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a b s t r a c t 

Nose reconstruction often requires scarce cartilage grafts. Nasal cartilage properties must be determined 

to serve as design criteria for engineering grafts. Thus, mechanical and biochemical properties were ob- 

tained in multiple locations of human nasal septum, upper lateral cartilage (ULC), and lower lateral car- 

tilage (LLC). Within each region, no statistical differences among locations were detected, but anisotropy 

at some septum locations was noted. In the LLC, the tensile modulus and ultimate tensile strength (UTS) 

in the inferior-superior direction were statistically greater than in the anterior-posterior direction. Carti- 

lage from all regions exhibited hyperelasticity in tension, but regions varied in degree of hyalinicity (i.e., 

Col II:Col I ratio). The septum contained the most collagen II and least collagen I and III, making it more 

hyaline than the ULC and LLC. The septum had a greater aggregate modulus, UTS, and lower total col- 

lagen/wet weight (Col/WW) than the ULC and LLC. The ULC had greater tensile modulus, DNA/WW, and 

lower glycosaminoglycan/WW than the septum and LLC. The ULC had a greater pyridinoline/Col than the 

septum. Histological staining suggested the presence of chondrons in all regions. In the ULC and LLC, ten- 

sile modulus correlated with total collagen content, while aggregate modulus correlated with pyridinoline 

content and weakly with pentosidine content. However, future studies should be performed to validate 

these proposed structure-function relationships. This study of human nasal cartilage provides 1) crucial 

design criteria for nasal cartilage tissue engineering effort s, 2) quantification of major and minor colla- 

gen subtypes and crosslinks, and 3) structure-function relationships. Surprisingly, the large mechanical 

properties found, particularly in the septum, suggests that nasal cartilage may experience higher-than- 

expected mechanical loads. 

Statement of significance 

While tissue engineering holds promise to generate much-needed cartilage grafts for nasal reconstruc- 

tion, little is known about nasal cartilage from an engineering perspective. In this study, the mechanical 

and biochemical properties of the septum, upper lateral cartilage (ULC), and lower lateral cartilage (LLC) 

were evaluated using cartilage-specific methods. For the first time in this tissue, all major and minor col- 

lagens and collagen crosslinks were measured, demonstrating that the septum was more hyaline than the 

ULC and LLC. Additionally, new structure-function relationships in the ULC and LLC were identified. This 

study greatly expands upon the quantitative understanding of human nasal cartilage and provides crucial 

engineering design criteria for much-needed nasal cartilage tissue engineering efforts. 

© 2023 The Author(s). Published by Elsevier Ltd on behalf of Acta Materialia Inc. 

This is an open access article under the CC BY-NC-ND license 

( http://creativecommons.org/licenses/by-nc-nd/4.0/ ) 
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. Introduction 

Surgeries that require the use of cartilage grafts for repair or 

econstruction of nasal cartilage structures are common. For ex- 
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mple, the nose is the most common site for facial skin cancer 

 ∼36%), and the related tumor resection often damages nasal car- 

ilage [ 1 , 2 ]. Up to 70% of patients at civilian burn centers have

urns involving the nose, leading to infection, scarring, and wound 

ontracture that create significant nasal deformities and airway re- 

triction [3] . Injuries to nasal cartilage are particularly prevalent 

or military personnel due to blast or burn injuries. For example, 
4% of evacuations from combat zones between 2001-2011 were 
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Fig. 1. Anatomy, testing locations, and regions: A) The external nasal valve show- 

ing the inferior-superior (IS) testing direction; B) the nose with the skin resected 

showing juxtaposition of the upper lateral cartilage (ULC) and lower lateral carti- 

lage (LLC) and testing locations on the ULC and LLC; C) testing locations on the 

LLC, as well as illustration of the anterior-posterior (AP) testing direction; D) illus- 

tration of the septum (S) with the ULC and LLC resected showing testing locations, 

the L-strut, and the AP testing direction. 
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ue to mid-face trauma affecting the nose [4] . Failure to restore 

asal function has devastating physical and psychological health 

amifications. For example, airway obstruction is known to cause 

hronic sinus infections, nosebleeds, headaches, insomnia, sleep 

pnea, and impairment to cognitive function [5–7] . Nasal defor- 

ities negatively affect personal development and self-esteem, as 

ell as perception of employability, honesty, and trustworthiness 

8] . Rhinoplasty and septoplasty procedures are crucial to recon- 

tructing nasal cartilage following pathology or trauma to prevent 

egative health impacts. 

Reconstructive rhinoplasty and septoplasty require large, me- 

hanically robust grafts. To achieve structural support of the up- 

er third of the nose, rigid reconstruction requires septal or rib 

costal) cartilage grafts [9] . Auricular cartilage is frequently used 

o reconstruct the lower lateral cartilage. Auricular cartilage is also 

sed, along with septal cartilage, for structural grafts in the tip 

 9 , 10 ]. Septal cartilage is generally highly desirable for use as struc-

ural graft material because it is strong and straight. However, the 

imited amount of septal cartilage that may be removed without 

ompromising the structural integrity of the nose often creates a 

hortage of graft material, especially in cases involving resection 

r trauma of the septum [9] . The use of ear and costal cartilages

ay be limited by form factor (i.e., size and shape), availability, 

nd considerable post-implantation warping [11] . Irradiated costal 

artilage allografts are used when sufficient amounts of autologous 

raft tissue are not available. However, these grafts are associated 

ith higher resorption rates than autografts [ 12 , 13 ]. Synthetic or 

lloplastic nasal implants are commercially available as an alter- 

ative to tissue grafts, but are not frequently employed in the US 

ecause their use is plagued by inflammation, infection, resorp- 

ion, dislocation, and extrusion [14–17] . While over $1.1 billion was 

pent on rhinoplasty in the US in 2016 [18] , the surgical revision 

ate was high (15.5%) [ 19 , 20 ], with 13% of patients retaining the

natomic nasal deformity after surgery [19] . These outcomes em- 

hasize current limitations of graft use in rhinoplasty and moti- 

ate the development of tissue-engineered cartilage replacements 

or nasal reconstruction. 

