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Abstract 



The repair of nasal septal carGlage is a key challenge in cosmeGc and funcGonal surgery of the 
nose, as it determines its shape and its respiratory funcGon. SupporGng the dorsum of the 
nose is essenGal for both the prevenGon of nasal obstrucGon and the restoraGon of the 
nose structure. Most surgical procedures to repair or modify the nasal septum focus on 
restoring the external aspect of the nose by placing a grah under the skin, without considering 
respiratory concerns. Tissue engineering offers a more saGsfactory approach, in which both 
the structural and biological roles of the nose are restored. To achieve this goal, 
nasal carGlage engineering research has led to the development of scaffolds capable of 
accommodaGng carGlaginous ECM-producing cells, possessing mechanical properGes close to 
those of the nasal septum, and retaining their structure aher implantaGon in vivo. The 
combinaGon of a non-resorbable core structure with suitable mechanical properGes and a 
biocompaGble hydrogel loaded with autologous chondrocytes or mesenchymal stem cells is a 
promising strategy. However, the stability and immunotolerance of these implants are crucial 
parameters to be monitored over the long term aher in vivo implantaGon, in order to 
definiGvely assess the success of nasal carGlage Gssue engineering. Here, we review the Gssue 
engineering methods to repair nasal carGlage, focusing on the type and mechanical 
characterisGcs of the biomaterials; cell and implantaGon strategy; and the outcome with 
regard to carGlage repair. 
  
Impact statement 
Nasal septal carGlage is key to the cosmeGc and funcGon of the nose. To repair important 
damage to the nasal septum, current surgical techniques are complex and limited by grah 
source availability. Conversely, Gssue engineering is a promising strategy to reproduce the 
dimensions and mechanical properGes of the nose without causing donor site morbidity. This 
approach, however, remains overlooked for the reconstrucGon of the nasal septum compared 
to other carGlaginous Gssues. This review describes the specific challenges associated with 
nasal carGlage repair and the pioneering studies leading to advances in the growing field of 
nose Gssue engineering.  

 
1. Introduc;on 

The nasal septum is the cornerstone of the nasal framework, with morphological and 
respiratory funcGons. It is composed of carGlage, an avascular Gssue with poor regeneraGve 
abiliGes. Consequently, the repair of traumaGc, post-operaGve or consGtuGonal lesions of the 
nasal septum represents a major medical challenge. For instance, the deviaGon of the nasal 
septum is thought to affect close to 90% of the general populaGon (1). The nose is also 
exposed to mulGple traumas, infecGons, and skin or mucosal tumors (2) that affect nasal 
morphology and respiratory funcGon. AddiGonally, rhinoplasty, which involves altering the 
shape or size of the nose, is one of the most commonly performed surgical procedures (3), 
despite significant side effects (notably due to possible airway obstrucGon, which requires 
addiGonal intervenGon (4)) and a high rate of paGent dissaGsfacGon. 
 Following an accident or serious illness, paGents hope to regain the best possible quality of 
life, which encompasses a state of physical, mental and social well-being (3). Indeed, as the 
nose is an important aestheGc marker, its deformiGes have a negaGve impact on the paGent’s 
psychological health (4), in addiGon to causing nasal airway obstrucGon. ReconstrucGon of 
the nose framework is thus essenGal. This commonly relies on grahing autologous Gssue, in 
most cases rib carGlage, to replace the nasal septum, but this procedure is strongly limited by 
donor grah availability and may cause donor site morbidity (5). If the nasal envelope is also 



damaged, skin and mucosal flaps are also needed, ideally from the forehead. Free skin flaps 
can alternaGvely be taken from the forearm in situaGons where facial skin is not available (6, 
7). These are someGmes prepared with inserGon of a framework under the skin prior to 
displacement, and are called composite flaps (8). 
 Nowadays, surgery is increasingly assisted by Gssue engineering to avoid shortcomings such 
as harvesGng a large amount of material from the paGent (9-12). Like arGcular carGlage, the 
nasal carGlages are hyaline. Thus, although nasal carGlage engineering is 
a relaGvely recent area of research, it is likely to progress rapidly, as it will benefit from efforts 
devoted to arGcular carGlage engineering. In this context, the tradiGonal paradigm of Gssue 
engineering of combining biomaterials with cells and sGmulaGng factors applies to nasal 
carGlage engineering as well. Thus, nasal carGlage engineering involves fabricaGng 
biocompaGble cellular scaffolds with suitable biological and mechanical properGes to restore 
the aspect and funcGon of the nose, without eliciGng immune or inflammatory response that 
may result in implant rejecGon. These biomaterials, assembled from biomolecules (such as 
collagen or alginate) or syntheGc polymers (principally polycaprolactone), host chondrocytes 
or mesenchymal stem cells (MSCs) which are induced to undergo chondrogenesis under the 
influence of selected growth factors. Although non-resorbable materials (made for instance 
from MedPor or GoreTex) are rouGnely used to fabricate acellular nasal grahs, 
the progressive degradaGon and replacement of biomaterials by neo-synthesized 
extracellular matrix (ECM) significantly improve their integraGon within naGve Gssues (13, 
14). Mechanical properGes may evolve over Gme, as the new ECM progressively replaces the 
biomaterial. At the same Gme, the neo-syntheGzed Gssue must maintain its structural 
integrity and shape, to conGnuously provide support for the respiratory funcGon of the 
nose (15-17). 
A growing number of studies are invesGgaGng the sGffness, elasGcity, and degradability of the 
biomaterial and of the engineered Gssue, to compare them to naGve septal carGlage (17-
24). Assessing the long-term evoluGon of such devices, however, remains a 
challenge. Preclinical trials are also hampered by the absence of an animal model with an 
external nose protruding from a flat face, which is a human specificity (25). This review aims 
to present the advances, short-comings and promising approaches in biomaterial design for 
nasal septum Gssue engineering. 
 

