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ABSTRACT 
Airway stents are used to keep airways open for those 

patients symptomatic from tracheobronchial disease.  

Tracheobronchial disease or central airway obstruction (CAO) 

can occur with benign or malignant disease, or complications 

from lung transplantation.  Although stents can offer 

symptomatic relief for CAO, complications such as granulation 

tissue formation, stent fracture, and infection commonly occur 

after stent placement.  Currently, all airway stents promote 

mucus buildup which can lead to stent failure and airway 

complications.  In this paper, we demonstrate the use of special 

anti-fouling coatings to prevent mucus buildup.  The coatings 

have been tested: 1) for wettability, 2) using XPS and TOF-SIMS 

to characterize surface properties, and 3) in the laboratory (in 

vitro) to study effects of mucin incubation.  Findings include 

significant improvement in limiting mucus adhesion in a lab 

model. 
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1. INTRODUCTION 
 Airway stents are prostheses that are used to maintain 

patency of trachea and bronchial paths for those patients who are 

symptomatic from tracheobronchial disease or central airway 

obstruction (CAO).  Etiologies for CAO include malignant 

disease (endobronchial tumor and malignant tracheoesophageal 

fistula) and benign disease (tracheobronchomalacia and benign 

tracheoesophageal fistula).  Such an airway prosthesis can offer 

symptomatic relief and provide a pathway for additional 

therapies that could be life-saving [1]. 

 Having an airway stent placed for long periods of time 

invites such complications as mucus buildup, infection, and 

migration which could result in tissue inflammation and scar 

formation [2].  Furthermore, these complications can occur in the 

range of 20-50% of the time, and this can lead to bronchoscopies 

to remove and replace the stent anywhere from weekly to every 

three months [3, 4].  Besides reduction in patient quality of life, 

this creates a high cost medical burden. 
Prevention of mucus buildup in airway stents could have a 

significant impact on patient quality of life and the cost of 

repeated bronchoscopies.  Currently there is no airway stent 

marketed for the prevention of mucus buildup. 
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A novel hydrophilic coating was recently developed by 

Toray.  The coating is applicable to silicone-based materials.  The 

modified surface exhibits not only high wettability but also high 

lubricity, and such super hydrophilicity generates an anti-fouling 

property.  The coating is expected to solve a major clinical 

complication of silicone airway stents.  We hypothesize that the 

proprietary hydrophilic surface coating could prevent mucus 

buildup onto a silicone airway stent during indwelling.  

The purpose of this study is to reveal and acquire knowledge 

about the use of a special proprietary anti-fouling coating to 

prevent mucin adhesion.  The coating has been tested in in vitro 

to study efficacy when compared to the standard silicone airway 

stent. 

 

 
2. MATERIALS AND METHODS 

In a collaborative effort between the University of 

Minnesota Bakken Medical Devices Center and Toray 

Industries, Inc., we have developed and studied a proprietary 

hydrophilic coating for silicone airway stents to reduce mucus 

accumulation. 

Initial testing began by applying the coatings to sheets of 

silicone.  Coatings’ material data was collected from those 

experiments, along with in vitro test data (in a mucin 

environment) to tune the types of polymers for coating.  This 

information was applied in coating actual silicone airway stents, 

and additional in vitro data was collected.  Those stents were also 

tested in a porcine animal model. 

 

2.1 Wettability 
Toray’s proprietary hydrophilic polymers were applied to 

polyethylene terephthalate film (2 cm x 2cm). The coated film 

and non-coated control film were rinsed in phosphate buffered 

saline (PBS) at room temperature. After rinsing, wettability and 

water-repellency of the films were observed. 

 

2.2 Coatings on silicone stents and surface analysis 
Toray’s proprietary hydrophilic polymers were applied to 

standard DumonTM silicone airway stents that were obtained 

from Boston Medical Products (Shrewsbury, MA, USA).  Small 

(order of mm) sections were cut and tested using X-ray 

Photoelectron Spectroscopy (XPS) and Time-of-Flight 

Secondary Ion Mass Spectroscopy (TOF-SIMS) to confirm 

existence of the hydrophilic polymer and coating homogeneity, 

respectively.  Polymer coverage ratio for the three hydrophilic 

polymers is quantified with the scan image at each of three 

randomly-selected areas (300 μm x 300 μm) and shown as mean 

+/- SD. 