While tissue engineering holds promise to address the need for 

asal cartilage grafts, little is known about nasal cartilage from an 

ngineering perspective. Although it has been established that hu- 

an nasal cartilage is hyaline, previous studies have yielded in- 

onsistent measurements of collagen content, glycosaminoglycan 

GAG) content, cellularity, and GAG-to-collagen ratios [21–23] . In 

erms of mechanics, the L-strut portion of the septum ( Fig. 1 ), or

he L-shaped region remaining after septum resection during sep- 

oplasty or graft harvesting, has been the most extensively charac- 

erized. Several studies have been performed to elucidate the min- 

mum width and thickness of the L-strut to avoid nasal collapse 

 24 , 25 ]. However, the material properties of human nasal carti- 

age have been primarily characterized using a homogeneous, elas- 

ic model in compression and testing methods that are not stan- 

ardized [26–29] . Furthermore, the septum has primarily been the 

ocus of characterization, with few studies quantitatively examin- 

ng the upper lateral cartilage (ULC) and lower lateral cartilage 

LLC), also known as alar cartilage [ 27 , 29-31 ]. Full characterization 

f the biochemical content and material properties of all regions 

asal cartilage is required to establish engineering design criteria 

or biomimetic tissue engineering. 

Toward generating engineering design criteria for cartilage tis- 

ue engineering effort s, the objectives of this study were to 1) pro- 

ide a comprehensive and quantitative characterization of human 

asal cartilage and 2) identify structure-function relationships in 

uman nasal cartilage. It was hypothesized that functional prop- 

rties would vary by region (septum, ULC, and LLC) of the nose, 

ut not by location within region. To determine locational differ- 

nces, quantitative properties were first compared among testing 
114 
ocations within each cartilage region. Second, anisotropy was ex- 

mined by comparing tensile properties in perpendicular direc- 

ions (inferior-superior (IS) versus anterior-posterior (AP)) at all 

ocations within each cartilage region and in each region, over- 

ll. Third, to determine regional differences, quantitative proper- 

ies from the locations within each region were pooled, and the 

verall functional properties were compared among the regions of 

he nose. Structure-function relationships were elucidated by cor- 

elating mechanical properties and biochemical contents matched 

y location. 

. Materials and methods 

.1. Native tissue isolation and sample preparation 

Human noses, resected en bloc from surrounding tissues, were 

btained from the Willed Body program at the University of Cali- 

ornia Irvine; tissues were Institutional Review Board (IRB)-exempt. 

oses were obtained from 8 (four female and four male) Caucasian 

onors aged between 60-100 years old. Samples were frozen at - 

0 ̊C for < 6 months until processing. In preparation for processing, 

amples were thawed overnight at 4 ̊C and then allowed to reach 

oom temperature before processing and testing. The cartilage was 

emoved from the surrounding bone and connective tissue and di- 

ided into the three anatomical regions (septum (S), ULC, and LLC), 

aking care to preserve the anatomical orientation with respect to 

he nasal, ethmoid, and vomer bones ( Fig. 1 ). All nasal cartilage 

as grossly examined for signs of trauma (e.g., septal breakage) or 

revious surgery (e.g., septoplasty or rhinoplasty), which represent 



W.E. Brown, L. Lavernia, B.J. Bielajew et al. Acta Biomaterialia 168 (2023) 113–124 

e

p

w

t

F

F

F

t

s

m

t

t

s

w

s

p

i

0

0

2

d

c

o

b

f

o

n

s

b

w

i

w  

o

c

m

t

a

2

s

u

w

f

c

s

l

p

p

l

G

m

[

t

b

k

G

t

c

o

h

r

t

t

t

[

b

i

p

p

m

f

i

v

s

u

m

s

C

t

c

2

d

4

d

h

s

a

d

2

S

f

c

a

a

t

s

c

t

w

l

u

d

t

a

p

r

a

w

f

F

r

g

o

xclusion criteria for this study. None of the nasal cartilage dis- 

layed signs of these conditions. Therefore, noses from all 8 donors 

ere included in the study. 

Subsequently, each region was further subdivided into loca- 

ions; i.e., the septum was divided into seven locations (S1-7; 

ig. 1 D), the ULC was divided into two locations (ULC1 and ULC2; 

ig. 1 B), and the LLC was divided into four locations (LLC1-4; 

ig. 1 B,C). Samples for all tests were removed from the middle por- 

ion of each location and were immediately mechanically tested, 

aved for biochemical analyses, or preserved for histology. 

Samples for compression testing were isolated by punching a 3 

m-diameter disc from each location. Rectangular samples were 

aken in both the IS (vertical) axis and AP direction (horizon- 

al) axis from each location for tension testing. The residual tis- 

ue from each location that was not used for mechanical testing 

as apportioned for biochemical assays and histology. After dis- 

ection and prior to testing or storage for further analysis, sam- 

le hydration was maintained by submerging samples in protease 

nhibitor containing NaCl 8.766g, EDTA 0.673g, benzamidine HCl 

.783g, N-ethylmaleimide 1.251g, and phenylmethylsulfonylfluoride 

.174g per liter of water. 

.2. Mechanical characterization 

Creep indentation testing was performed by applying a 1 mm- 

iameter, flat, porous indenter tip to the center of the cylindrical 

artilage punches under loads ranging from 0.01-0.07 N in a bath 

f phosphate buffered saline. Creep compression was determined 

y continuously measuring the indenter position [ 32 , 33 ]. Values 

or the aggregate modulus, shear modulus, and permeability were 

btained from the experimental data using a semi-analytical, semi- 

umerical, linear biphasic model and finite element analysis [32] . 

Uniaxial tensile testing was also performed. The rectangular 

amples isolated for tension testing were trimmed to form dog 

one-shaped specimens with a gauge length of 1.3 mm. Paper tabs 

ere glued to the specimens outside the gauge length and gripped 

n a TestResources uniaxial tester (TestResources Inc.). The tabs 

ere pulled parallel to the long axis of the specimen at a rate of 1%

f the gauge length per second until sample failure. Stress-strain 

urves were generated using the cross-sectional area of samples 

easured with ImageJ. A least-squares fit of the linear region of 

he curve yielded the tensile modulus, and the maximum stress 

chieved yielded the ultimate tensile strength (UTS). 

.3. Biochemical characterization 

Samples at each location were saved for biochemical analy- 

es, including colorimetric assays, mass spectrometry, and bottom- 

p proteomic analysis. A sample size of 5 per testing location 

as used and samples were collected via randomized assignment 

rom the 8 processed noses. No two samples from the same lo- 

ation for the same assay were collected from the same nose. All 

amples were weighed to obtain wet weights (WW), frozen and 

yophilized, and weighed again to obtain dry weights (DW). Sam- 

les for colorimetric assays were digested in 125 μg/mL papain in 

hosphate buffer at 60 °C for 18 hours. A Blyscan dimethyl methy- 

ene blue assay kit (Biocolor, Ltd) was used to measure sulfated 

AG content per manufacturer’s instructions. A modified colori- 

etric chloramine-T hydroxyproline assay using hydrochloric acid 

34] and a Sircol collagen assay standard (Biocolor, Ltd) was used 

o quantify total collagen content (Col). DNA content was measured 

y performing a Picogreen assay (Quant-iT Picogreen dsDNA assay 

it) per manufacturer’s instructions. All samples were assayed for 

AG and collagen in triplicate, and triplicate values were averaged 

o yield one representative value per sample. GAG and collagen 

ontents were normalized to WW, DW, and DNA. 
115 
Quantification of collagen crosslinks was performed as previ- 

usly described [35] . Briefly, samples were hydrolyzed in HCl, and 

ydrolysates were subjected to aqueous normal phase chromatog- 

aphy and mass spectrometry with a quadrupole mass spectrome- 

er (Waters ACQUITY QDa) to quantify pyridinoline (Pyr) and pen- 

osidine (Pent) crosslinks. Both types of crosslinks were normalized 

o WW, DW, and Col from the hydroxyproline assay. 