2. Anatomy of the nose 
 2.1 Structure and func:on of nasal car:lage 
2.1.1. Structure of the nose. To support its structure and regulate airflow, the nose is 
composed of the following Gssues, each possessing interacGve funcGons: 1. The skin, the outer 
layer, provides a protecGon against external elements. 2. Faey and 
fibromuscular layes separate the skin from the carGlage and mucosa below, and contribute to 
nose flexibility, shape and stability. 3. A mucosa rich in blood vessels nourishes nasal carGlage 
by imbibiGon. Its outermost subsecGon is exposed to airflow and acts as a protecGve barrier, 
while its innermost part, known as the perichondrium, is adjacent to carGlage. 4. The nasal 
bone forms the upper part of the nose, contributes to its overall structure and stability, and 
provides anchorage points for the nasal septum. 5. Finally, nasal carGlages (Figure1), which 
include: the upper lateral carGlage located below the nasal bone, forming soh lateral sidewalls; 
the lower lateral carGlage (also called alar carGlage) that determines the shape of the Gp of 
the nose and the opening of the nostrils; and the nasal septum, located in a central 
posiGon. The septum rests on the maxilla in front, joins the bony nose at the top and links 



with the bony septum at the back. It divides the nose into two nasal caviGes and it is 
structurally the most important carGlage component of the nose, supporGng the upper and 
lower carGlages, as well as the overlying nasal skin. 
2.1.2. ComposiGon. Septal carGlage is a hyaline carGlage containing chondrocytes embedded 
in an ECM rich in GAGs (glycosaminoglycans) and collagen, with type II collagen being the 
most abundant. In its superficial zone, chondrocytes have an elongated morphology and are 
aligned parallel to the surface. There, collagen is also organized in thick sheets of fibers that 
orientate perpendicularly to the surface (26). In contrast, chondrocytes in the central zone are 
more rounded and collagen lacks a definite arrangement (this is also the case in alar 
carGlage). The GAG/collagen raGo also varies according to locaGon within the septum, with 
a higher abundance of GAGs in the central zone and of collagen in the superficial zone (26). In 
addiGon, unlike other hyaline carGlages, the superficial zone of nasal septal 
carGlage contains nasoseptal progenitor cells (NSPs). This cell type shares surface markers and 
proliferaGon potenGal with MSCs, suggesGng an intermediate state of differenGaGon between 
MSCs and chondrocytes (27, 28). 
2.1.3. FuncGon. The shape of the nose condiGons nasal breathing in humans. Nasal 
permeability is essenGal to filter, warm and humidify the air, and regulate breathing by 
secreGng mediators to the lungs and brain (29). The respiratory flow is condiGoned by the 
intrathoracic depression and the shape of the nose. This shape is linked to the staGc calibre of 
the nasal caviGes (affected by possible deviaGon of the nasal septum, or the thickness of the 
nasal mucosa (30)), as well as the capacity of the nose to resist dynamic inspiratory 
collapse (31). If the carGlaginous structure of the nose is not resistant enough, the airflow in 
the nasal cavity creates a transmural pressure differenGal which may lead to the collapse of 
the nasal nostrils by Venturi effect (32) and valve-related obstrucGon (33).  As a consequence, 
the carGlage Gssues of the nose have a crucial morphological and mechanical role. The nasal 
septum, in parGcular, maintains sufficient tension to prevent collapse during inspiratory flow. 
  
 2.2 Pathologies of nasal car:lage 
 Due to the avascular nature of the carGlage, injuries to the nasal septum do not have the 
ability to heal, and are at best filled with fibrous Gssue. During development, septal carGlage 
is one of the drivers for the shaping of the face. Its growth is hampered by the nasal bone 
possessing a different embryonic origin and developing in the opposite way (34). Excess 
growth of nasal septum may exceed the capacity of the overlying skin, resulGng in a 
deformaGon inside the nose with narrower zones that are responsible for a decrease in 
respiratory flow. Besides deformaGon due to extreme growth, the weakening 
or destrucGon of nasal septum is most ohen caused by trauma, prone to occur due to the 
protruding nature of the nasal pyramid. 
Although trauma is ohen tolerated to some degree due to the elasGc properGes of carGlage, 
it can cause dislocaGon of the septum from the nasal bone and, in more severe cases, 
fracture. Following a fracture, nasal carGlage resistance is permanently altered and constraints 
exercised by the overlying skin will lead to addiGonal deformaGon (35). Nasal 
carGlage loss may also result from carGlage infecGon (chondriGs), or from excessive carGlage 
resecGon following rhinoplasty, an extremely frequent procedure that can lead 
to the iatrogenic loss of nose support (36). This deficiency can lead to a reducGon of the size 
of the nasal caviGes and subsequent staGc obstrucGon or collapse of the nasal caviGes during 
inspiraGon, called the nasal valve phenomenon. 



