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Abstract 
Background: Mucous buildup is a significant cause for stent exchange, with mucous being implicated as the reason for up to 25% of stent 

exchanges [1-3]. Furthermore, impaired mucous clearance is thought to lead to infections, which can cause airway inflammation, growth of 
granulation tissue, and further airway stenosis. Prevention of mucous buildup in airway stents may be an improvement that could have a significant 
impact on patient quality of life as well as both material cost of stent replacement, and procedural time.

Purpose: Our group has developed a hydrophilic coating for silicone stents which reduces mucous adhesion compared to non-coated stents in 
an in vitro model [4]. This reduction in mucous adhesion could be an opportunity to improve complications of stent placement. The aim of this pilot 
study is to investigate the degree of airway injury and mucostasis using silicone stents with and without this coating in a porcine model.

Methodology: We modified commercially available silicone stents with a hydrophilic polymer from Toray Industries. We used X-ray 
Photoelectron Spectroscopy (XPS) and Time-of-Flight Secondary Ion Mass Spectroscopy (TOF-SIMS) to analyze and confirm the hydrophilic polymer 
coating on the surface of the experimental stent. We conducted an in vivo survival study in a porcine model to compare the degree of airway injury 
and mucostasis between coated (Stent-X) vs non-coated (Stent-C) stented airways.

Results: We successfully implanted two 14x10mm silicone stents within the left (Stent-C) and right (Stent-X) mainstem bronchus in this porcine 
model. The animal survived to termination at 4-weeks. Both stents were intact without migration. Stent-X demonstrated reduced mucostasis (75mg 
vs 250mg), lower airway injury score (28 vs 44) and lower goblet cell hyperplasia on H&E staining compared to Stent-C. 

Conclusion: Stent-X demonstrates promising anti-mucous adhesion capabilities resulting in less airway injury in this pilot study. Future work 
involving multiple randomized animal models will be needed to corroborate our findings.
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Introduction

Over the past 20 years, there has been significant advancement 
in the discipline of interventional pulmonary with parallel growth 
of medical devices in this space. In particular, there are a numerous 
selection of tracheobronchial stents available for the treatment of 
tracheobronchial disease. In severe or refractory tracheobronchial 
disease, airway stenting can be considered; however, the risk of 
stent complications including mucous impaction, granulation 
tissue formation, stent migration and infection must be weighed to 
the benefit of these devices [1-3]. Prevention of mucous buildup in 
airway stents could have a significant impact on patient quality of 
life and the cost of repeated bronchoscopies.

A novel hydrophilic coating was recently developed by Toray 
Industries that can be applicable to silicone-based materials. Our 
group has successfully incorporated this hydrophilic coating to the 
surfaces of silicone stents which reduced mucous adhesion by 80% 
compared to non-coated silicone stents in an in vitro study [4]. The 
modified surface exhibits not only high wettability but also high 
lubricity, and such super hydrophilicity generates an anti-adhesion 
property. We hypothesize that the proprietary hydrophilic surface 
coating could prevent mucous buildup compared to standard non-
coated stents in a porcine model. The aim of this pilot study is to 
investigate the effect of the coated (Stent-X) vs non-coated stent 
(Stent-C) on mucostasis and airway injury in a survival study using 
a porcine model. 

Methods

Preparation and surface analysis of the hydrophilic 
coating on silicone stents

Toray’s proprietary hydrophilic polymer was applied to a 
Novatech tracheobronchial silicone stent from Boston Medical 
Products (Shrewsbury, MA, USA). The preparation technique was 
previously described by our group [4]. Small 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.

In vivo porcine model preparation and stent deployment

The study assessed the short-term (4-weeks) performance 
of Stent-X and Stent-C in one female Yorkshire farm pig (body 
weight 45 kg). This model was selected on account of the similarity 
between porcine and adult human central bronchial diameters [5].

