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Abstract

Objectives—Structural properties of tissue-engineered cartilage can be optimized by altering its 

collagen to sulfated glycosaminoglycan (sGAG) ratio with hyaluronidase. The objective was to 

determine if treatment of neocartilage constructs with hyaluronidase leads to increased 

collagen:sGAG ratios, as seen in native tissue, and improved tensile properties.

Study Design—Prospective, basic science

Methods—Engineered human septal cartilage from 12 patients were treated with hyaluronidase 

prior to culture. Control and treated constructs were analyzed at 3, 6, or 9 weeks for their 

biochemical, biomechanical, and histological properties.

Results—Levels of sGAG were significantly reduced in treated compared to control constructs at 

3, 6 and 9 weeks. Treated constructs had higher collagen:sGAG ratios when compared with 

control constructs at 3, 6, and 9 weeks. Treated constructs had greater tensile strength, strain at 

failure as well as increased stiffness as measured by the equilibrium and ramp tensile moduli when 

compared with the untreated control constructs. Continued time in culture improved tensile 

strength in both treated and control constructs.

Conclusions—Hyaluronidase treatment of engineered septal cartilage decreased total sGAG 

content without inhibiting expansive growth of the constructs. Decreased sGAG in treated 

constructs resulted in increased collagen to sGAG ratios and was associated with an increase in 

tensile strength and stiffness. With additional culture time, sGAG increased modestly in depleted 

constructs, and some initial gains in tensile properties were dampened. Alterations in the dosage of 
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hyalurondiase during neocartilage fabrication can create constructs that have improved 

biomechanical properties for eventual surgical implantation.

Level of Evidence—NA

Introduction

The repair of craniofacial cartilaginous defects created by trauma, previous surgical 

resection, and congenital deformities requires analogous reconstructive material to obtain 

optimal results. Unfortunately, the use of synthetic grafts may be complicated by infection 

and extrusion, while allogenic grafts carry the risk of immune rejection and disease 

transmission (1,2). Autologous cartilage grafts as an alternative can be harvested from the 

nasal septum, auricle, and rib. Tissue engineering of autologous neocartilage offers the 

potential to produce ample quantities of tissue from a small donor specimen and the creation 

of grafts in defined shapes and sizes.

Cartilage tissue engineering is possible with chondrocytes obtained from the septum, auricle, 

rib, and articular cartilage (3–5). Multiple studies suggest that human nasal septal 

chondrocytes may be optimal for the production of neocartilage constructs for use in head 

and neck reconstructive surgery (6,7).

Nasal septal cartilage engineering involves several key steps. Cartilage is harvested from a 

donor and chondrocytes are isolated by digesting the extracellular matrix (ECM). 

Chondrocyte cell numbers are dramatically increased in monolayer culture which causes the 

chondrocytes to undergo a shift toward a fibroblastic phenotype in a process called 

dedifferentiation (8,9). The cells are then cultured in a three-dimensional (3D) configuration 

which induces redifferentiation to the chondrocyte phenotype with production of functional 

cartilaginous ECM (10–12). The alginate-recovered-chondrocyte (ARC) method is a 

successful 3D scaffold-free culture system (13) that has been used previously to create 

cartilage constructs from human nasal septal chondrocytes (14).

Numerous studies have examined the ability of growth factors and serum to promote 

redifferentiation and matrix production in nasal septal chondrocytes (7,15,16). Culture of 

human nasal septal chondrocytes in medium supplemented with 10% pooled human serum 

(HS) was found to improve cell proliferation and biochemical properties of neocartilage (15) 

and key growth factor combinations for culture make a significant difference (16). Nasal 

septal cartilage constructs were cultured in media supplemented with HS, insulin-like 

growth factor-1 (IGF-1), and growth differentiation factor 5 (GDF-5). Culture with this 

combination of growth factors produced 12-fold thicker constructs with more sGAG and 

type II collagen compared with HS alone. In addition, these constructs showed the greatest 

confined compression modulus in biomechanical testing.

Additional factors that influence the mechanical strength and stability of cartilage are the 

relative abundance of certain structural molecules in the ECM of the chondrocytes (17). In 

human articular cartilage, the tensile modulus and strength have been attributed primarily to 

the collagen network (17,18–21). Within this tissue type, the collagen content is 

approximately 2–10 times higher than GAG content (22), whereas in the native human nasal 
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septum, collagen content has been found to be approximately 2.7 times higher than GAG 

content (11,18,23).