Bottom-up proteomics was performed, as previously described 

35] , to measure the content of all major and minor collagen types 

y region. Briefly, samples were digested in trypsin and combined 

n equal proportions to yield one “combination sample” per region 

er nose. Samples were subjected to reverse-phase chromatogra- 

hy and tandem mass spectrometry on an Orbitrap Fusion Lumos 

ass spectrometer (Thermo Fisher Scientific). Subsequently, label- 

ree quantification was performed with MaxQuant to quantify all 

dentified proteins, normalized to total protein content (Prot). Di- 

iding Col/DW and Col/WW from the hydroxyproline assay by the 

um of collagen proteins per total protein (Col/Prot) from bottom- 

p proteomics yielded Prot/DW and Prot/WW. These values were 

ultiplied by the bottom-up proteomics result for each collagen 

ubtype (e.g., Col II/Prot) to yield normalizations by weight (e.g., 

ol II/WW and Col II/DW). Collagen subtypes were also compared 

o the sum of all measured collagen subtypes to yield individual 

ollagen ratios (e.g., Col II/Col). 

.4. Histological evaluation 

After fixation in 10% neutral buffered formalin, samples were 

ehydrated, embedded in paraffin, and sectioned to a thickness of 

 μm to expose the full thickness cross section (i.e., the entire 

epth of the cartilage) of the tissue. Sections were stained with 

ematoxylin & eosin (H&E) to illustrate tissue and cell morphology, 

afranin-O/fast green to visualize GAGs, and picrosirius red to visu- 

lize collagen. Picrosirius red-stained slides were also imaged un- 

er polarized light microscopy to observe collagen alignment [36] . 

.5. Statistical analysis 

First, all quantitative data were tested for normality using a 

hapiro-Wilk test. In the first level of analysis, the quantitative 

unctional properties (i.e., mechanical properties and biochemical 

omposition) of the nasal cartilage at the locations within each 

natomical region (e.g., the septum) were compared. A one-way 

nalysis of variance test (ANOVA), followed by a Tukey’s post hoc 

est, was performed to compare the seven locations within the 

eptum. A Student’s t-test was performed comparing the two lo- 

ations within the ULC. A one-way ANOVA and Tukey’s post hoc 

est was used to compare the four locations within the LLC. 

In the second level of analysis, anisotropy of tensile properties 

as compared at each location and in each region overall. At each 

ocation, tensile results were compared in the IS and AP directions 

sing a Student’s t-test. Anisotropy index, which yields a value in- 

icative of the degree of anisotropy, was also calculated by dividing 

he tensile property in the IS direction by the AP direction. To ex- 

mine regional anisotropy, tensile results in the IS direction were 

ooled within each region and compared with the pooled tensile 

esults in the AP direction using a Student’s t-test. 

In the third level of analysis, the functional properties of the 

natomical regions of the nose were compared. One-way ANOVAs 

ith Tukey’s post hoc tests were performed on the data pooled 

rom each region to compare data across the septum, ULC, and LLC. 

or the purpose of this study, the ‘structure’ of matrix components 

efers to measurable physical properties, such as the quantity of 

lycosaminoglycans, collagen, and collagen crosslinks. The function 

f cartilage refers to the measurable material characteristics of the 
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Table 1 

Mechanical properties of the septum, ULC, and LLC by location: For each mechanical property, one-way ANOVAs were performed among locations in the S and among 

locations in the LLC regions. Likewise, a Student’s t-test was performed among locations in the ULC. No statistical differences in mechanical properties were observed among 

locations within each region. 

Location Aggregate 

Modulus 

(kPa) 

Shear 

Modulus 

(kPa) 

Permeability 

E-15 (m 

4 /N ·s) 

Tensile 

Modulus 

(MPa) 

Ultimate Tensile 

Strength 

(MPa) 

S 1 432 ± 271 204 ± 139 12.3 ± 12.7 5.1 ± 2.1 3.2 ± 1.4 

2 346 ± 166 168 ± 73 12.4 ± 11.7 9.7 ± 3.6 3.9 ± 3.0 

3 367 ± 83 206 ± 55 13.0 ± 8.3 9.2 ± 2.0 4.0 ± 1.7 

4 283 ± 105 157 ± 57 12.6 ± 11.9 7.8 ± 0.5 3.7 ± 1.2 

5 403 ± 219 176 ± 62 14.2 ± 7.7 5.8 ± 3.5 1.7 ± 1.0 

6 449 ± 231 216 ± 128 25.4 ± 18.4 4.6 ± 2.0 1.6 ± 1.0 

7 429 ± 228 279 ± 160 14.1 ± 10.0 10.1 ± 3.1 3.5 ± 2.5 

ULC 1 171 ± 83 61 ± 28 29.4 ± 10.3 7.1 ± 6.0 2.8 ± 1.1 

2 199 ± 145 119 ± 141 40.2 ± 19.9 13.6 ± 3.4 5.3 ± 2.3 

LLC 1 239 ± 101 118 ± 49 27.1 ± 28.7 4.1 ± 2.8 2.0 ± 1.4 

2 156 ± 81 121 ± 111 31.3 ± 36.6 4.2 ± 2.2 2.5 ± 1.1 

3 155 ± 69 78 ± 34 56.0 ± 29.3 6.0 ± 3.1 4.2 ± 1.4 

4 186 ± 74 89 ± 22 16.4 ± 13.8 6.8 ± 3.5 3.2 ± 1.9 
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Fig. 2. Anisotropic tensile properties of the LLC: A Student’s t-test was performed 

to compare tensile data between the IS and AP directions, pooled by testing direc- 

tion. Analysis revealed overall anisotropy in the LLC, where the A) tensile modulus 

and B) UTS were greater in the IS direction. 
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verall tissue, such as the tensile stiffness and viscoelastic mea- 

ures (such as the aggregate modulus) [37] . Structure-function re- 

ationships were elucidated by calculating location-matched Pear- 

on correlation coefficients between mechanical properties and 

ontents of extracellular matrix molecules known to influence car- 

ilage structure [ 38 , 39 ]. 