 Following trauma, a hematoma appearing between the carGlage and the perichondrium 
can lead to prolongated ischemia and eventually to necrosis of the carGlage while the mucosa 
is sGll present (37). The nasal mucosa is also subjected to autoimmune (such as Wegener’s or 
Churg-Strauss disease) and inflammatory (such as vasculiGs) diseases. These lead to capillary 
damage and mucosal destrucGon, resulGng in necrosis of the underlying carGlage, collapse of 
the nasal pyramid and nasal airway obstrucGon. DestrucGon of the nasal mucosa also occurs 
in cases of amputaGon of the nose following, for instance, excision of a tumor, 
or advanced burns. In such cases, the repair of the nasal septum is parGcularly challenging, 
as the mucosa (and potenGally the overlying skin) must be replaced with vascularized Gssue 
able to supply nutrients to the nasal carGlage (6). This procedure is demanding 
and technically very complex, with issues related to the availability of vascularized Gssues. As 
an alternaGve, paGents can use a removable prosthesis that is fixed to the skin on a daily basis 
with glue, magnets or anchor bolts, either as a permanent soluGon or while waiGng for 
surgery (38). 
 

3. Current surgical techniques 
3.1 Car:lage graMs 
Posteroinferior deformiGes of the nasal septum are the most common consGtuGonal 
problems. The usual approach to nasal septoplasty is to remove the deformed areas without 
reconstrucGon, while preserving the anterior and superior part of the septal carGlage forming 
a square resGng on the maxillary bone and joining the bony nose (Figure 2A). This L-shaped 
square is usually sufficient to preserve the shape of the nasal pyramid and its respiratory 
funcGon (Figure 2B). However, if the anterior and superior zones of the septal carGlage are 
affected by deformiGes or are destroyed, an L-shaped carGlaginous structure (called L-strut) is 
reconstructed. The L-strut is completed with a dorsal grah at the top to enable interlocking 
with the bony nose, and spreader grahs on each side connecGng the neo-septum to the upper 
lateral carGlage on each edge of the nose (Figure 3) (39). Whenever possible, grahs are 
sutured to the remaining naGve carGlage and surgical aeachment to the bony nose is not 
required. This autologous grahing approach is highly preferred, as 
the grahs elicit liele immunogenic responses and are very well accepted in an anatomical 
posiGon. Autograhs made from the posterior fragments of the septum are ideal, due to the 
adequate sGffness, thickness and straight morphology of septal carGlage. If there is not 
enough septum leh to consGtute an L-strut, autograhs may be made from ear or rib carGlage 
instead. Autologous carGlage L-strut grahs are commonly performed on paGents undergoing 
subtotal or total framework reconstrucGon of nasal defects, including for autoimmune, 
malignant, traumaGc, and iatrogenic aeGologies (40-42). Clinical trials resulted in good 
aestheGc results as well as a clear improvement in nasal breathing. In addiGon, numerous 
clinical trials have been carried out using autologous carGlage in aestheGc augmentaGve 
rhinoplasty procedures (43-46). However, the deformaGon and resorpGon of the autologous 
grahs remained a major drawback, with costal carGlage frameworks undergoing deformaGon 
in almost 60% of cases (42). 
 However, the quality of the ear or rib carGlage is not idenGcal to that of the septal carGlage 
and the available quanGty is limited. Ear carGlage is not abundant enough and too thin to 
reconstruct the enGre carGlaginous septum; its removal implies a skin scar, which is ohen not 
apparent but is likely to evolve into a hypertrophic or even keloid aspect; and there is a risk of 
pain and collateral deformaGon of the auricle (47). Moreover, the composiGon of ear carGlage 
is different from that of septal carGlage, with a higher elasGn content associated with lower 



Gssue sGffness (48). Conversely, costal carGlage is relaGvely abundant compared to the 
dimensions of the nasal septum. Because of its availability and sGffness, it can alone replace 
the enGre septum and provide the spreader grahs. Nevertheless, the thoracic scar is visible, 
and the harvesGng site is very painful postoperaGvely. ComplicaGons such as 
pneumothorax, diaphragmaGc hernia, or secondary deformaGon of the chest wall are also 
possible (49). This carGlage is also sGffer than the nasal septum, and may undergo unexpected 
deformaGon following surgery (50). The harvesGng of carGlage grahs therefore entails 
morbidity at the donor site. Allograhs represent an alternaGve to circumvent this issue, but 
are limited by donor availability and represent a higher risk of immune response. While the 
immunogenicity of carGlaginous allograhs can be reduced by irradiaGon to remove resident 
cells (51-56), their use in nasal carGlage septoplasty remains understudied. Dorsal 
augmentaGons of the septum have also been performed with equine, porcine and caprine 
carGlage xenograhs (57-59). Although these grahs provide good aestheGc results for 
augmentaGve rhinoplasty, they possess a high risk of immune reacGon and rejecGon, as well 
as disease transmission. 
 