Tissue engineered cartilage constructs grown in static conditions lack maturational growth 

and overproduce GAGs, resulting in an imbalance between the collagen and GAG ratio seen 

in native tissue. This reduces the tissue tensile properties (24,25). The typical ratio of 

collagen:GAG in engineered cartilage is 1:1 or less (26–28).

Tensile mechanical properties of articular cartilage can be modulated through depletion of 

the proteoglycan components of cartilage ECM using chemical extractions or enzymatic 

treatments such as hyaluronidase. A number of studies have demonstrated improved tensile 

properties of articular cartilage tissue after GAG depletion (29–32). Treatment of articular 

cartilage explants (32) and tissue engineered articular cartilage (33,34) with the GAG-

depleting enzyme chondroitinase-ABC (C-ABC) resulted in increased collagen content and 

improved tensile properties (32).

One explanation for the increase in articular cartilage tensile stiffness and strength is that 

proteoglycan depletion allows the collagen fibrils to associate linearly (end-to-end) or 

laterally (side-to-side) to increase the fibril diameter (35–37). Hyaluronidase selectively 

cleaves hyaluronic acid (HA) resulting in release of proteoglycan aggregates from cartilage 

tissue explants (38). In a recent study of immature articular cartilage explants, quantitative 

polarized light microscopic (qPLM) analysis of the orientation and parallelism index as an 

measure of collagen network microstructure, revealed that treatment with hyaluronidase 

induced collagen network organization (increased parallelism index). When dynamic 

compressive compaction was added to the hyaluronidase treatment, a relatively high 

parallelism index was induced near the articular surface, resembling that of mature cartilage 

(39).

Materials and Methods

Collection of Cartilage and Chondrocyte Monolayer Expansion

Remnant human septal specimens from 12 patients (9 male, 3 female; age 39.5 ± 13.5 years) 

removed during routine surgery from the sponsoring institution were used (prior approval by 

the Human Subjects Committee of our institution was granted). At the time of harvest, 

specimens were placed in sterile normal saline and transported to the laboratory at 4°C 

within 24 hours.

Cartilage specimens were dissected free of perichondrium and diced into ~1mm3 pieces. The 

tissue was then digested by incubation at 37°C in 0.2% Pronase type XIV (Sigma, St. Louis, 

MO) in medium (Dulbecco modified Eagle medium [DMEM], 0.4M L-proline, 2mM L-

glutamine, 0.1mM nonessential amino acids, 10mM HEPES (hydroxyethyl-

piperazineethanesulfonic acid) buffer, 100U/mL penicillin G, 100μg/mL streptomycin 

sulfate, 0.25μg/mL amphotericin B, 2% pooled human AB serum (HS) (Gemini 

Bioproducts, Woodland, CA)) for 60 minutes followed by incubation with 0.025% 

collagenase P (Roche Diagnostics, Indianapolis, IN) in medium for 16 hours.
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After filtration through a 70μm mesh to remove undigested material, the cells were 

recovered by centrifugation. The cell pellet was resuspended in culture medium and counted 

with a hemacytometer using Trypan blue to determine the number of chondrocytes isolated 

from each specimen. Cells from each donor were placed in monolayer culture in T-175 

culture flasks at a seeding density of 5,000 cells per cm2 surface area. Monolayer cultures 

were incubated at 37°C with 5% carbon dioxide/air. Culture medium was supplemented with 

2% HS, 1ng/ml Transforming Growth Factor (TGF)-β1, 5ng/mL Fibroblast Growth Factor 

(FGF)-2, and 10ng/mL Platelet-derived Growth Factor (PDGF)-BB, and changed every two 

to three days. Chondrocytes were grown until confluency, which typically occurs after seven 

to ten days under these conditions. Confluency was evaluated with transmitted light 

microscopy.

Creation of Cartilage Constructs

The expanded cells were released from monolayer, resuspended in alginate at a density of 

4×106cells/mL in a solution of 1.2% low-viscosity alginate (Kelco LV, San Diego, CA). 