All statistical analyses were performed in Prism 9 software 

GraphPad). Significance for all statistical analyses was determined 

y p < 0.05. Quantitative data in figures and tables are presented 

s means ± standard deviations. A connecting letters report is used 

o show statistical significance in all bar graphs and tables; bars in 

raphs or cells in tables that show different letters are significantly 

ifferent from each other [40] . 

. Results 

.1. Examination of functional properties within each region of the 

ose 

In the first level of analysis, the functional properties at mul- 

iple locations within each anatomical region (i.e., septum, ULC, 

nd LLC) were compared. Comparing the seven locations within 

he septum to each other revealed no statistical differences in ag- 

regate modulus, shear modulus, permeability, tensile modulus, or 

TS ( Table 1 ). Similarly, among the septum locations, there were 

o differences in DNA content normalized to WW and DW or hy- 

ration. There were no differences in GAG content and Col content 

ormalized to WW, DW, and DNA. Additionally, there were no dif- 

erences in Pyr and Pent content normalized to WW, DW, and Col. 

ydration, DNA/WW, GAG/WW, Col/WW, Pyr/Col, and Pent/Col by 

ocation in the septum are shown in Table 2 , with the remaining 

iochemical data presented in Supplemental Table 1. 

When comparing between the two locations in the ULC, there 

ere no statistical differences in aggregate modulus, shear modu- 

us, permeability, tensile modulus, or UTS ( Table 1 ). Similarly, there 

ere no differences in DNA content normalized to WW and DW or 

ydration. There were no differences in GAG content and Col con- 

ent normalized to WW, DW, and DNA. Additionally, there were no 

ifferences in Pyr and Pent content normalized to WW, DW, and 

ol. Hydration, DNA/WW, GAG/WW, Col/WW, Pyr/Col, and Pent/Col 

y location in the ULC are shown in Table 2 , with the remaining

iochemical data in Supplemental Table 1. 

When comparing among the four locations in the LLC, there 

ere no statistical differences in aggregate modulus, shear modu- 

us, permeability, tensile modulus, or UTS ( Table 1 ). Similarly, there 
116 
ere no differences in DNA content normalized to WW and DW or 

ydration. There were no differences in GAG and Col content nor- 

alized to WW, DW, and DNA. There were also no differences in 

yr and Pent content normalized to WW, DW, and Col. Hydration, 

NA/WW, GAG/WW, Col/WW, Pyr/Col, and Pent/Col by location in 

he LLC are shown in Table 2 , with the remaining biochemical data 

hown in Supplemental Table 1. 

.2. Examination of tensile anisotropy within each region of the nose 

In the second level of analysis, anisotropy at each location and 

egions of the nose was examined. Anisotropy of the tensile mod- 

lus was observed at locations S1, S2, and S3, as well as LLC4 

 Table 3 ). The tensile modulus was greater in the AP direction at 

1. However, at S2 and S3, the tensile modulus was greater in the 

S direction. At LLC4, the tensile modulus was greatest in the IS di- 

ection. Anisotropy index was calculated for all locations ( Table 3 ). 

he closer the anisotropy index is to 1, the less anisotropy ex- 

sts. To examine regional anisotropy, tensile data from all locations 

ithin each region were pooled by testing direction (IS or AP). By 

omparing the data generated by testing in the IS and AP direc- 

ions, overall anisotropy was revealed in the LLC. The LLC had a 

reater tensile modulus and UTS in the IS direction than the AP 

irection ( Fig. 2 ). There were no statistical differences between the 

S and AP directions in the tensile moduli or UTS of the septum of 

LC. 

Collagen alignment was examined via polarized light mi- 

roscopy. Excluding the perichondrium, collagen alignment was de- 

ected to a minor degree in the ULC and LLC, but not the septum. 
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Table 2 

Biochemical content of the septum, ULC, and LLC by location: For each biochemical content, one-way ANOVAs were performed among locations in the S and among 

locations in the LLC regions. Likewise, a Student’s t-test was performed among locations in the ULC. No statistical differences in biochemical contents were observed among 

locations within each region. 

Location Hydration 

(%) 

DNA/WW 

(ng/μg) 

GAG/WW 

(%) 

Col/WW 

(%) 

Pyr/Col 

(ng/mg) 

Pent/Col 

(ng/mg) 

S 1 77.2 ± 1.8 0.16 ± 0.04 3.4 ± 1.1 9.3 ± 4.5 206.7 ± 61.3 19.2 ± 7.2 

2 76.2 ± 1.7 0.18 ± 0.03 3.5 ± 1.4 13.2 ± 1.4 218.0 ± 42.9 20.4 ± 6.4 

3 74.3 ± 2.1 0.18 ± 0.03 4.5 ± 0.8 12.8 ± 0.6 236.2 ± 109.6 25.2 ± 7.6 

4 75.9 ± 2.4 0.19 ± 0.02 4.4 ± 1.3 12.30 ± 1.8 249.1 ± 72.6 19.6 ± 9.2 

5 74.5 ± 1.8 0.18 ± 0.04 4.1 ± 0.6 10.9 ± 3.2 216.6 ± 33.0 22.6 ± 5.2 

6 75.7 ± 1.3 0.18 ± 0.02 4.2 ± 1.5 11.3 ± 3.5 301.1 ± 142.9 23.2 ± 6.0 

7 74.7 ± 1.3 0.20 ± 0.06 5.3 ± 2.1 10.7 ± 0.9 251.1 ± 172.1 25.9 ± 12.9 

ULC 1 73.1 ± 1.0 0.28 ± 0.07 2.9 ± 0.7 13.7 ± 1.4 172.9 ± 67.2 23.0 ± 10.9 

2 71.5 ± 4.4 0.38 ± 0.14 2.5 ± 1.1 15.2 ± 3.1 183.9 ± 74.1 21.5 ± 5.1 

LLC 1 73.1 ± 3.2 0.22 ± 0.04 4.6 ± 0.4 13.2 ± 1.4 219.8 ± 94.8 28.2 ± 10.5 

2 71.9 ± 4.2 0.23 ± 0.06 4.0 ± 0.2 13.7 ± 2.1 163.0 ± 67.6 22.2 ± 6.6 

3 77.1 ± 13.8 0.19 ± 0.13 3.4 ± 2.0 10.7 ± 6.3 148.3 ± 54.8 18.6 ± 5.7 

4 72.9 ± 1.9 0.30 ± 0.14 5.3 ± 1.6 15.9 ± 5.7 143.7 ± 41.5 18.5 ± 7.0 

Table 3 

Direction-based tensile data at all testing locations: At each location, a Student’s t-test was performed to compare tensile properties between the IS and AP directions. 

