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1.0 Introduction 

Tracheal injury and disease result in the debilitating loss of 

cartilage. Since cartilage shows very little ability for self-

repair, tracheal pathologies can cause long-term disability 

and, in some cases, the loss of life. In patients with small 

lesions (1-5 cm), attempts have been made to restore function 

by anastomosing the healthy areas of cartilage after resection 

of the diseased region. Longer defects, however, pose a major 

challenge for reconstructive surgery. Currently, there are few 

therapeutic options for the repair of tracheal defects longer 

than 5 cm. Moreover, none of the current approaches utilize 

techniques that deliver tracheal cartilage with the potential to 

grow with the patient; therefore, their usefulness is 

particularly limited in the pediatric population.  

Our group has been working on tissue engineering the trachea 

using biodegradable polymers, such as polyglycolic acid 

(PGA), in immunodeficient rodent models (1,2). However, an 

autologous model using PGA scaffolds in immunocompetent 

animals is still far from providing clinically relevant results 

because of the tendency of the engineered cartilage to 

collapse over time. This lack of structural integrity may be 

due to the insufficient deposition of cartilaginous extracellular 

matrix (ECM), likely secondary to immune and/or 

inflammatory responses elicited by the biomaterial polymers 

(1). Inthis study we focus on using a different biomaterial, 
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This study evaluates the feasibility of tissue engineered cartilage shaped in a helix to 

form the structural component of a functional tracheal replacement.  The study was 

designed to show that a small nasal septum biopsy specimen can be utilized to grow 

tissue engineered cartilage using a thermosensitive hydrogel (Pluronic F127) in vivo. 

Chondrocytes isolated from sheep nasal septum were cultured in nutritional media. 

After 2 weeks, chondrocyte suspensions were mixed with the hydrogel. Cell-polymer 

constructs were pasted to the groves of helical silicon tubes and implanted into 

subcutaneous pockets on the backs of nude rats. After 8 weeks, the implants were 

harvested and analyzed. The morphology of implants resembled that of native sheep 

trachea. H&E staining showed the presence of mature cartilage. Safranin-O staining 

showed that the tissue engineered cartilage was organized into lobules with round, 

angular lacunae each containing a single chondrocyte. Proteoglycan and 

hydroxyproline contents were similar to those of native cartilage. This study 

demonstrates the feasibility of recreating the cartilage of the trachea with tissue 

harvested in a single procedure in combination with thermosensitive hydrogels. The 

approach also recruited connective tissue from the recipient’s site into the implant. 

This technique has the potential to facilitate the autologous repair of segmental 

tracheal defects.  
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specifically the thermosensitive hydrogel Pluronic F127, due 

to the observed reduced inflammatory response to the 

hydrogel in immunocompetent hosts when compared to PGA-

based implants (3). Furthermore, the hydrogel can be injected 

into the desired site even after mixing with chondrocytes 

(4).We hypothesize that the use of more biocompatible 

scaffold materials leads to enhanced ECM deposition by the 

cartilage cells, and yield tissues with increased structural 

integrity.  

2.0 Materials and Methods 

2.1  Cell Isolation and Culture 

Five x 5 mm samples of sheep nasal septum cartilage were 

obtained from two month-old sheep (N=8) (Fig.2a). 

Chondrocytes were isolated from the cartilage by digestion 

with 0.3% collagenase type II (Worthington Biochemical 

Corp., Freehold, NJ) at 37°C for 5-8 hours while shaking. The 

resulting cell suspension was passed through a 100μm cell 

strainer (Becton Dickinson and Company, Franklin Lakes). 

Chondrocytes were cultured in Ham’s F-12 media (Gibco, 

Grand Island, NJ) supplemented with10% fetal calf serum 

(FCS) (Gibco), 292 μg/mL L-glutamine, 10,000 U/ml 

penicillin G, 10,000 U/ml streptomycin sulfate, 25 μg/ml 

amphotericin B and 50 μg/ml ascorbic acid for 2 weeks. 

Culture media was changed every 3 days. After 2 weeks, 

chondrocytes became confluent and were harvested with 

0.05% Trypsin-EDTA (Gibco). The isolated cells were 

counted and resuspended to a final concentration of  20 x 

106/ml.   