Droplets of the alginate-chondrocyte suspension were polymerized in 102mM calcium 

chloride for five minutes. Uniform bead size was ensured by carefully controlling the rate of 

flow through the syringe used to create the droplets. After washing with 0.9% saline, the 

beads were transferred to a 250mL Nalgene PETG square media bottle filled with 50 mL of 

alginate culture medium (DMEM/F-12, 25μg/mL ascorbate, 0.4mM L-proline, 2mM L-

glutamine, 0.1mM nonessential amino acids, 10mM L HEPES buffer, 100U/mL penicillin 

G, 100μg/mL streptomycin sulfate, 0.25μg/mL amphotericin B) supplemented with 2%HS, 

100ng/mL GDF-5 and 200ng/mL IGF-1 and cultured for two weeks. Media was changed 

every 2–3 days.

The alginate beads were terminated on day 14 and depolymerized using a solution of 55mM 

sodium citrate and 0.15mM NaCl. The chondrocytes and their ECM were recovered by 

centrifugation. The cell pellet was resuspended in culture medium supplemented with 

2%HS, 100ng/ml GDF-5, and 200ng/ml IGF-1 and used to seed multiple transwell clear 

polyester membrane cell inserts (Corning, Inc., Corning, NY) at a density of 1.33 × 

106cells/cm2. Culture medium was changed every 2–3 days.

Hyaluronidase Treatment

After a culture period of 7–11 weeks (8.8 ± 1.6weeks), three constructs per patient were 

treated with either culture medium containing 600U/mL bovine hyaluronidase (Sigma 

Aldrich, St. Louis, Mo) or a mock treatment of culture medium without the enzyme for 24 

hours at 37°C with 5% carbon dioxide. After treatment, the constructs were rinsed in PBS 

and transferred into 6-well culture plate (Corning, Inc., Corning, NY) containing culture 

medium and cultured for another 3, 6, or 9 weeks. At the end of the culture period, 

constructs were harvested, weighed, and evaluated.

Biochemical Testing

Cellularity of the constructs were tested using the PicoGreen DNA content determination 

assay (Invitrogen, Carlsbad, CA) after digestion with Proteinase K (PK). Portions of each 

sample digest were mixed with PicoGreen reagent. Fluorescence was measured with an 
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excitation light wavelength of 480nm and emission wavelength of 520nm in a 

spectrofluorimetric plate reader. Fluorescence values were converted to DNA quantity using 

standards of human DNA in the appropriate buffer solution. DNA content was normalized to 

determine cell number and also to milligram of wet tissue weight (40).

The sGAG content was determined using portions of the PK digests and the dimethyl-

methylene blue (DMMB) reaction. Portions of each sample digest were mixed with DMMB 

dye. Absorbance at 525nm was measured in a spectrophotometric plate reader and compared 

to a plot of standards made from shark chondroitin sulfate type C (Sigma, St. Louis, MO). 

GAG content was normalized to DNA content.

The hydroxyproline assay was used to determine the amount of total collagen in the PK 

digests. In a fume hood, a volume of 12.1N hydrochloric acid (HCl) (Sigma) equal to the 

sample volume was added to the sample and incubated at 110°C for 16–18 hours. The 

samples were removed from heat, allowed to equilibrate to room temperature, centrifuged 

briefly, and placed at 110°C with the caps open in order to allow the HCl to evaporate (16–

24 hours). The dried sample was dissolved in assay buffer (238mM citric acid monohydrate, 

882mM sodium acetate trihydrate). A volume of 150μl of the reconstituted samples and 

Hydroxyproline standards were transferred into a 96-well plate. A volume of 75μl of 

Chloramine-T-reagent (50mM Chloramine-T, 26% n-Propanol, 238mM Citric Acid 

monohydrate, 882mM sodium acetate trihydrate) was then added to each sample in the plate. 

The plates were incubated at room temperature for 20 minutes. Finally, a volume of 75μl 

DMBA (1M p-Diaminobenzaldehyde, 60% n-Propanol, 16% Perchloric Acid) was added to 

each sample in the plate. The plate was incubated at 60°C for 15 minutes, cooled to room 

temperature for 5 minutes, and the absorbance was read at 560nm using an EMAX precision 

microplate reader (Molecular Devices, Sunnyvale, CA). The sample absorbance was 

compared to a plot of the Hydroxyproline standards. Hydroxyproline content was 

normalized to DNA content. The amount of collagen in the sample was estimated using the 

formula: collagen(g)/(tissue(g)-7.25=hydroxyproline(g).