3.2. Synthe:c graMs 
SyntheGc materials such as Gore-Tex (made from expanded PTFE), MedPor (made from porous 
polyethylene) or silicone-based implants are commonly employed in septoplasty due to their 
availability in different sizes and shapes, their simple surgical use and their low cost. However, 
the ectotopic implantaGon of such non-resorbable materials under the skin of the nose 
leads to high complicaGon rates. These materials are considered biocompaGble and non-toxic, 
but ohen lead to superinfecGon and rejecGon (in 21% of cases with MedPor (60)). Moreover, 
their excessive sGffness may result in extrusion and perforaGon of the skin (16). The behaviour 
of the skin above the implant is evaluated clinically, but no mechanical analyses has been 
performed, as these implants had no structural purpose. To date, the potenGal of these 
implants for funcGonal purposes remains unknown. 
As an example of a straighrorward implantaGon of syntheGc grahs in the nose, silicone 
prostheses have been used for nasal dorsum augmentaGon in surgeries aiming to “westernize” 
the nasal pyramid, a strong demand in Asia where noses are generally characterized by a low 
projecGon of the dorsum (61). These prostheses are posiGoned under the skin of the nose, 
above the nasal osteo-carGlaginous skeleton, in a non-anatomical posiGon (Figure 2C). These 
non-degradable implants were not subjected to mechanical studies, as their design was not 
aimed at any funcGonal role. Unfortunately, infecGon and spontaneous extrusion are favoured 
by the thinness of the integument covering these prostheses on the cutaneous or mucous side, 
and the frequency of trauma and micro-truma to the nasal pyramid (due to nose blowing, 
scratching, dressing, pracGcing sports) (62). AddiGonally, a superinfected syntheGc material 
cannot be cleared of germs and must be removed. Instead, biomaterials providing a suitable 
environment for cell acGvity and for the secreGon of the ECM, to eventually consGtute a 
carGlage Gssue, represent a more promising class of medical devices (Figure 4A). 
  
3.3. Challenges in nasal car:lage engineering 
Tissue engineering aims to develop biomaterials that mimics the funcGon of a healthy 
biological Gssue. Hyaline carGlages are characterized by a very low cell density and a dense 
ECM (27, 63), giving the Gssue its unique histological and mechanical characterisGcs. The 
parGcularity of the septal carGlage resides in its greater rigidity and lower elasGcity than that 
of alar or auricle carGlages (48), providing shape stability and prevenGng fracture in the event 



of minor trauma. However, the elasGc behaviour of the septal carGlage is non-linear, 
which results in the possible fracture span style="font-family:'Times New 
Roman'">if the stress is too high (64). Moreover, since this Gssue is not vascularized, 
the carGlage has no regeneraGve capability and the septum does not regain its overall 
mechanical characterisGcs following fracture. Thus, a major challenge in septal carGlage 
engineering is to develop an arGficial Gssue that mimics the unique elasGc characterisGcs of 
human septal carGlage, so as to give shape and support to the lateral carGlages, while being 
well supported by the skin (65). Such engineered Gssues must also resist contracGon due 
wound healing and repeated long-term respiratory nasal valve deformaGon. As a 
consequence, evaluaGng the compressive or tensile modulus of biomaterials is a crucial step 
to predict their successful use in nasal carGlage engineering. In a biomimicry approach, this 
notably involves the producGon of a carGlaginous ECM with a high content in type II collagen 
and GAG by live cells seeded in biomaterials. 
An addiGonal obstacle is the protrusion and very thin overlying skin that are specific to the 
human nose, and not found in any animal model for preclinical studies. Thus, while implanGng 
the prosthesis subcutaneously in animals (e.g. flat on the back of nude mice) enables tesGng 
of a certain resistance to skin tension, it does not reproduce the actual posiGoning of the nasal 
septum anatomically perpendicular to the skin. As a result, animal experimentaGon allows 
researchers to study the stability of the engineered nasal carGlage, but without 
replicaGng its true morphological or respiratory funcGon. 
 

4. Combining cells and biomaterial scaffolds for nasal car;lage engineering 
4. 1 Cells 
Chondrocytes, the cellular components of carGlage, are the most intuiGve cellular candidates 
for septum engineering. Human chondrocytes can be obtained by extracGon from surgical 
septal residues, expanded in vitro and re-differenGated into chondrocytes using culture media 
containing Bone Morphogenic Protein 2 (BMP-2) (66). If the residual septum is not available in 
sufficient quanGty, other carGlage Gssues could serve as source of chondrocytes. However, the 
proliferaGve and chondrogenic capacity of chondrocytes varies according to their origin: 
auricular, nasal and costal chondrocytes could be easily amplified, but auricular and nasal 
chondrocytes generate beeer quality carGlage pellets than costal chondrocytes, as evidenced 
by higher producGon of type II collagen and proteoglycans (67). Moreover, nasal chondrocytes 
have a higher proliferaGve and chondrogenic capacity than arGcular chondrocytes (68), which 
has prompted clinical trials using autologous nasal chondrocytes for the treatment of focal 
traumaGc lesions of arGcular carGlage (69). These data suggest that it will be more difficult to 
reconstruct good-quality nasal carGlage using non-nasal chondrocytes. Clinical trials using 
chondrocytes extracted from nasal septum for nasal reconstrucGon are underway, with very 
saGsfactory iniGal results for funcGonal alar lobule restoraGon (70). 
AlternaGvely, mesenchymal stem cells can be preferred for their proliferaGve nature and 
versaGlity, and their potenGal to undergo chondrogenesis (71) in the presence of Transforming 
Growth Factor-beta 3 (TGF-β3) (72). MSCs from adipose Gssue (73-75), Wharton’s jelly (76) or 
bone marrow (77-79) have already been successfully differenGated into ECM-producing 
chondrocytes. As the stabilizaGon of the chondrocyte phenotype as well as the producGon of 
ECM by chondrocytes is favoured by a three-dimensional environment (80), cell matrices in 
the form of hydrogels are usually preferred to obtain a carGlage-like Gssue. 
Finally, NSPs are extremely promising cell candidates for carGlage Gssue engineering. 
They have the potenGal to differenGate into a chondrogenic and osteogenic (but 



not adipogenic) lineage (27) and they possess a proliferaGon potenGal similar or greater than 
MSCs (18, 81). However, the use of NSPs ihighly limited by Gssue availability, in parGcular for 
cases where the nasal septum has been heavily damaged or requires total replacement. 
  