Anisotropy was observed in the tensile modulus at locations S1, S2, S3, and LLC4. Tensile modulus was greatest in the AP direction at S1, whereas it was greatest in the IS 

directions at the other locations. 

Location Tensile Modulus 

(MPa) 

Ultimate Tensile Strength 

(MPa) 

IS AP Anisotropy 

Index 

(IS/AP) 

IS AP Anisotropy 

Index 

(IS/AP) 

S 1 3.8 ± 1.3 B 7.2 ± 0.3 A 0.5 2.4 ± 0.8 4.3 ± 1.5 0.6 

2 12.7 ± 1.4 A 6.7 ± 0.4 B 1.9 5.2 ± 3.4 1.9 ± 0.6 2.7 

3 10.8 ± 0.5 A 7.6 ± 0.9 B 1.4 3.5 ± 1.5 4.6 ± 2.3 0.8 

4 8.0 ± 0.6 7.6 ± 0.3 1.1 3.8 ± 0.1 3.6 ± 2.1 1.1 

5 7.0 ± 3.8 3.9 ± 2.8 1.8 1.8 ± 1.1 1.6 ± 1.2 1.1 

6 4.8 ± 2.5 4.4 ± 1.9 1.1 1.7 ± 1.2 1.5 ± 0.8 1.1 

7 10.0 ± 3.7 10.1 ± 3.5 1.0 4.5 ± 3.0 2.0 ± 0.0 2.3 

ULC 1 4.2 ± 4.1 11.5 ± 6.7 0.4 2.3 ± 0.7 4.0 ± 1.4 0.6 

2 13.3 ± 3.4 14.1 ± 4.6 0.9 4.4 ± 2.3 6.5 ± 2.2 0.7 

LLC 1 4.4 ± 3.1 3.6 ± 3.4 1.2 2.6 ± 1.8 2.4 ± 1.9 1.1 

2 4.7 ± 1.5 3.4 ± 3.5 1.4 2.9 ± 1.0 1.9 ± 1.1 1.5 

3 6.3 ± 4.4 5.5 ± 0.4 1.1 3.4 ± 2.6 3.1 ± 1.2 1.1 

4 9.2 ± 1.4 A 3.2 ± 0.6 B 2.9 4.0 ± 2.1 2.0 ± 1.0 2.0 
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n the ULC and LLC, collagen appeared to be aligned in the medial- 

ateral (ML) direction, perpendicular to both the AP and IS direc- 

ions (Supplemental Figure 1). Collagen alignment in the IS direc- 

ion was not detected. 

.3. Examination of functional properties across regions of the nose 

In the third level of analysis, the overall functional properties 

ere compared among the regions of nose. To examine this, me- 

hanical properties and biochemical content from the locations 

ithin each region were pooled. Mechanical properties were found 

o significantly vary by region ( Fig. 3 ). The septum, ULC, and LLC all

isplayed hyperelastic behavior in tension, with strains at failure of 

9.9 ± 25.3%, 77.7 ± 52.4%, and 78.2 ± 22.2%, respectively. 

There were also significant differences in biochemical content 

mong the regions ( Fig. 4 ). DNA/DW was greater in the LLC than

he septum. GAG/DW in the ULC was significantly lower than 

n the septum and LLC. There were no significant differences in 

ol/DW among the regions. There were no differences in Pyr/WW, 

yr/DW, and Pent/DW among the regions. Additionally, Pent/WW 

n the septum was significantly lower than in the ULC and LLC. 

Significant differences in the content of collagen subtypes 

mong the regions was also found. Collagen I (Col I)/WW, Col 

/DW, and Col I/Col ( Fig. 5 A, Supplemental Table 2) were signifi- 

antly greater in the LLC than in the septum. Collagen II (Col II)/Col 
117
 Fig. 5 B) was significantly greater in the septum than in the ULC 

nd LLC. There were no statistical differences in Col II/WW or Col 

I/DW among the regions (Supplemental Table 2). Additionally, col- 

agen III (Col III)/WW, Col III/DW, and Col III/Col ( Fig. 5 C, Supple-

ental Table 2) in the LLC and ULC were significantly greater than 

n the septum. Fig. 5 D shows the relative amounts of Col II, Col 

, and other minor collagens. The ratio of Col II:Col I (i.e., degree 

f hyalinicity) was the greatest in the septum. Collagen VI was 

resent in all regions, but did not vary significantly by region (Sup- 

lemental Table 2). The contents of all other minor collagens per 

otal collagen, per WW, and per DW were minimal and not region- 

lly different (Supplemental Table 2). Collagen I, II, and III normal- 

zed to WW and DW are also provided in Supplemental Table 2. 

Histological examination showed zonal organization and re- 

ional differences through staining ( Fig. 6 ). The septum showed a 

imilar cellular organization to hyaline articular cartilage with bi- 

ateral symmetry. The peripheral zones (i.e., the superficial zones 

f cartilage that interface with the mucoperichondrium) contained 

at, elongated cells oriented parallel with the edges. The central 

one (i.e., the deepest zone of cartilage) showed rounded chondro- 

ytes in lacunae organized into columns. The septum stained the 

ost strongly for GAG compared to the ULC and LLC. Addition- 

lly, the pericellular matrix and the territorial matrix in the cen- 

ral zone stained strongly for GAG. Histologically, chondrons ap- 

eared to be present. The septum stained more weakly for colla- 
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Fig. 3. Mechanical properties vary by region of the nose: A one-way ANOVA was performed among regions for all mechanical properties. A) Aggregate modulus and B) 

shear modulus were greatest in the septum; C) Permeability was greatest in the ULC and LLC; D) Tensile modulus was greatest in the ULC; E) UTS was greatest in the 

septum. 

Fig. 4. Biochemical content varies by region of the nose: A one-way ANOVA was performed among regions for all biochemical contents. A) Hydration was greatest in the 

septum; B) DNA/WW was greatest in the ULC; C) GAG/WW was lowest in the ULC; D) GAG/DNA was greatest in the septum, followed by the LLC; E, F) Col/WW and Col/DNA 

were lowest in the septum; G) Pyr/Col was greater in the septum than the LLC; H) Pent/Col did not vary by region. 

Fig. 5. Collagen types by region of the nose: For each collagen type, a one-way ANOVA was performed among regions. A) Collagen I content was greatest in the LLC and 

lowest in the septum; B) Collagen II content was greatest in the septum; C) Collagen III content was greatest in the ULC and LLC; D) The relative amounts of Col II, Col I, 

and other minor collagens indicate that the septum has a higher degree of hyalinicity than the ULC and LLC. 
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en throughout the bulk of the tissue compared to the ULC and 

LC. The peripheral zones of the septum showed stronger colla- 

en staining and concentrated pericellular staining compared to 

he central zone. 