Inhalation and intravenous medications used for the induction 
and maintenance of general anesthesia followed our APIC laboratory 
and IUCAC guidelines. The stents were sterilized with ethylene 
oxide (ETO) using a low temperature recipe prior to implantation. 
Karl Storz (Tuttlingen, Germany) equipment including a 14-mm 
diameter adult rigid bronchoscope, rigid alligator forceps, and rigid 

peanut forceps were used for stent deployment and adjustment. 
Stent-X and Stent-C were planned a priori to be deployed in the right 
and left mainstem bronchus; respectively. The standard 14x40mm 
stents were cut to 10mm length to prevent inadvertent lobar 
obstruction and perceived morbidity during this 4-week study. 

The stent performance was assessed by means of flexible 
bronchoscopy (Tele-Pak, Karl Storz) on a weekly basis for a 
duration of 4-weeks after initial stent placement. The performance 
evaluation involved the examination of the stents to assess 
migration, granulation tissue overgrowth at both ends, and degree 
of mucostasis. Any mucous build-up was suctioned clear with a 
flexible bronchoscope. 

At four weeks from initial stent placement, the animal was 
euthanized, and the tracheobronchial tree was resected and placed 
in formalin for histological assessment. Any mucous adhering to 
the luminal surface was collected into a 1 mL syringe. The weight 
of the syringe was measured, and the weight of the mucous was 
calculated by subtracting the weight of the empty syringe from the 
weight of syringe containing mucous.

Assessment of airway injury

The insult to the airway was assessed using gross observation 
of mucostasis, granulation tissue formation and stent migration; 
mucous weight at termination of the study; and histological 
assessment of mucosal injury and application of an airway injury 
score adapted from Sinha R and colleagues [6]. Histological 
assessment and calculation of the airway injury score were 
performed along four sections of the airway that were in direct 
contact with the stent, this included proximal (section A), proximal-
mid (section B), mid-distal (section C) and distal (section D). The 
slides were randomized and then reviewed by a pathologist who 
was blinded to the animal group and subsection classification. 
The subsections on each slide were semi-quantitatively assessed 
and graded for inflammation, granulation tissue, and extent of 
tissue damage (i.e., ulceration, epithelial flattening, and cilia loss). 
Each variable was graded using a 4-point scale: 0=absent, 1=low, 
2=medium, and 4=high. Absent and low grades for each variable 
were considered within normal physiological spectrum.

Statistical analysis

The null hypothesis regarding the performance (migration, 
granulation tissue formation, and mucous retention) in a porcine 
model was that there was no difference in the incidences between 
the two types of stents. Descriptive statistics were used to analyze 
the data.

Results

The porcine model survived to the 4-week termination endpoint. 
The two 14x10mm silicone stents were successfully deployed in 
the right (Stent-X) and left (Stent-C) mainstem bronchus without 
cardiopulmonary compromise.
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Gross comparison at the weekly surveillance bronchoscopies 
revealed that both stents remained intact with minimal migration 
at 4-weeks (Figure 1). At time of termination, there was more 

mucostasis in Stent-C compared to Stent-X. This was confirmed 
at time of explant where Stent-X demonstrated a lower mucous 
weight (75mg vs 250mg) compared to Stent-C (Figure 2). 

Figure 1: Stent integrity and position between initial placement (Left) and explant (Right). Both stents remained intact with minimal migration 
between implantation and time to explant.

Figure 2: In vivo Mucous adhesion comparison between Stent-X and Stent-C at time of explant. There was a 70% reduction in mucous weight 
between Stent-X and C at time of explant.

Histologically, the proximal portion of both stents demonstrated 
more tissue damage than the distal end (Figure 3). Stent-X 
demonstrated a lower degree of tissue damage demonstrated by 
degree of ulceration, epithelial flattening, and cilia loss. In addition, 
Stent-C showed a marked increase in goblet cell hyperplasia 
compared to Stent-X (Figure 4).

The airway injury score was lower across the length of Stent-X 
than in Stent-C (Table 1 and Figure 5). Along the four sections, Stent-X 
had a lower injury score than Stent-C (28 vs 44; respectively). This 
was most apparent in the proximal airway, where friction injury is 
most severe (Stent-X vs Stent-C: 14 vs 16, 0 vs 14; respectively).
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Figure 3: Histological Comparison of Tissue Damage between Stent-X (Top) and Stent-C (Bottom). These H&E stains of the airway mucosa 
from the proximal portion of the stent illustrates less degree of ulceration, epithelial flattening and cilia loss with Stent-X compared to Stent-C.