4.2 Materials for nose car:lage engineering 
 In the literature, the most frequently reported building block for producing biomaterials for 
nasal carGlage engineering is polycaprolactone (PCL) (17, 19, 28, 75, 82-88) (Table 1-3), 
followed by natural biomolecules such as alginate (23, 79, 89-91), collagen (24, 92-94), 
fibrin (21, 84), elasGn (95), hyaluronic acid (24, 95) or gelaGn (21, 24, 77, 84, 95, 96). As an 
example, alginate can be employed on its own as beads to encapsulate growth factors (89) or 
chondrocytes (23, 90, 91), leading to enhanced type II collagen and glycosaminoglycan 
(GAG) producGon. Importantly, PCL (17, 19, 28, 75, 82-86), as well as poly(glycolic acid), poly-
L-lacGc (22), type I collagen (93, 94) or hyaluronic acid (24), are compaGble with 3D-
prinGng, an advantage for reproducing the specific shape of paGents’ nasal carGlage, as part 
of personalized medicine approaches. As a syntheGc alternaGve to PCL, polymers such as 
PLGA (78), poly(glycolic acid) (22) or poly(vinyl alcohol) (90) have shown promising results, 
with the GAG accumulaGon in constructs implanted subcutaneously in nude 
mice. Furthermore, in a comparaGve study involving six different scaffold types, 
polydioxanone, poly-3-hydroxybutyrate-co-3-hydroxyvalerate and PCL materials best 
supported carGlage ECM and GAG deposiGon (74). 
  
4.3 Improving biomaterials for nasal car:lage engineering 
Ideally, the hydrogels used for Gssue repair should progressively degrade as they are replaced 
by the ECM secreted by seeded cells. The Gme required for this subsGtuGon to occur, 
however, is difficult to master, and few degradable hydrogels possess sufficient rigidity to 
withstand the mechanical stresses sustained by the naGve nasal septum. To solve this 
problem, a solid scaffold whose biomechanical properGes mimic those of the naGve septum 
can be combined with a hydrogel (Figure 4 B-D) (17, 21, 75, 76, 88). The role of this solid 
scaffold is threefold: 
1) - Ensure the structural integrity of the chondrocyte-containing hydrogel in areas exposed to 
mechanical loads. This notably involves prevenGng the hydrogel from collapsing under the 
stress imposed by the overlying nasal skin. Strong aeachment of the hydrogel to the scaffold 
can be enhanced by maximizing contact between the gel and the scaffold, for example by 
creaGng pores and increasing the hydrophilicity of its surface. 
2) - Determine the shape and volume of the Gssue to be reconstructed. 3D prinGng technology 
is parGcularly well-suited, thanks to an automated manufacturing process that can generate 
scaffolds with precise geometries and internal architectures (such as pore size) which plays a 
criGcal role in Gssue formaGon in vitro and in vivo (97, 98). This technology also allows 
scaffolds to be customized to suit paGent- and clinical-specific needs. 
3) - Provide mechanical properGes to the hydrogel-scaffold construct that mimic those of the 
naGve septum. These properGes can be adjusted by selecGng the type, concentraGon and 
cross-linking method of the scaffold components. 
 As an example of combining robust scaffolds with soher but more biocompaGble hydrogels, 
PCL combined with alginate formed 3D-printed biomaterials that sGmulate ECM producGon 
by chondrocytes and are stable for 4 weeks aher ectopic implantaGon in mice (85). PCL has 
also been combined with agarose (87), fibrin (84) and gelaGn (19) to enhance cellular 
interacGons, thus promoGng carGlage Gssue formaGon. In addiGon, the incorporaGon 



of a decellularized matrix has proven to be a powerful tool for improving the adhesion, 
proliferaGon and viability of cells seeded onto scaffolds of PCL (88), chitosan and 
agarose (76) or fibrin cross-linked with genepin (21). However, even with a decellularized 
matrix, colonizaGon of seeded cells throughout the scaffold structure remains a major 
challenge (73). To circumvent this problem, 3D bioprinGng has been performed 
with bioinks encapsulated with live cells. Type I collagen 
or nanofibrillated cellulose/alginate were tested as a scaffolding material in combinaGon with 
nasal chondrocytes or MSCs, but in vivo studies have been limited to subcutaneous 
implantaGon in nude mice (79, 99, 100). 
 