2.2 Preparation of the Thermosensitive Hydrogel  

Pluronic F127 (Polyoxamer 407NF) surfactant (BASF, 

MountOlive, NJ. #549926) will form a gel at a concentration 

greater than 20% w/v (g/mL) in plain Ham’s F-12 medium at 

a temperature above 15°C (Fig. 2b). When cooled below 

15°C, gels become liquid again. Concentrations of 23-30% 

(w/v) are ideal for tissue engineering. 3g of pluronic powder 

wereslowly added to 7ml cold (< 10°C) Ham F-12 medium 

with 10% FBS in a glass beaker with a magnetic stirrer. The 

mixture was stirred for 16 hours at a temperature < 10°C. 

When the pluronic powder was completely dissolved, the 

solution was filtered through a 0.2 um filter at < 10°C. The 

hydrogel was stored at 4°C until further use. 

2.3  Cell-Hydrogel Suspension and Implantation  

Hundred x 106 chondrocytes were mixed with 5ml of 30% 

Pluronic F127 and vortexed to ensure a homogeneous 

distribution of the cells in the suspension. The suspension was 

then pasted onto the grooves of a 2cm diameter and 5cm 

length tracheal helical silicon tube (Figure 2c and 2d). The 

tracheal silicon tubes with the chondrocyte-hydrogel 

suspension were then implanted into subcutaneous pockets in 

the back of 8-week-old nude rats. The implants were 

harvested at 8 weeks. Animals received humane care in 

compliance with the guidelines published by the National 

Institutes of Health (NIH publication 85-23, revised 1985). 

All animal procedures were approved by the Institutional 

Animal Care and Use Committee at Harvard Medical School. 

2.4  Histological Examinations 

Samples were fixed in 10% phosphate-buffered formalin, 

embedded in paraffin and sectioned. Sections were stained 

with either hematoxylin and eosin, or Safranin-O. 

2.5  Biochemical analysis  

Biochemical analysis was performed on harvested tissue to 

quantify the level of cartilage-specific extracellular matrix 

components. Samples were digested by the addition of 1.0 mL 

of 100 mM sodium phosphate (Na2HPO4), 10 mM sodium 

EDTA (Na2EDTA), 10 mM cysteine hydrochloride (Sigma), 

5 mM EDTA (BDH), and 125 μg/ml papain (Sigma). The 

samples were incubated at 60°C for 24h and stored at –20°C. 

The sulfated glycosaminoglycan (GAG) content of digests 

was quantified as previously described. Briefly, 10μL of 

papain digest was added to 200μL of 1,9-dimethylmethylene 

blue dye at pH 3.0. Absorbance at 656nm was measured with 

a spectrophotometer immediately after the addition of the dye. 

GAG content of the samples was calculated using a 

chondroitin-6-sulfate standard from shark cartilage (Sigma). 

The hydroxyproline content of the samples was determined by 

established protocols (5). Briefly, the papain digests were 

hydrolyzed with equal volumes of 6N HCL at 115°C for 16-

24h. Chloramine T and p-dimethyl amino-benzaldehyde were 

added to hydrolyzed samples and absorbances at 560 nm were 

measured with a spectrophotometer immediately after the 

addition of the dye. DNA content of samples was determined 

by quantitating fluorescence (358/458 nm) of aliquots 

immediately after mixing with bisbenzimidazole dye (Hoechst 

33258) using a fluorimeter.  

3.0 Results 

3.1  Gross Morphology  

Before implantation into the nude rats, there was no 

connective tissue joining the cell-polymer suspensions within 

the grooves (Fig 2b). After 8 weeks, cell-polymer constructs 

formed de novo cartilage in the shape of cylinders, and 

individual engineered cartilage rings were connected to each 

other with fibrotic connective tissue originated from the nude 

rats. Vascularization was also observed around the engineered 

cartilage and within the connective tissue. The gross 

appearance of the tissue engineered trachea was very similar 

to that of native tracheal cartilage (Fig 3). 
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3.2  Histology 

Histological examination of the engineered trachea using 

H&E stains showed the presence of mature cartilage within 

the rings and the formation of an epithelial layer over the 

rings, with a distinct interface between them. Safranin-O 

staining showed that tissue engineered cartilage was 

organized into lobules with round, angular lacunae each 

containing single chondrocytes (Fig 4). 
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Fig. 1  Schematic diagram of methods for isolation, culture, and implantation of tracheal constructs 

Fig. 2  Phase-contrast photomicrograph (200 x) of sheep nasal chondrocytes in monolayer culture (a). Pluronic F127 hydrogel (>20°C) (b). 