 

2.3 in vitro testing of coated silicone stents 
A biopsy punch was used to cut 4 mm diameter disks from 

the coated silicone stents.  To demonstrate that the films could 

tolerate a sterilization process, some circular disks were 

sterilized with ETO (ethylene oxide at low temperature recipe) 

to successfully demonstrate that in vitro results would be 

unchanged by the sterilization process. 

Mucin was purified from human saliva and a mucin solution 

having a concentration of 100 μg/mL in PBS (phosphate 

buffered saline) was prepared.  The silicone disks, having a 

diameter of 4 mm, were set in 48 respective wells of a microtiter 

plate.  To each well, 600 μL of the mucin solution was added and 

incubated at 37°C for 20 - 24 hours.  PBS alone was used as a 

control.  After rinsing three times using PBS, a blocking buffer 

(ThermoFisher Scientific 37570) was added and incubated at 

room temperature (23°C to 25°C) for 1h.  After rinsing three 

times using PBS, WGA (Biotinylated Wheat Germ Agglutinin 

(WGA), Vector Laboratories B-1025-5; diluted 1:500 in PBS) 

was added and incubated at room temperature for 1h.  After 

rinsing three times using PBS, horseradish peroxidase (HRP) - 

conjugated streptavidin (HRP-Streptavidin, Sigma-Aldrich 

RABHRP3-600UL) was added and incubated at room 

temperature for 1h.  After rinsing three times using PBS, 250 μL 

of a solution of TMB (3, 3’, 5, 5’-tetramethylbenzidine (TMB) 

substrate, Thermo Scientific PI34028) was added and incubated 

at room temperature for 15 to 30 minutes.  Each sample was 

removed, 250 μL of 2M sulfuric acid was added and absorbance 

at 450 nm was measured using a microplate spectrophotometer 

(Synergy H1 Microplate Reader).  A mucus (mucin) adsorption 

amount was calculated according to the following formula (1): 

 

% 𝑚𝑢𝑐𝑢𝑠 𝑎𝑑ℎ𝑒𝑠𝑖𝑜𝑛 =
100(𝐴𝑠 − 𝐴𝑠𝑏)

𝐴𝑐−𝐴𝑐𝑏
             (1) 

 

where As is the absorbance of a sample, Asb is the absorbance of 

a blank solution (PBS alone) for the sample, Ac is the absorbance 

of for silicone, and Acb is the absorbance of a blank solution 

(PBS) for silicone. 

 

2.4 Statistics 
Four repetitions were performed for the in vitro mucin 

adhesion test (N=4). The data are reported as mean +/- standard 

deviation (SD). 

 

 

3. RESULTS 
 

3.1 Wettability of the coated surface 
Figure 1 shows wettability of the coated surface.  Phosphate 

buffered saline (PBS) was repelled on the surface of the non-

coated PET film. But the PBS spread and covered the whole 

surface of the coated PET film. 

FIGURE 1: THE COATED SURFACE SHOWING WETTABILITY 
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3.2 Analysis of coatings 
XPS analysis showed that ratio of the hydrophilic polymer-

specific atoms to silicone changed after coating.  Figure 2A 

shows polymer coverage for the three hydrophilic polymers. The 

coverage of coating type #3 was higher and more homogenous 

than other two coating types.  Figure 2B shows an example of 

two dimensional analysis with TOF-SIMS for coating type #3.  

Each of the three scans were random areas on the stent piece 

sample.  This result demonstrates the homogeneity of the coating 

process. 

 

 

 
 

 

 
FIGURE 2: TOF-SIMS SCANS OF COATING UNIFORMITY.  A: 

POLYMER COVERAGE FOR THREE COATING TYPES, B: TWO 

DIMENSIONAL SCAN IMAGE FOR COATING TYPE #3 

 
3.3 Analysis of mucin testing 

Figure 3A shows a comparison of three different proprietary 

coatings versus a control (uncoated) silicone airway stent.  