5. Biocompa;bility of reconstructed nasal car;lage 
5.1 Mechanical proper:es 
The mechanical properGes of the nasal carGlage are highly dependent on its ECM composiGon, 
notably the collagen to GAG raGo (101). Ideally, engineered nasal carGlage constructs will aim 
to mimic the biomechanical properGes of the naGve septum as close as possible (Table 
1). Decellularized nasal carGlage may serve as a cellular scaffold, provided that the stability 
and rigidity of the ECM are preserved (20) or restored by chondrocyte culture over 6 
weeks (18). In syntheGc biomaterials, 3D-prinGng procedures has been employed to modulate 
Young’s modulus, for instance in PCL-based biomaterials (87). A 3D-prinGng approach was also 
used to fabricate customized poly-L-lacGc acid porous implants to reconstruct nasal septum 
perforaGons, designed with a topography that could accommodate nanoparGcles for drug 
delivery applicaGons (22). Further, the compressive or tensile 
modulus of engineered nasal septa were evaluated both in vitro in the presence of 
chondrocytes from the human nose (17, 28, 88, 89, 91, 94) or sheep condyle (19), or human 
MSCs (73); and in vivo with human (22, 23, 90, 92, 93, 95), rabbit arGcular (84) or goat 
ear (24) chondrocytes. Overall, following ECM deposiGon by cells seeded in PCL-
based biomaterials, the measured biomechanical properGes were akin to that of naGve nasal 
carGlage (17, 86). However, the mechanical evaluaGon of collagen/hyaluronic constructs over 
8 weeks aher in vivo implantaGon in mice showed insufficient resorpGon Gme and 
sGffness (24), although the deposiGon of carGlage ECM was promoted. With other 
biomolecules, cross-linking has been successfully used to modulate the sGffness and stability 
of fibrin (21) and gelaGn (76, 77) hydrogels, but these remain considerably lower than those 
of naGve carGlage. Therefore, efforts to produce biomaterials that beeer mimic the 
mechanical properGes of the nasal septum are sGll needed in the field, to ensure that the 
engineered carGlage is compaGble with the respiratory funcGon of the nose on the long term.  
  
5.2 Degradability  
 Non-resorbable implants like Medpor (porous polyethylene), Gore-Tex or silicon that are 
ohen used in purely aestheGc procedures (for instance, to increase the profile line of the 
dorsum) are posiGoned ectopically under the overlying skin of the nose. These materials are 
considered biocompaGble and non-toxic, however, their rate of rejecGon and superinfecGon 
in the nose is significant (60). AestheGc results and complicaGons were retrospecGvely 
evaluated aher augmentaGon rhinoplasty (16), and showed that rejecGon rate and adverse 
evoluGon of the capsule around the implant are high, parGcularly with Medpor (60, 62). 
Further, mechanical analyses of these implants with no funcGonal or biological aim remain 
overlooked to this day. 



In parallel, efforts have been made to produce rhinoplasty implants with improved tolerability, 
using degradable materials. For instance, PCL has successfully been used as a scaffold to 
accommodate and provide a mid-term structural basis for hydrogels. In a first study, it was 
expected that PCL scaffolds filled with alginate gels or decellularized carGlage ECM loaded with 
human adipose-derived stem cells would change shape in vivo over Gme as the PCL 
degraded (75). However, in most reported cases, PCL scaffolds retained their structural 
integrity (85), including aher 12 weeks of implantaGon (75) (although the formaGon of neo-
carGlage was not significant in this case). Although it is very difficult to perform in vivo studies 
that cover this Gme frame, studying the evoluGon of PCL biomaterials on the long run is an 
essenGal step before iniGaGng human translaGon procedures. To circumvent the problems of 
premature degradaGon of biomaterials, PCL scaffolds were mixed with graphene, a non-
resorbable material, to provide a long-term biocompaGble porous and elasGc material with 
anGbacterial properGes (17). 
The producGon of a carGlage ECM by cells seeded onto medical devices is key to 
their acceptance by the host following implantaGon, and thus to their biocompaGbility (Table 
2). However, the producGon and remodelling of neo-synthesized ECM is likely to modify their 
mechanical properGes over Gme. For example, the mechanical strength of type I collagen 
hydrogels was increased two-fold aher a 5-week subcutaneous implantaGon in mice, possibly 
due to the producGon of ECM by seeded chondrocytes (93). Similarly, alginate (23) or 
poly(glycolic acid) and poly-L-lacGc (22) scaffolds containing chondrocytes and implanted 
subcutaneously in mice exhibited biomechanical properGes that evolved toward those of 
naGve carGlage. The sGffness of alginate beads could also be improved by sGmulaGng 
chondrocytes with growth factors (89). Furthermore, the combinaGon of 3D printed alginate 
with cellulose, as well as chondrocytes co-cultured with bone marrow MSCs, showed improved 
maximum compression test (probably due to the neo-synthesis of the ECM, as the lifeGme of 
natural polymers is expected to be short) over 60 days in vivo (79). Finally, in the decellularized 
matrix as well, the sGffness of the arGficial carGlage increased over 6 weeks to approach the 
sGffness of naGve nasal carGlage (18). 
 
5.3 In vivo response 
To further invesGgate the potenGal of these biomaterials to repair damaged nasal carGlage, 
orthotopic implantaGons were performed (Table 3), first along the nasal septum in New 
Zealand White rabbits (77, 83, 84, 95). Aher 12 weeks, the PCL implants retained their shape 
and did not result in adverse distribuGon or inflammatory response (83, 84). However, new 
carGlage ECM was not detected in significant amounts, with the presence of vascularizaGon 
instead (84). In comparison, biomolecule-based biomaterials, made 
from elasGn/gelaGn/hyaluronic acid 
composites (95) or photocrosslinked gelaGn encapsulated with TGF-β1 (77), showed 
improved septum repair. Orthotopic implantaGon has also been performed on the nasal Gp of 
rats. In this case, the PLGA/alginate/acellular gelaGn composite scaffold was loaded with TGF-
b3 to promote cellular homing of stem/progenitor cells from neighboring Gssues, triggering 
carGlage Gssue formaGon in the implanted scaffold (102). In addiGon, orthotopic implantaGon 
has been studied in minipigs, where PCL constructs were grahed to the nasal periosteum, 
showing good tolerance and carGlage repair over 6 months (82). We believe that orthotopic 
posiGoning of an enGre arGficial septum would help Gssue engineers assess the ability of an 
implant to maintain nasal airway respiratory flow, but no animal model recapitulates the 
projected posiGoning of the human nose. As an alternaGve, mechanical invesGgaGons could 



be conducted on cadavers. So far, in humans, implantaGon of syntheGc nasal carGlage has been 
performed for restoraGon of the alar lobule aher excision of skin cancer (92). In this first 
human trial, autologous chondrocytes were cultured on collagen membranes in vitro and then 
implanted as a support under the skin, with saGsfactory morphological and funcGonal results, 
without adverse effects. Overall, these results indicate that medical devices developed for 
nasal carGlage engineering elicit an appropriate host response, thus meeGng key criteria for 
biocompaGbility. 
 