Silicone helical template: 20 mm diameter x 50 mm length (c) and Cell-hydrogel mixture pasted onto the grooves of helical silicone tube (d). 

 

 

3.3  Biochemical Assays  

Proteoglycan content of the tissue engineered trachea was 

similar to that of native trachea (Fig 5). The total 

hydroxyproline content of tissue engineered trachea was 

1.4±0.3 µg/mg, similar to that of native trachea (Fig 6). 
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4.0 Discussion 

Tissue engineered cartilage can be successfully generated 

utilizing a wide variety of biomaterials, such as PGA (6), 

poly-lactic acid (PLA) (7), polycaprolactone (8), collagen 

gels, calcium arginate gels (9), and Pluronic F127 

thermosensitive hydrogels (5). In the past, our group has used 

PGA as the scaffold to generate cartilage in immunodeficient 

rodent and autologous sheep models (1). 

 

 

One of the benefits in using PGA is that it has already been 

approved by the FDA for clinical use. In addition, we have 

compared various materials to PGA, such as PLA and 

collagen gels, and found that in some models, chondrocytes 

seeded in PGA generate cartilage with the ideal structural 

integrity and physical appearance within a reasonable 

amountof time, usually 4-6 weeks. However, one of the 

problems encountered when using PGA is its tendency to 

elicit strong inflammatory responses in immunocompetent 

hosts. In our autologous sheep model with PGA, the 

engineered cartilage did notshow the same structural integrity 

as native cartilage due to a lack of sufficient collagen and 

glycoseminoglycan content (1). There are a few possible 

experimental changes that may solve this problem. First, 

using mature chondrocytes with inherently low metabolic 

activity may not be optimal; perhaps using mesenchymal stem 

cells, iPS cells or ES cells may be necessary. Secondly, 

increasing tissue vascularization may enhance regeneration. 

Third, alternative biomaterials with increased 

biocompatibility may increase tissue integrity by reducing the 

host immune/inflammatory response. Finally, epithelialization 

of engineered tracheal implants may be required. In this 

study, we focused on exploring a more biocompatible 

biomaterial and explore the effect of tissue vascularization 

and epithelialization on cartilage quality.  

a

b

 

 

Pluronic hydrogels are thermosensitive biopolymers that 

possess a negative temperature coefficient of gelation. It has 

been used in the past in burn patients and as a dressing for 

abrasion wounds (10). Nalbandian et al (11) reported that 

Pluronic F127 sufficiently mimics the normal functions of the 

skin epidermis, that it may function not only as an artificial 

skin, but also as a vehicle to carry bacteriostatic/-cidal and 

other adjuvants to accelerate wound healing. In addition, 

Baskaran et al (12). demonstrated that intravenously injected 

Poloxamer-188 improves capillary bold flow, prevents the 

formation of the zone of stasis and reduces burn wounds after 

24 hours. In tissue engineering, capillary blood flow is a key 

indicator of nutrient supply to the engineered constructs, and 

allows for cell growth towards the tissue or organ level in 

vivo. 
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In our study, the hydrogel did not elicit a strong inflammatory 

response, and the chondrocytes generated strong cartilage 

Fig. 3  Appearance of tissue engineered trachea 

Fig. 4  Safranin-O staining of tissue engineered trachea (a) and native 

trachea (b). 

 

Fig. 5 Glycosaminoglycan (GAG) content of native and tissue engineered 

trachea (TET) (N=8SEM)   
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tissue in 8 weeks. Most importantly, the rings became 

interconnected by donor-originated connective tissue and 

infiltrated by donor-originated vascularization.   

During this study, we did not provide any epithelial cells to 

the engineered trachea prior to implantation because we 

anticipated that the epithelial cells would migrate into the 

tracheal implant from sites within the donor after surgery.  
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In summary, our work demonstrates the ability of the 

thermosensitive polymer Pluronic F127 to act as a cell 

delivery vehicle that can be utilized to form new cartilage. We 

also demonstrate that it is not necessary to implant connective 

tissue cells with the tracheal construct, as connective tissue 

and blood vessels can originate from the recipient tissues and 

invade the implanted construct.   

In tracheal reconstructive surgery there is limited mobility of 

the surrounding tissues and their associated blood supply; our 

study provided a technique that can be more easily adapted to 

clinical situations where tracheal cartilage must be generated, 

without the need to engineer connective tissue or a vascular 

supply.   
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Fig. 6  Hydroxyproline content of native and tissue 
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