Histology and Immunohistochemistry

Histochemistry was used to localize GAG. Samples were placed in Optimal Cutting 

Temperature Compound and frozen prior to sectioning in a cryostat at 50μm thickness. For 

histochemical localization of GAG, slides from each sample group were stained with 0.1% 

Alcian blue in buffer (0.4M magnesium chloride, 0.025M sodium acetate, 2.5% 

glutaraldehyde, (pH 5.6) overnight, and destained with 3% acetic acid until clear. Samples 

were then observed using light microscopy. Samples were be documented by 

photomicroscopy.

Mechanical Testing

Portions of the constructs (N=5) were analyzed by tensile testing. Specimens for tensile 

testing were kept hydrated with PBS supplemented with calcium and magnesium during 

testing. The thickness of each construct was measured at 5 points distributed around the 

circumference and center of each sample, using a contact-sensing micrometer.
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For tensile testing, a tapered specimen with a central gauge region measuring 10mm in 

length by 0.8mm in width was isolated using a custom-made punch. Tapered specimens 

were held in clamps that provide a secure grip on the ends of the specimens, just outside the 

gauge region, and subjected to ramp-relaxation extension to determine tensile equilibrium 

modulus, ramp modulus, strength, and strain at failure (22,41). A computer-controlled 

mechanical test that controls displacement while measuring load was used. The test 

sequence consisted of applying a positive displacement of 0.5mm/min until a tare load of 

0.05N (equivalent to a stress of 0.2MPa) or 5% extension was obtained (whichever comes 

first, with 5% being sufficient to remove slack in the sample), then elongating the specimen 

to 10% strain (using the grip-to-grip distance, containing the gauge region, the tare state) at a 

constant strain, allowing stress relaxation to equilibrium, and then elongating the specimen 

at a constant rate of 5mm/min until failure. From the displacement and load data, tensile 

mechanical properties were determined.

Statistical Analysis

Analysis was performed using Systat10 (Systat Software, Chicago, IL). Means were 

presented ± the standard deviation. The effects of hyaluronidase treatment on each of the 

biochemical and tensile parameters were analyzed by one-way ANOVA. If the ANOVA 

identified an overall significant effect, post-hoc Tukey’s Honestly Significant Differences 

tests were used to identify significant differences. A difference was considered significant 

when p<0.05.

Results

Tissue engineered human nasal septal neocartilage constructs from 12 patients (mean age 

39.5 years--9 males, 3 females) were either treated with culture medium containing 

hyaluronidase or culture medium alone for 24 hours. Control and treated constructs were 

harvested at 3, 6, or 9 weeks after additional culture time and analyzed for their biochemical, 

biomechanical, and histological properties. Both treated and untreated constructs were 

opaque with smooth surfaces and strong enough to manipulate with a forceps (figure 1).

As expected, treated constructs had a marked reduction in sGAG when compared to control 

constructs at 3 (22.6±6.19 and 121±54.0μg sGAG per μg DNA, respectively; p=0.00), 6 

(60.1±15.1 and 170±91.2μg sGAG per μg DNA, respectively; p=0.001) and 9 (112±37.9 and 

205±104μg sGAG per μg DNA, respectively; p=0.001) weeks post-treatment (Figure 2 and 

Table 1).

Collagen levels were similar in treated and control constructs at 3 (204 ± 50.1 and 202 

± 49.5μg collagen per μg DNA, respectively; p=0.73) and 6 (288±54.5 and 273±58.8μg 

collagen per μg DNA, respectively; p=0.18) weeks post-treatment (Table 1) with more 

deposition of collagen occurring in the 3 to 6 weeks culture interval (p=0.001 and p=0.01, 

respectively).

The ratio of collagen to sGAG remained higher in the treated constructs when compared 

with control constructs at 3 (9.29±1.95 and 2.01±0.98μg collagen per μg sGAG, 

respectively; p=0.00), 6 (5.04±1.43 and 2.01±1.04μg collagen per μg sGAG, respectively; 
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p=0.00), and 9 (2.60±0.72 and 2.06±1.50μg collagen per μg sGAG, respectively; p=0.06) 

weeks post-treatment (Figure 2 and Table 1). By 9 weeks of culture time, the ratio of 

collagen to sGAG in treated constructs steadily decreased as sGAG levels began to rise 

(p=0.001). In contrast, the ratio of collagen to sGAG remained stable in control constructs 

over the 9 week post-treatment culture period (p=0.99).

