of the inflammatory reaction with tissue re-
generation outcomes [87]. To regenerate tissue effectively, prog-
ress should be made in designing fully biocompatible scaffolds 
that have a minimal immune response. Furthermore, the speed 
of scaffold degradation should keep pace with that of cartilage 
regeneration. 
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Author (year) Cells Scaffolds Culture/graft condition Results

Rodriguez et al. (1999) [70] Pediatric auricular chondrocytes PGA fiber mesh In vitro culture for several weeks
Implantation in nude mice

Neocartilage formation 

Kamil et al. (2004) [72] Microtia chondrocytes 
Normal auricular chondrocytes

Pluronic F-127 hydrogel Injected into nude mice Neocartilage comparable from both 
normal and microtia chondrocytes

Park et al. (2004) [71] Auricular chondrocytes PGA fiber mesh coated with PLLA In vitro culture for 4 days
Implantation in nude mice

Durable neocartilage comparable to 
native cartilage

Yanaga et al. (2009, 2012) 
[74,75]

Microtia chondrocytes, 
redifferentiated by multilayering

Scaffold-free Injection into human abdomen 
Framework insertion into 

subcutaneous pocket

Formation of cartilage block
Ear frameworks maintained up to 6 

years

Zhang et al. (2014) [76] Microtia chondrocytes 
BMSCs (1:3)

Pressed PGA fiber mesh coated 
with PLA

In vitro culture for 1 week
Implantation in nude mice

Neocartilage formation comparable 
to that from 100% chondrocytes 

Nakao et al. (2017) [73] Microtia chondrocytes  
Normal auricular chondrocytes

PGA fiber mesh Culture in chondrogenic medium  
for 7 days 

Implantation in nude mice

Elastic neocartilage formation

Zhou et al. (2018) [78] Microtia chondrocytes PCL strut sandwiched between 
PGA mesh, pressed by 
3D-printed ear molds, coated 
with PLLA 

Culture in serum-free chondrogenic 
medium for 12 weeks

Framework insertion into 
subcutaneous pocket 

Chondrogenesis confirmed by 
histology

External ear structure maintained up 
to 2 years

Cohen et al. (2018) [77] Auricular chondrocytes 
MSCs (1:1)

Collagen gel Implantation in nude mice The mixed cells generated cartilage 
equivalent to constructs containing 
solely chondrocytes

Bernstein et al. (2018) [79] Auricular chondrocytes at 
passages 3, 4, and 5

Collagen gel Implantation in nude mice Late-passage cells formed elastic 
cartilage that was similar to native 
cartilage

PGA, polyglycolic acid; PLLA, poly-L-lactic acid; BMSCs, bone marrow-derived mesenchymal stem cells; PLA, polylactic acid; PCL, polycaprolactone; 3D, three-dimensional; 
MSCs, mesenchymal stem cells.

Table 4. Trials of tissue engineering of human auricular cartilage
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