The ULC showed less pronounced zonal cell organization, but 

igher cellular density. Cells were grouped into lacunae with tight 

ericellular staining for GAG. GAG staining was slightly more in- 
118 
ense in the central zone than in the peripheral zones. How- 

ver, this pattern was not as pronounced as in the septum. 

ollagen staining appeared homogeneous throughout the thick- 

ess of the ULC. Additionally, the transition between the car- 

ilage and the surrounding mucoperichondrium tissue was less 

istinct than in the septum, illustrated by the dashed line in 

ig. 6 . 
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Fig. 6. Histology by regions: In all regions, peripheral zones contained flat, elongated cells oriented parallel with the edges, and central zones showed rounded chondrocytes 

in lacunae. The septum stained the most strongly for GAG. The ULC showed less pronounced zonal cell organization, but higher cellular density and more intense collagen 

staining. Strong pericellular GAG staining in all regions suggests the presence of chondrons. Black dashed lines represent the border between cartilage and mucoperichon- 

drium, which is denoted with an “M.”
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The LLC had similar organization and cell morphology to the 

LC. However, there was less cellular density in the central zone 

han in the ULC. Cells were grouped into lacunae with intense GAG 

taining. GAG staining was slightly more intense in the peripheral 

ones compared to the central zone. Collagen staining was intense 

nd homogeneous throughout the thickness of the cartilage. The 

ransition from cartilage to mucoperichondrium was also not as 

istinct in the ULC as in the septum. 

.4. Identification of structure-function relationships in nasal 

artilage 

Correlations between location-matched mechanical properties 

nd biochemical content were analyzed for the septum, ULC, and 

LC. Analysis of correlations of septal data were performed inde- 
119 
endently from the ULC and LLC because of the septum’s higher 

egree of hyalinicity ( Fig. 5 D). Correlations were performed for the 

LC and LLC by combining data from these regions. No statistically 

ignificant correlations were found in the septum. For the com- 

ined ULC and LLC, statistically significant correlations were found 

etween the aggregate modulus and Pyr/WW, Pyr/DW, Pyr/Col, and 

ent/DW, as well as between the tensile modulus and Col/WW 

 Fig. 7 ). As the amount of collagen crosslinks increased, the aggre- 

ate modulus increased linearly. Additionally, as collagen content 

ncreased, the tensile modulus increased linearly. 

. Discussion 

The goals of this study were to provide a comprehensive char- 

cterization of human nasal cartilage and generate engineering de- 
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Fig. 7. Significant correlations: Data were matched by location for Pearson correlation analysis. Analysis of septal data were performed independently because of the higher 

degree of hyalinicity in the septum and resulted in no significant correlations. Significant correlations of location-matched data in the ULC and LLC were detected between 

aggregate modulus and A) Pyr/WW, B) Pyr/DW, C) Pyr/Col, and D) Pent/DW, as well as E) between tensile modulus and Col/WW. 
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ign criteria. The latter can be used as a benchmark of compar- 

son for the evaluation of biomimetic cartilage tissue engineer- 

ng effort s. The hypothesis that functional properties would differ 

ased on region of nasal cartilage is supported by the data. Sig- 

ificant differences in mechanical properties, biochemical content, 

nd collagen types were observed ( Figs. 2-5 ) among regions. Car- 

ilage from all regions exhibited hyperelasticity in tension, but re- 

ions varied in degree of hyalinicity, with the septum being the 

ost hyaline. Qualitative differences in histological staining were 

lso observed ( Fig. 6 ). Within each region, no statistical differ- 

nces in functional properties based on location were detected, 

ut anisotropy at several locations within the septum and LLC was 

oted. To elucidate structure-function relationships, statistical cor- 

elations between mechanical properties and biochemical content 

ere performed based on hyalinicity of anatomical region. Aggre- 

ate modulus was found to have a significant, positive correlation 

ith pyridinoline and pentosidine content in the ULC and LLC. Ad- 

itionally, tensile modulus was found to have a significant, posi- 

ive correlation with total collagen content. This study represents a 

omprehensive dataset regarding the quantitative functional prop- 

rties of human nasal cartilage, measured via methods that are 

tandard to the field of cartilage tissue engineering. 

This is the first study to measure the compressive properties 

f nasal cartilage using creep indentation and biphasic mixture 

heory, which is one of the most commonly accepted techniques 

or evaluating hyaline cartilages. The septum was found to have 

 compressive aggregate modulus over twice that of both the 

LC and LLC ( Fig. 3 ). These regional differences are supported by 

revious studies, which have shown the septum to have greater 

ompressive elastic and compressive Young’s moduli than the LLC 

 27 , 29 ]. GAG content, which has traditionally been thought to im- 

art compressive stiffness via the attraction of water [41] , was 

omparable in the septum and LLC. However, of the three regions, 

ydration was greatest, and permeability was the lowest in the 

eptum ( Fig. 4 ). While the negatively charged GAGs attract water, 

he solid extracellular matrix is responsible for resisting the efflux 

f water during cartilage compression [41] . The septum has been 

hown to contain thick sheets of collagen, which is highly orga- 

ized in a broad mesh framework [42] . In contrast, the LLC was 

hown to have a looser, less organized arrangement of collagen 
120 
42] . Therefore, data from this study and from prior work, together, 

uggest that it may not be the amount of solid matrix, but rather, 

he organization of the matrix that results in low permeability and 

ncreased compressive aggregate modulus in the septum via the 

hysical resistance of water leaving the tissue ( Fig. 8 ). 

In contrast to the septum, where no significant correlations 

ere observed, aggregate modulus in the ULC and LLC was sig- 

ificantly correlated with the degree of collagen crosslinking. 

he aggregate modulus was significantly correlated with Pyr/WW, 

yr/DW, Pyr/Col, and Pent/DW ( Fig. 7 ). Pyridinoline is a mature en- 

ymatic collagen crosslink that is important for the tensile proper- 

ies of collagenous tissues [37] . Pentosidine is an advanced glyca- 

ion end-product (AGE) that results from the non-enzymatic gly- 

ation of collagen. AGEs result in stiffening of cartilage and ac- 

umulate with age [43] . Pentosidine content may play a role in 

ensile properties in this study because of the age of the tissue 

onors (60-100 years). The correlations derived from this study 

uggest that, in the less hyaline ULC and LLC, traditional cartilage 

tructure-function relationships do not hold true, and that collagen 

rosslinking, whether by pyridinoline or pentosidine, plays a more 

nfluential role in imparting compressive stiffness. 