After 3 weeks of post-treatment culture, treated constructs had greater tensile strength (σult, 

0.27±0.18 and 0.13± 0.10MPa, respectively; p=0.19), strain at failure (εult, 0.49±0.35 and 

0.0.31±0.15MPa, respectively; p=0.24) as well as increased equilibrium (Et,eq, 0.19±0.14 

and 0.07±0.11N/mm, respectively; p=0.19) and ramp tensile moduli (Tt,ramp, 0.37±0.20 and 

0.23±0.13N/mm, respectively; p=0.09) when compared with the untreated control constructs 

(Figure 2 and Table 1). Continued time in culture improved the σult (0.42±0.29 and 

0.31±0.27MPa, respectively; p=0.42 and p=0.37) and εult (1.42±0.93 and 1.39±0.27MPa, 

respectively; p=0.07 and p=0.09) of both treated and control constructs, while Et,eq 

(0.09±0.05 and 0.06±0.07N/mm, respectively; p=0.08 and p=0.99) and Tt,ramp (0.18±0.10 

and 0.15±0.06N/mm, respectively; p=0.09 and p=0.40) were not improved.

The histochemical analyses (H&E, Alcian Blue and collagen immunohistochemistry-type I

+II) corroborated the biochemical results. The level of sGAG in treated constructs is 

markedly reduced at 6 weeks of culture time (Figure 3).

Discussion

The abundance of certain structural molecules in the ECM plays an important role in the 

mechanical stability of cartilage. However, the ratios of ECM components from tissue-

engineered neocartilage are rarely characterized.

In the current study, hyaluronidase treatment of neocartilage constructs was effective in 

decreasing the total sGAG content without eliminating subsequent deposition of collagen. 

The values reflected in Table 1 demonstrate a steady increase in both GAG and collagen 

levels during additional culture time.

Biochemically, treated constructs had a marked decrease in sGAG (<20% of control after 3 

weeks). This was associated with an initial stiffening of the tissue and a greater than 2-fold 

increase in tensile strength and stiffness (equilibrium tensile modulus). This impact is 

notable in Figure 2 and Table 1. As the tensile strength of the cartilage increases, the tissue 

can withstand a higher stress before failure, which is shown as Strain at Failure in Figure 2. 

Concurrently, increased equilibrium and ramp tensile moduli reflect a reduction in the 

degree of cartilage stretching. Increases in these tensile parameters may indicate increased 

biomechanical maturity of the engineered cartilage tissue.

Depletion of sGAG resulted in a striking increase in the ratio of collagen to sGAG compared 

to the untreated controls (Figure 2 and Table 1). By allowing the incubation time to exceed 3 

weeks, sGAG levels began to rise in depleted constructs, and continued to increase in 

untreated control constructs. As a result, the tensile improvement which was gained initially 

with hyaluronidase treatment becomes dampened with additional culture time (Table 1). In 

previous studies of human nasal septal cartilage, it has been found that the biomechanical 
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shortcomings of tissue engineered human septal neocartilage are likely due to relatively low 

quantities of type II collagen and the mature collagen crosslink, hydroxylysylpyridinoline, 

relative to sGAG. Native human septal cartilage has a collagen:sGAG ratio of approximately 

2.7 (42). Efforts to optimize chondrocyte differentiation and neocartilage construct culture 

conditions have improved the collagen:sGAG ratio to approximately 1.8.

The mechanical properties of the constructs that were improved from the single treatment 

with hyaluronidase include: tensile strength, strain at failure, and equilibrium and ramp 

tensile moduli. With additional culture time to 9 weeks, GAG content increased steadily in 

the depleted constructs, causing a dampening effect on the elevated collagen:GAG ratio. 

This may correspond to the observed reduction in the equilibrium and ramp tensile moduli 

seen later. These findings represent an opportunity to enhance the fabrication of neocartilage 

with hyaluronidase. Varying the dose of the enzyme or using multiple treatments over 

strategic time points during the culture period are approaches for future investigation.

Conclusions

The biosynthesis of extracellular matrix components in cartilage engineering can dictate the 

biomechanical properties of the construct. This study was able to modify the levels of two 

key ECM components: collagen and GAG. The addition of hyaluronidase depletes the 

proteoglycan in the ECM and allows collagen levels to rise relative to GAG levels. As the 

collagen:GAG ratio increased, so did the biomechanical maturity of the engineered cartilage. 