5.4 Biocompa:bility requirements for clinical applica:on 
 Regulatory bodies, such as the Food and Drug AdministraGon (FDA) in the USA and the 
European Medicines Agency (EMA), require specific tests to be carried out in accordance with 
a series of standards developed by the InternaGonal OrganizaGon for StandardizaGon (ISO) to 
guarantee biocompaGbility. Specifically, ISO 10993 tests are generally required to assess the 
safety of the implant material and its interacGon with the human body. Tests typically relevant 
to nasal carGlage implants include: 
1) - Cytotoxicity tests (ISO 10993-5) to assess the potenGal of the implant material or its extract 
to cause damage to cells.  This is a pivotal prerequisite to the development of implants, and is 
rouGnely verified in Gssue engineering studies for nasal carGlage repair both in vitro (17-20, 
28, 73, 74, 76, 87-89, 91, 94) and in vivo (22-24, 75, 77-79, 84, 85, 90, 92, 93, 95). 
2) - ImplantaGon test (ISO 10993-6) to assess the Gssue response to the implant material when 
implanted in the body. In a Gssue engineering approach, this involves the progressive 
replacement of the biomaterial with neo-synthesized ECM. This aspect is notably central to 
the nasal carGlage repair studies reported in Table 2. 
3) - SensiGzaGon test or reacGvity test (ISO 10993-10) to assess the potenGal of the implant 
material or its extracts to cause allergic reacGons, irritaGon or inflammaGon. The lack of 
inflammaGon has been checked in vivo for implants made from PLGA (78), poly(glycolic acid) 
and poly-L-lacGc (22), Poly(vinyl alcohol) and alginate (90), hyaluronic acid and collagen (24), 
elasGn and gelaGn (95), fibrin (84) and PCL (82, 83). 
4) - Subacute and subchronic toxicity tests (ISO 10993-11) to assess the potenGal toxic effects 
of the implant material or its extract over a long period of exposure. The evoluGon of Gssue 
engineering constructs in humans has so far been monitored up to 12 months and showed no 
adverse effects (92). 
 

6. Future research and perspec;ves 
Research on nasal carGlage engineering has suggested the possibility of generaGng a neo-
synthesized ECM produced by cells seeded in biomaterials that replicate the characterisGcs 
of the naGve nasal septum. Such engineered carGlages consGtute promising tools for the 
future development of medical devices that will assist surgeons in recapitulaGng the structural 
and respiratory funcGon of the nose. Long-term mechanical measurements will help validate 
further the potenGal of candidate biomaterials for septum engineering. Future research in 
nose regeneraGve medicine may also include the analysis of macrophagic response following 
implantaGon, to assess the inflammatory effects of biomaterial degradaGon by-
products. AddiGonally, the use of non- or minimally-invasive sensors would be of great interest 
for monitoring the quality of nasal carGlage reconstrucGon in vivo. Biosensors which are being 
used in microfluidic Gssue engineering plarorms could be employed to monitor carGlage-
specific macromolecule secreGon, inflammatory or immune markers, and chondrocyte 
behaviour in situ. Finally, the integraGon of the biomaterial into the naGve nasal mucosa will 



be crucial to provide the engineered carGlage with nutrients and establish the clinical 
applicability of the biomaterials envisioned for nasal septum reconstrucGon. 
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Figure Legends 
  
Figure 1. Anatomy of human nasal carGlage. Views with skin removed to show upper (yellow) 
and lower (purple) lateral carGlages and septal carGlage (green). A) Frontal view. B) Inferior 
view. C) Side view. 
  
Figure 2. A) Lateral view of the septal nasal carGlage (green). B) L-strut posiGoning to replace 
the naGve septal carGlage (green mesh). C) PosiGoning the nasal dorsum augmentaGon 
prosthesis (blue) on naGve septal carGlage (green). 
  
Figure 3. ReconstrucGon of the nasal septum using the extracorporeal L-strut septoplasty 
technique. A) CarGlaginous pieces that will compose the L-strut. B) Lateral view of the 
assembled L-strut neo-septum. The spreader grahs connect the upper lateral carGlages and 
the dorsal grah connects the nose bone upwards. C) Upper view of the assembled L-strut. 
  
Figure 4. A) Nasal septum engineering approaches consisGng in combining cells with 
biomaterials. The resulGng engineered septal carGlage can be implanted orthotopically to 
replace missing nasal septum. B-D) Example of a scaffold-hydrogel construct prototype. The 
scaffold determines the mechanical properGes and the shape of the biomaterial, while the 
hydrogel provides the cellular micro-environment. B) A silicone scaffold was 3D-printed with a 
porous architecture; C) A chondrocyte-laden fibrin gel was cast into the 3D-printed scaffold; 
D) The construct was cultured in vitro for three weeks in the presence of a cocktail of 
chondrogenic factors. E) The construct was then implanted in the back of a nude mouse to 
verify its stability. The photograph shows the reconsGtuted carGlage Gssue aher explant. 
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Table 1. Mechanical properGes of scaffolds developed for nasal carGlage engineering 
Scaffold material Mechanical tests Mechanical proper3es Ref. 