Significant variations in the tensile properties among anatomi- 

al regions were observed. The UTS of the septum was the high- 

st of all the regions and was 1.8 times greater than the ULC and 

.4 times greater than the LLC ( Fig. 3 ). Additionally, the UTS of 

he septum observed in this study was approximately 3.8 times 

reater than what has previously been reported [44] . In contrast 

o the UTS, the ULC had the greatest tensile modulus and was 1.5 

imes greater than the septum and 1.9 times greater than the LLC. 

t was also in the range of tensile properties of human hyaline ar- 

icular cartilage [41] . These regional variations in tensile modulus 

re supported by a previous study of nasal cartilage from three pa- 

ients that showed the septum had a greater modulus of elasticity 

han the LLC, although statistical analysis was not performed [31] . 

he hyperelastic behavior of human septal cartilage that has been 

reviously reported [44] was further supported by the high strains 

eached at tensile failure in this study. The high UTS of the septum 

s perhaps explained by the presence of higher amounts of ma- 

ure collagen crosslinks compared to other regions. Pyr/Col, which 

s known to influence tensile properties, was greatest in the sep- 
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Fig. 8. Collagen organization in the septum and LLC may contribute to different 

tissue mechanical properties: The septum has been shown to contain thick sheets 

of broad, highly organized collagen fibers that may resist water exudation, result- 

ing in lower tissue permeability and a greater compressive aggregate modulus. In 

contrast, the LLC has been shown to contain collagen fibers of heterogeneous thick- 

ness in a looser and less organized arrangement that may allow for more water 

exudation, resulting in greater tissue permeability and lower aggregate modulus. 
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um ( Fig. 4 ) [37] . Tensile modulus in the ULC and LLC was found

o significantly correlate with Col/WW ( Fig. 7 ). Thus, in nasal car- 

ilage, it may be suggested that collagen content influences tensile 

tiffness, and pyridinoline crosslinking of the collagen influences 

ensile strength. 

Tensile anisotropy was shown in the LLC, with the IS direction 

aving a greater tensile modulus and UTS than in the AP direction 

 Fig. 2 ). When examined at each location, tensile anisotropy was 

bserved at locations 1, 2, and 3 within the septum, as well as at 

ocation 4 in the LLC. However, when location data were pooled, 

ensile anisotropy was not shown in the septum or ULC. This is 

imilar to a previous study that also found no tensile anisotropy 

n the septum [44] . However, it contrasts with previously reported 

ollagen alignment of the LLC and septum [45] . The septal car- 

ilage has been shown to have anisotropic collagen arrangement, 

ith fibers in close proximity to the maxillary crest (base of the 

eptum) oriented perpendicularly to the interface (vertically in the 

S direction) [45] . Based on the previously reported collagen align- 

ent, anisotropy would be expected at locations 4 and 7 in the 

eptum. However, it was only observed at superior and anterior 

ocations in the septum. Collagen fibers in the LLC and the cen- 

ral area of the septum have been shown to lack a definitive ori- 

ntation [ 42 , 45 ]. Polarized light microscopy revealed some colla- 

en alignment in the ML direction in the ULC and LLC, but not 

n the AP direction. Collagen alignment in the IS direction was 

ot detectable. The histology sections showed the cross section 

f the nasal cartilage in parallel to the AP and ML planes, with 
121 
he IS direction perpendicular to the visible planes. Because ten- 

ile anisotropy was detected in the IS direction, and previous stud- 

es reported IS collagen alignment, it is likely that the collagen 

lignment exists in the IS direction but was not visible. Additional 

tudies should be performed to clarify collagen alignment in the 

ontext mechanical anisotropy or to elucidate another underlying 

ource of tensile anisotropy. Furthermore, beyond achieving the ap- 

ropriate tensile material properties in engineered nasal cartilage, 

onsideration must be made to also impart the tensile anisotropy 

resent in native nasal cartilage. 

Human nasal cartilage, particularly the septum, closely resem- 

les human articular cartilage, despite the absence of articulation 

n the nose. Surprisingly, the compressive aggregate modulus of 

he septum and the tensile modulus of the ULC were in the range 

f compressive stiffness and tensile stiffness, respectively, for hu- 

an articular cartilage [41] . Additionally, histological staining pat- 

erns and chondrocyte morphology reflected those in articular car- 

ilage ( Fig. 6 ). Cell density in the septum appeared similar to the 

ellular density of articular cartilage [41] . In all regions, cells in 

he peripheral zone were elongated parallel to the edge of the tis- 

ue, akin to cell alignment near the articulating surface in articular 

artilage. Cells in the central zone were rounded and arranged in 

olumns, particularly in the septum and LLC. Furthermore, in the 

eptum, collagen staining was most intense in the peripheral zone 

nd GAG staining was most intense in the central zone, matching 

he distribution of collagen and GAG in the superficial and middle 

ones, respectively, in articular cartilage. The cell organization and 

istribution of matrix staining are supported by previous studies 

hat show similar results [ 27 , 29 , 30 ]. Given the similarity of nasal

artilage to articular cartilage, perhaps the wealth of tissue en- 

ineering strategies for hyaline articular cartilage can be readily 

dapted to successfully achieve the design criteria for engineered 

asal cartilage. 

The presence of collagen VI suggests that chondrons may be 

resent in all regions of nasal cartilage. A chondron consists of 

 chondrocyte and its pericellular matrix including collagen VI, 

ollagen IX, perlecan, hyaluronan, and biglycan [46] . In particu- 

ar, collagen VI exists almost exclusively in the pericellular matrix, 

ith uniformly low levels present in the territorial and interterri- 

orial matrices [47–49] . The chondron serves as a mechanical unit 

f cartilage to protect chondrocytes from mechanical loads that 

he bulk tissue experiences [47] . Chondrons are able to withstand 

reater forces than cells alone [50] . Histology suggested the pres- 

nce of chondrons in all regions ( Fig. 6 ). Furthermore, bottom-up 

roteomics also revealed the presence of collagen VI in all regions. 

ollagen VI is located throughout the matrix of cartilage only in 

he developing fetus and localizes to the pericellular matrix as car- 

ilage matures [ 51 , 52 ]. While it is not possible to determine the

patial location of collagen VI via the mass spectrometry meth- 

ds used in this study, it would not be expected to find colla- 

en VI located throughout the cartilage matrix in sample donors 

f advanced age, such as those used in this study. Therefore, it 

an be suggested that the presence of collagen VI further sup- 

orts the existence of chondrons in nasal cartilage. Future stud- 

es should specifically examine the presence of chondrons and 

ther microstructural characteristics in nasal cartilage via histo- 

ogical staining or spatial mass spectrometry for hallmark matrix 

olecules, such as collagen VI and perlecan. 