Figure 4: Histological comparison between Stent-X and C. There is a marked increase in goblet cell hyperplasia from tissue in contact with 
Stent-C compared to Stent-X.
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Figure 5: Airway sections from Stent-X and C and Corresponding Airway Injury Score. Section of a mainstem bronchus on explant is seen 
grossly (Top). Sections A, B, C and D correlate with the tissue sections from proximal to distal; respectively. In this study, the mean airway injury 
score across the stent length was lower in Stent-X than C (28 vs 44; respectively).

Discussion

 It has been suggested that hydrophilic surface modification 
could be effective in prevention of biological mucin adhesion onto 
the surface of silicone-based materials [7]. Lee S, et al. [8] revealed 
that the adsorption of porcine gastric mucin to polydimethyl siloxane 
surface was higher than hyaluronic acid and dextran and suggested 
that the unglycosylated polypeptide backbone segments of mucins 
act as binding sites through their hydrophobic interactions with 
the surface while hydrophilic carbohydrate chains may dangle 
out to interact with water [8]. This phenomenon has also been 
observed with other hydrophilic modification processes of silicone-
based surfaces including hydrophilic polymer coating Jimenez 
Pardo I, et al. [9], plasma treatment Tan SH, et al. [10], surface 
polymerization of hydrophilic monomers Osawa S, et al. [11], and 
covalent bonding with hydrophilic polymers [12]. In our previous 
publication, we demonstrated an 80% reduction of purified saliva 
mucin adhesion with Stent-X compared to the control. In this study, 
we demonstrated a reduction in mucostasis within Stent-X and 
associated airway injury. Interestingly, there was less goblet cell 
hyperplasia associated with Stent-X which correlates well with the 
reduction in mucostasis we observed.

Although results from a multi-animal study would be more 
impactful, our group chose a single porcine model a priori. The 
rationale for this design was first, to understand the survivability 
of the animal with respect to our methodology given the lack of 
published literature; and second, to discover meaningful endpoints 
for a multi-randomized animal study. Moreover, the pathologist was 
blinded to stent-type; therefore, we feel that bias was minimized 
and our results, noteworthy. Like other studies evaluating degree 
of airway injury, there are no robust consistent scoring system 
to reflect injury related to an implantable device. The best injury 
score would encompass both depth of injury and type of cellular 
inflammation. This was best demonstrated using the composite 
airway injury scoring system by Sinha and colleagues [6]. Third, we 
found a remarkable contrast in the degree of goblet cell hyperplasia 
between Stent-X and C. Currently it is unknown whether this 
histological finding attributes to clinical outcomes. Fourth, we 
discovered that the proximal portion of the stents were where 
airway injury was more severe. This makes intuitive sense as friction 
from constant upward forces (i.e., coughing, mucociliary machine) 
would occur proximally than distally. Future studies investigating 
airway injury from implantable devices should incorporate goblet 
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cell hyperplasia as a marker for airway injury; in addition, focus 
airway injury analysis on the proximal airway as opposed to distal 
portions.

Increasing number of devices have been developed for 
implantation within the airways including stents and intrabronchial 
valves. Although patient outcomes are improved, long-term 
effectiveness and sustainability of these implants are hindered by 
device-host reactions (e.g., mucostasis and formation of granulation 
tissue) that result in overall airway injury. In this study, we aimed to 
investigate the effect of a hydrophilic polymer coated silicone stent 
that could potentially disrupt the consequences of the host-device 
inflammatory response and airway injury. Stent-X demonstrated 
promising anti-mucous adhesion capabilities in our in vitro study 
and now in this in vivo preclinical study. Future work with multiple 
randomized animal models will be needed to corroborate our 
findings. 

Conclusion

Stent-X demonstrates promising anti-mucous adhesion 
capabilities resulting in less airway injury in this pilot study. Future 
work involving multiple randomized animal models will be needed 
to corroborate our findings. 
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