Decellularized porcine nasal 
septum car2lage ECM 

Linear modulus determined a8er 
a uniaxial confined compression 

test. 

Na2ve car2lage rigidity (6.5 MPa) decreased 
a8er decellulariza2on (1.92 MPa), and progressively 
increased in cell culture (4.9 MPa a8er 42 days) due 

to ECM produc2on by chondrocytes. 

Schwarz et al. 
2015 (18) 

Alginate beads 
  

Confined compressive modulus. 
  

IGF-1 and GDF-5 growth factors supplemented in 
chondrocyte culture influenced ECM produc2on, and 

in turn the biomechanical proper2es of the 
engineered 2ssue. 

Alexander et al. 
2010 (89) 

PCL and graphene 
  

Young’s modulus, 
tensile strength and strain at break. 

Mechanical proper2es were measured for PCL 
biomaterials containing 0% to 10% of graphene. The 
presence of up to 5% of graphene improved tensile 

strength and strain at break. 

Rajzer et al. 2020 
(17) 

PCL and gela2n methacrylate 
  

Compressive Young’s modulus and 
dynamic modulus. 

Complex modulus increased as the concentra2on 
of gela2n methacrylate rose from 10% (400 Pa) to 
20% (650 Pa). Further, Young’s modulus increased 
over 50 days in culture, due to 2ssue matura2on 

and increase in collagen content. 

Ruiz-Cantu et al. 
2020 (19) 

Chitosan, agarose and 
decellularized nasal septum 

ECM 

Viscosity, loss modulus, storage 
modulus. 

The addi2on of decellularized ECM to agarose and 
chitosan gels increased their modulus and made 
them more elas2c. Further, the addi2on of ECM 

slowed degrada2on, and made the structure of the 
hydrogels more compact. 

Garakani et al. 
2019 (76) 

Decellularized nasal septum 
car2lage ECM 

Tensile strength and Young’s 
modulus. 

No significant differences in mechanical 
proper2es between fresh and decellularized 

samples were observed. 
  

Graham et al. 
2016 (20) 

Fibrin-genipin with 
decellularized bovine annulus 

fibrosus ECM 
  

Compressive, tensile and dynamic 
modulus. 

Genepin increased the mechanical proper2es of fibrin 
gels (200, 281 and 82 kPa for compressive, tensile and 

complex modulus respec2vely), but adding ECM 
decreases them (180, 190 and 59 kPa respec2vely). 
Furthermore, these hydrogels did not achieve the 

mechanical proper2es of a na2ve nasal septum (900, 
4000 and 200 kPa respec2vely). 

Gupta et al. 
2019 (21) 

PCL 
  

Young modulus measured by 
AFM and viscosity. 

Viscosity and Young’s modulus increased as the PCL 
polymer concentra2on rose from 15wt% to 12wt%. 

  

Hashimdeen et 
al. 2016 (86) 

Poly(glycolic acid) and poly-L-
lac2c 

  

Compressive Young’s modulus. Young’s modulus of engineered car2lage a8er in 
vivo implanta2on (8.60 MPa) was significantly higher 

than in vitro (3.00 MPa) and comparable to na2ve 
car2lage (7.46 MPa). 

Xu et 
al. 2015 (22) 

Alginate 
  

Tensile modulus. Biomechanical proper2es were influenced by 
chondrocyte matrix produc2on and increased over 60 
days of culture (1.15 MPa). A8er 2 months, the tensile 
strength of the constructs was similar to na2ve septal 

car2lage (3.01 MPa). 

Chang et 
al. 2011 (23) 

Poly(vinyl alcohol) and 
alginate 

Compressive modulus. Compressive modulus increased a8er 6 weeks 
following in vivo implanta2on. Prior cell culture in a 

spinner flask bioreactor over 10 days further 
improved compressive modulus. 

Bichara et al. 
2010 (90) 

Type I collagen Three-point bending modulus. The mechanical strength of 3D-printed engineered 
car2lage constructs increased two-fold 5 weeks 

following implanta2on. 

Lan et 
al. 2022 (93) 

Nano-fibrillated cellulose and 
alginate 

Maximum compressive stress. S2ffness of the 3D-printed constructs increased a8er 
60 days following implanta2on in vivo. 

Möller et al. 
2017 (79) 

Hyaluronic acid and collagen 
  

Compressive Young’s 
modulus and maximum 

compressive stress 

Collagen-hyaluronic acid constructs were lyophilized 
to improve their stability and mechanical 

strength. However, scaffold rigidity remains 
subop2mal for nasal car2lage repair. 

Xia et al. 
2018 (24) 



Gela2n methacrylate Compressive Young’s modulus. The crosslinking of gela2n through methacrylate 
groups enabled adjustment of hydrogel 

s2ffness. Overall, s2ffness increased with 
increasing GelMA concentra2ons. 

Zhang et al. 
2022 (77) 

 
  



Table 2. NeocarGlage ECM producGon in cellularized biomaterials for nasal carGlage 
engineering 

 
  



Table 3.  Host response of biomaterials developed for nasal carGlage engineering 
implanted in vivo. 

 

 