The engineered product achieved tensile properties that more closely resemble those of 

native tissue, compared to untreated neocartilage constructs.

References

1. Tardy ME Jr, Denneny J 3rd, Fritsch MH. The versatile cartilage autograft in reconstruction of the 
nose and face. Laryngoscope. 1985; 95(5):523–533. [PubMed: 3990484] 

2. Komender J, Marczynski W, Tylman D, Malczewska H, Komender A, Sladowski D. Preserved tissue 
allografts in reconstructive surgery. Cell Tissue Bank. 2001; 2(2):103–112. [PubMed: 15256921] 

3. Vacanti CA, Upton J. Tissue engineered morphogenesis of cartilage and bone by means of cell 
transplantation using synthetic biodegradable polymer matrices. Clin Plast Surg. 1994; 21(3):445–
462. [PubMed: 7924143] 

4. Lee CJ, Moon DK, Choi H, Woo JI, Min BH, Lee KB. Tissue engineered tracheal prosthesis with 
accelerated cultured homologous chondrocytes as an alternative of tracheal reconstruction. J 
Cardiovasc Surg. 2002; 43:275–279. [PubMed: 11887070] 

5. Naumann A, Rotter N, Bujia J, Aigner J. Tissue engineering of autologous cartilage transplants for 
rhinology. Am J Rhinol. 1998; 12(1):59–63. [PubMed: 9513661] 

6. Kafienah W, Jakob M, Demarteau O, Frazer A, Barker MD, Martin I, Hollander AP. Three-
dimensional tissue engineering of hyaline cartilage: comparison of adult nasal and articular 
chondrocytes. Tissue Eng. 2002; 8(5):817–826. [PubMed: 12459060] 

7. Tay AG, Farhadi J, Suetterlin R, Pierer G, Heberer M, Martin I. Cell yield, proliferation, and 
postexpansion differentiation capacity of human ear, nasal, and rib chondrocytes. Tissue Eng. 2004; 
10(5–6):762–770. [PubMed: 15265293] 

8. von der Mark K, Gauss V, von der Mark H, Muller P. Relationship between cell shape and type of 
collagen synthesized as chondrocytes lose their cartilage phenotype in culture. Nature. 1977; 
267(5611):531–532. [PubMed: 559947] 

Watson et al. Page 8

Laryngoscope. Author manuscript; available in PMC 2017 September 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



9. Homicz MR, Schumacher BL, Sah RL, Watson D. Effects of serial expansion of septal chondrocytes 
on tissue-engineered neocartilage composition. Otolaryngol Head Neck Surg. 2002; 127(5):398–
408. [PubMed: 12447233] 

10. Benya PD, Shaffer JD. Dedifferentiated chondrocytes reexpress the differentiated collagen 
phenotype when cultured in agarose gels. Cell. 1982; 30(1):215–224. [PubMed: 7127471] 

11. Homicz MR, Chia SH, Schumacher BL, Masuda K, Thonar EJ, Sah RL, Watson D. Human septal 
chondrocyte redifferentiation in alginate, polyglycolic acid scaffold, and monolayer culture. 
Laryngoscope. 2003; 113(1):25–32. [PubMed: 12514377] 

12. Chia SH, Homicz MR, Schumacher BL, Thonar EJ, Masuda K, Sah RL, Watson D. 
Characterization of human nasal septal chondrocytes cultured in alginate. J Am Coll Surg. 2005; 
200(5):691–704. [PubMed: 15848359] 

13. Masuda K, Sah RL, Hejna MJ, Thonar EJ. A novel two-step method for the formation of tissue-
engineered cartilage by mature bovine chondrocytes: the alginate-recovered-chondrocyte (ARC) 
method. J Orthop Res. 2003; 21(1):139–148. [PubMed: 12507591] 

14. Chia SH, Schumacher BL, Klein TJ, Thonar EJ, Masuda K, Sah RL, Watson D. Tissue-engineered 
human septal cartilage using the alginate-recovered-chondrocyte method. Laryngoscope. 2004; 
114(1):38–45. [PubMed: 14709992] 

15. Alexander TH, Sage AB, Schumacher BL, Sah RL, Watson D. Human serum for tissue engineering 
of human nasal septal cartilage. Otolaryngol Head Neck Surg. 2006; 135(3):397–403. [PubMed: 
16949971] 