It is known that nasal cartilage serves a structural role to keep 

he external nasal airways open. Specifically, the septum resists de- 

ormation to provide midline support to the softer lateral sidewalls 

nd to prevent nasal collapse [53] . A study using 3D computational 

odels constructed from computed tomography (CT) scans of the 

asal airways of five healthy subjects showed that average shear 

all stress (i.e., a “friction force” generated when moving air con- 

acts the nasal wall) in the septum was 0.08 Pa, with peak shear 
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Table 4 

Additional biochemical content by region: For each biochemical content, a one-way ANOVA was performed among regions. Statistical differences among regions were 

observed in DNA/DW, GAG/DW, and Pent/WW. 

Location DNA/DW 

(ng/μg) 

GAG/DW 

(%) 

Col/DW 

(%) 

Pyr/WW 

(ng/mg) 

Pyr/DW 

(ng/mg) 

Pent/WW 

(ng/mg) 

Pent/DW 

(ng/mg) 

S 0.73 ± 0.10 C 17.0 ± 15.0 A 46.9 ± 10.5 18.6 ± 5.9 79.3 ± 29.6 1.7 ± 0.6 B 7.1 ± 2.5 

ULC 1.18 ± 0.33 A 9.8 ± 3.0 B 52.1 ± 5.0 20.3 ± 8.5 75.4 ± 40.3 2.3 ± 0.8 A 8.7 ± 3.7 

LLC 0.84 ± 0.12 B 14.4 ± 4.4 A 48.7 ± 4.0 18.0 ± 7.5 67.5 ± 21.9 2.5 ± 0.6 A 8.6 ± 1.3 

Table 5 

Summary of native cartilage properties and engineering design criteria for human nasal cartilage tissue engineering. Tissue engineering (TE) criteria were based on a 

functionality index = 0.42, which has shown success in the repair of other cartilages in vivo. 

S ULC LLC 

Native TE Native TE Native TE 

Aggregate Modulus (kPa) 393 165 185 78 185 78 

Tensile Modulus (MPa) 7.1 3.0 10.3 4.3 5.3 2.2 

Ultimate Tensile Strength (MPa) 7.3 3.1 4.0 1.7 3.0 1.3 

GAG/WW (%) 4.2 1.8 2.7 1.1 4.6 1.9 

Col/WW (%) 11.5 4.8 14.5 6.1 13.5 5.7 

Pyr/Col (ng/μg) 221.5 93.0 179.2 75.3 167.0 70.1 
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all stress of 0.65 Pa during resting breathing [54] . Shear stress 

as also shown to be concentrated in Little’s area, also known as 

iesselbach’s area or Kiesselbach’s triangle, which is located where 

ve main arteries in the mucoperichondrium meet, over the ante- 

ior central area of the septal cartilage [54] . Doubling the airflow 

ate increased the peak shear wall stress to 1 Pa but did not change

he stress distribution [54] . In another study using computational 

uid dynamics (CFD) based on CT scans, peak wall shear stress in 

ealthy patients was calculated to be 1.2 Pa in the middle turbinate 

egion, with a wall shear force of 7.47 E-4 N [55] . It has also been

hown, using CFD, that increasingly large perforations in the an- 

erior septum caused increases in shear wall stress along the sep- 

um [56] . These peak stresses are at least six orders of magnitude 

ess than contact stresses experienced by human articular cartilage 

n joints (0.5 - 5.0 MPa) [57] . Despite these low calculated forces, 

he high mechanical capacity of nasal cartilage demonstrated in 

his study, particularly in the septum, suggests that nasal cartilage 

ay experience higher mechanical loads, whether chronically or 

cutely, than previously realized. 

The septum appeared to be more hyaline than the ULC and LLC 

ased on the presence of collagen types. The ratio of collagen II:I 

as greatest in the septum, whereas, in the ULC and LLC, there 

as a higher relative content of collagen I and other minor colla- 

ens ( Fig. 5 ). Interestingly, collagen III was present in all regions, 

ith the highest content in the ULC and LLC. Collagen III is known 

o form covalent enzymatic collagen crosslinks, which strengthen 

nd mature the collagen networks [37] . In fibrocartilage, collagen 

II forms homofibrils on its own, as well as heterofibrils with colla- 

en I, and accounts for less than 10% of total collagen [37] . In hya-

ine articular cartilage, small amounts of collagen III fibers can be 

ound superimposed on the extracellular matrix that mostly com- 

rises collagen II [58] . Together, the presence of greater amounts 

f collagen I and III in the ULC and LLC compared to the septum

uggest these regions to be more fibrocartilaginous. The presence 

f these collagens I, II, and III in varying degrees based on region 

uggest that nasal cartilage, while mostly hyaline, exists on a spec- 

rum of hyalinicity Table 4 . 

The goal of tissue engineering is to generate biomimetic tissues 

or implantation. However, it has been previously shown that car- 

ilage implants with a functionality index (FI) of 0.42 (i.e., implants 

hat achieved 42% of native cartilage properties) resulted in com- 

lete healing of defects in the temporomandibular joint disc [59] . 

his suggests that a lesser degree than complete biomimicry can 
i

122 
chieve cartilage healing. Based on the functional properties eluci- 

ated in this study and an FI = 0.42, suggested design criteria for 

issue-engineered nasal cartilage are presented in Table 5 . Func- 

ionality index assessment and in vivo studies specific to the repair 

f nasal cartilage should be performed to further refine the degree 

f biomimicry necessary for tissue-engineered nasal cartilage im- 

lants. 

. Conclusions 

This study yielded a quantitative characterization of the prop- 

rties of human nasal cartilage, toward the establishment of en- 

ineering design criteria for nasal cartilage tissue engineering ef- 

orts. Several aspects of nasal cartilage were shown for the first 

ime. It was shown that nasal cartilage exhibits regional differ- 

nces in functional properties and demonstrates characteristics of 

rticular cartilage, suggesting that nasal cartilage may experience 

reater mechanical loading than expected. While all regions were 

yaline, the septum was shown to be more hyaline than the ULC 

nd LLC based on collagen II:I ratio. Traditional structure-function 

elationships in hyaline cartilage were not observed. However, the 

ore fibrocartilaginous ULC and LLC demonstrated significant cor- 

elations between collagen crosslinks and aggregate modulus, as 

ell as between collagen content and tensile modulus. Histology 

nd collagen VI content suggested the presence of chondrons in all 

egions. Future studies should further investigate the mechanical 

apacity and function of nasal cartilage and the presence of chon- 

rons within the tissue, as well as validate the structure-function 

elationships identified in this study by further developing math- 

matical models or mechanisms of interaction. This study repre- 

ents a substantial stride forward in the understanding of human 

asal cartilage properties. In addition to establishing engineering 

esign criteria, these data provide context for further exploration 

r clarification of characteristics, such as tensile anisotropy, colla- 

en alignment, and gender- or age-based differences in properties. 
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