Coating type #3 shows an approximate 80% reduction of mucus 

adhesion as compared to the control stent for a 24 hour exposure 

to the mucin incubation environment.  This 80% reduction 

continues after a one week incubation period (Figure 3B). 

 

 

 

 

 

 

 
 
FIGURE 3: MUCIN ADHESION COMPARISON FOR COATED 

STENTS VERSUS A CONTROL (UNCOATED) STENT.  MUCIN 

ADHESION AFTER 24 HOURS (A) AND 1 WEEK (B) EXPOSURE 

TO MUCIN AQUEOUS SOLUTION. 

 

 

4. DISCUSSION 
The purpose of this study is to reveal and acquire knowledge 

about the use of a special proprietary anti-fouling coating to 

prevent mucin adhesion. The proprietary hydrophilic polymer 

coating #3 has shown 80% reduction of mucin adhesion in in 

vitro. The effectiveness continued after a one week incubation 

period.  The coating type #3 showed the highest and most 

homogenous coverage among the three types. It is suggested that 

such a homogenous coating quality was one of factors for a 

highly effective anti-fouling property. 
Hydrophilic surface modification has been investigated to 

prevent absorption of proteins, lipids, platelet and bacteria onto 

the hydrophobic surface of materials and medical devices [5].  

Various modification processes are reported, such as hydrophilic 

polymer coating [6], plasma treatment [7], surface 

polymerization of hydrophilic monomers [8], and covalent 

bonding with hydrophilic polymers [9].  The appropriate process 

is selected, depending on substrate material, geometry, and 

application.  Poly(dimethyl siloxane) or silicone rubber has a low 

surface energy and has been used for catheters, drainage tubes, 

cuffs, and stents.  As practical needs for low absorption (anti-

fouling) increase, various methods for hydrophilic modification 

of silicone surface are intensively studied [10][11][12]. 

There has been minimal research which investigated the 

interaction of mucin, a major component of biological surface 

mucus, with silicone-based materials.  Lee, S., et al. revealed that 

the adsorption of porcine gastric mucin to poly(dimethyl 

siloxane) surface was higher than hyaluronic acid and dextran, 

and suggested that the unglycosylated polypeptide backbone 
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segments of mucins act as binding sites through their 

hydrophobic interactions with the surface while hydrophilic 

carbonhydrate chains may dangle out to interact with water [13].  

It is suggested that hydrophilic surface modification could be 

effective in prevention of biological mucin adhesion onto the 

surface of silicone-based materials.  

DumonTM airway stent is a typical example of a 

commercially available silicone stent.  Karush, J.M., et al 

investigated the safety profile, pattern of re-intervention, and 

duration of the DumonTM airway stent with a total of 243 stents 

introduced into 63 consecutive patients with benign central 

airway obstruction and revealed that severe in-stent mucus 

accumulation was one of the most common indications for re-

intervention (60%; 133 stents /220 stents available for analysis) 

[14].  Chen, D.F., et al. conducted the meta-analysis to evaluate 

the long-term efficacy and safety of the DumonTM airway stent 

for benign tracheal stenosis with 8 retrospective studies 

comprising 395 patients and revealed that the mucus retention 

rate was 23.82% [15].  These two studies suggested that mucus 

accumulation on the DumonTM airway stent is a serious problem 

to be solved. 

We revealed 80% significant reduction of purified saliva 

mucin adhesion to the anti-fouling coated DumonTM airway 

stent, compared to the non-coated control stent in in vitro. We 

also observed reduction of mucus amount adhering the luminal 

surface of the DumonTM airway stent after 4 weeks indwelling in 

the porcine bronchus. These preliminary results suggest that anti-

fouling silicone stent is expected to reduce clinical 

complications.   

There are some limitations to this preliminary study. First, 

the number of animals is only one. Second, the amount of the 

adhering mucus was selected for the outcome measurement.  

Histopathology tests were run to study the effects on tissue.   

Future studies should incorporate a more effective experimental 

method to reveal the effectiveness of the anti-fouling coating. 

 
 

5. CONCLUSION 
The proprietary hydrophilic polymer coating has shown 

encouraging results in a laboratory mucin incubation.  At the 

submission time of this paper, an animal study was ongoing. 
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