16. Alexander TH, Sage AB, Chen AC, Schumacher BL, Shelton E, Masuda K, Sah RL, Watson D. 
IGF-1 and GDF-5-promote the formation of tissue-engineered human nasal septal cartilage. Tissue 
Eng Part C Methods. 2010; 16:1213–1221. [PubMed: 20178406] 

17. Grodzinsky AJ. Electromechanical and physicochemical properties of connective tissue. Crit Rev 
Biomed Eng. 1983; 9(2):133–99. Review. [PubMed: 6342940] 

18. Richmon JD, Sage A, Van Wong W, Chen AC, Sah RL, Watson D. Compressive biomechanical 
properties of human nasal septal cartilage. Am J Rhinol. 2006 Sep-Oct;20(5):496–501. Erratum in: 
Am J Rhinol. 2007 Jan-Feb;21(1):135. [PubMed: 17063745] 

19. Kempson GE, Muir H, Pollard C, Tuke M. The tensile properties of the cartilage of human femoral 
condyles related to the content of collagen and glycosaminoglycans. Biochim Biophys Acta. 1973 
Feb 28; 297(2):456–72. [PubMed: 4267503] 

20. Maroudas AI. Balance between swelling pressure and collagen tension in normal and degenerate 
cartilage. Nature. 1976 Apr 29; 260(5554):808–9. [PubMed: 1264261] 

21. Richmon JD, Sage AB, Wong VW, Chen AC, Pan C, Sah RL, Watson D. Tensile biomechanical 
properties of human nasal septal cartilage. Am J Rhinol. 2005 Nov-Dec;19(6):617–22. [PubMed: 
16402652] 

22. Mow, VC.; Ratcliffe, A. Structure and function of articular cartilage and meniscus. In: Mow, VC.; 
Hayes, WC., editors. Basic orthopaedic biomechanics. 2. New York: Raven Press; 1997. p. 113-78.

23. Akizuki S, Mow VC, Müller F, Pita JC, Howell DS, Manicourt DH. Tensile properties of human 
knee joint cartilage: I. Influence of ionic conditions, weight bearing, and fibrillation on the tensile 
modulus. J Orthop Res. 1986; 4(4):379–92. [PubMed: 3783297] 

24. Williamson AK, Chen AC, Sah RL. Compressive properties and function-composition 
relationships of developing bovine articular cartilage. J Orthop Res. 2001 Nov; 19(6):1113–21. 
[PubMed: 11781013] 

25. Williamson AK, Masuda K, Thonar EJ, Sah RL. Growth of immature articular cartilage in vitro: 
correlated variation in tensile biomechanical and collagen network properties. Tissue Eng. 2003 
Aug; 9(4):625–34. [PubMed: 13678441] 

26. Vunjak-Novakovic G, Martin I, Obradovic B, Treppo S, Grodzinsky AJ, Langer R, et al. Bioreactor 
cultivation conditions modulate the composition and mechanical properties of tissue-engineered 
cartilage. J Orthop Res. 1999; 17:130–9. [PubMed: 10073657] 

27. Chen AC, Masuda K, Nakagawa K, Wong VW, Pfister BE, Thonar EJ, et al. Tissue engineered 
cartilage from adult human chondrocytes: biomechanical properties and function-composition 
relationships. Trans Orthop Res Soc. 2003; 28:945.

Watson et al. Page 9

Laryngoscope. Author manuscript; available in PMC 2017 September 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



28. Ng KW, Kugler LE, Doty SB, Ateshian GA, Hung CT. Scaffold degradation elevates the collagen 
content and dynamic compressive modulus in engineered articular cartilage. Osteoarthritis 
Cartilage. 2009; 17(2):220–7. [PubMed: 18801665] 

29. Kempson GE, Tuke MA, Dingle JT, Barrett AJ, Horsfield PH. The effects of proteolytic enzymes 
on the mechanical properties of adult human articular cartilage. Biochim Biophys Acta. 1976 May 
28; 428(3):741–60. [PubMed: 1276179] 

30. Li JT, Mow VC, Koob TJ, Eyre DR. Effect of chondroitinase ABC treatment on the tensile 
behavior of bovine articular cartilage [abstract]. Trans Orthop Res Soc. 1984; 9:35.

31. Schmidt MB, Mow VC, Chun LE, Eyre DR. Effects of proteoglycan extraction on the tensile 
behavior of articular cartilage. J Orthop Res. 1990 May; 8(3):353–63. [PubMed: 2324854] 

32. Asanbaeva A, Masuda K, Thonar EJ, Klisch SM, Sah RL. Mechanisms of cartilage growth: 
modulation of balance between proteoglycan and collagen in vitro using chondroitinase ABC. 
Arthritis Rheum. 2007 Jan; 56(1):188–98. [PubMed: 17195221] 

33. Natoli RM, Revell CM, Athanasiou KA. Chondroitinase ABC treatment results in greater tensile 
properties of self-assembled tissue-engineered articular cartilage. Tissue Eng Part A. 2009 Oct; 
15(10):3119–28. [PubMed: 19344291] 

34. Bian L, Crivello KM, Ng KW, Xu D, Williams DY, Ateshian GA, Hung CT. Influence of 
temporary chondroitinase ABC-induced glycosaminoglycan suppression on maturation of tissue-
engineered cartilage. Tissue Eng Part A. 2009 Aug; 15(8):2065–72. [PubMed: 19196151] 

35. Parry DA. The molecular and fibrillar structure of collagen and its relationship to the mechanical 
properties of connective tissue. Biophys Chem. 1988 Feb; 29(1–2):195–209. Review. [PubMed: 
3282560] 

36. Graham HK, Holmes DF, Watson RB, Kadler KE. Identification of collagen fibril fusion during 
vertebrate tendon morphogenesis. The process relies on unipolar fibrils and is regulated by 
collagen-proteoglycan interaction. J Mol Biol. 2000 Jan 28; 295(4):891–902. [PubMed: 10656798] 

37. Wilusz RE, Guilak F. High resistance of the mechanical properties of the chondrocyte pericellular 
matrix to proteoglycan digestion by chondroitinase, aggrecanase, or hyaluronidase. J Mech Behav 
Biomed Mater. 2014; 38:183–97. [PubMed: 24156881] 

38. Oseni AO, Butler PE, Seifalian AM. Optimization of chondrocyte isolation and characterization for 
large-scale cartilage tissue engineering. J Surg Res. 2013; 181(1):41–8. [PubMed: 22819310] 

39. Nguyen QT, Crawford DJ, Raub CB, Chen AC, Licsch SM, Sah RL. Application of Chemical and 
Dynamic Mechanical Stimuli to the Surface of Immature Articular Cartilage Induces Functional 
and Structural Maturation of the Superficial Zone [abstract]. Trans Orthop Res Soc. 2012

40. McGowan KB, Kurtis MS, Lottman LM, Watson D, Sah RL. Biochemical quantification of DNA 
in human articular and septal cartilage using PicoGreen and Hoechst 33258. Osteoarthritis 
Cartilage. 2002; 10(7):580–587. [PubMed: 12127839] 

41. Chen AC, Bae WC, Schinagl RM, Sah RL. Depth- and strain-dependent mechanical and 
electromechanical properties of full-thickness bovine articular cartilage in confined compression. J 
Biomech. 2011; 34(1):1–12. [PubMed: 11425068] 

42. Homicz MR, McGowan KB, Lottman LM, Beh G, Sah RL, Watson D. A compositional analysis of 
human nasal septal cartilage. Arch Fac Plast Surg. 2003; 5:53–58.

Watson et al. Page 10

Laryngoscope. Author manuscript; available in PMC 2017 September 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 1. 
Hyaluronidase-treated and control tissue engineered human septal cartilage constructs were 

firm, white, and opaque with smooth surfaces. Constructs treated with hyaluronidase were 

more pliable than untreated control constructs. Scale bar is 5mm.
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Figure 2. 
Constructs treated with hyaluronidase had marked reduction in levels of sGAG compared to 

controls (A), and higher ratios of collagen to GAG (B). Treated constructs had elevated 

tensile strength (C) as well as strain at failure (D). n=12
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Figure 3. 
Alcian Blue stained tissue engineered human septal neocartilage 6 weeks after treatment 

with hyaluronidase (A) or untreated (B) compared with native human septal cartilage (C). 

After 6 weeks post-treatment culture, the level of sGAG in treated constructs is still 

markedly reduced when compared with untreated control constructs. Scale bar is 100 μm.
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