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Highlight Box
•	 Key Findings: Coated stents demonstrated reduced airway injury 

and less mucous adhesion than control stents.

•	 What is known and what is new? Airway stenting can rapidly im-
prove airway patency and associated symptomatology; however, 
airway injury and scarring and build-up of debris imposes sub-
stantial morbidity and mortality after stent placement. This study 
demonstrates that a hydrophilic polymer coated stent can improve 
airway injury and mucous adhesion in silicone stents placed in the 
airway. 

•	 The implication of this findings is that our proprietary anti-mucous 
adhesion coating may help to improve post-stent complications. 
Larger randomized studies will be needed in human models to cor-
roborate our findings.

Introduction
	 The airway stenting space in the 21st century has exponentially 
grown with the development of newer stent design, materials, and 
deployment devices [1]. One of the mainstays of treatment for symp-
tomatic central airway obstruction is consideration of airway stenting; 
however, all stents incur airway injury and development of mucosta-
sis [2-4]. Over the past four-years, our group has experimented with 
coating silicone stents with a hydrophilic polymer that has shown to 
resist mucous adhesion in vitro and has demonstrated promise in re-
ducing airway injury in a randomized, single-blinded study in porcine 
models [5-7]. The objective of this study is to corroborate our previ-
ous findings; in addition, to investigate stent mucostasis and percent 
occlusion in coated vs control stents without routine therapeutic suc-
tioning.

Methods
	 The study was conducted at the University of Minnesota’s Ad-
vanced Preclinical Imaging Center (APIC) and Interventional Pul-
monary Airway Lab. The protocol was approved by the Institutional 	
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Abstract
Background

	 Airway stenting allows restoration of airway patency however as-
sociated airway injury and mucostasis can incur significant comor-
bidity and mortality. We aim to compare a coated stent vs non-coat-
ed stent in both degree of airway injury and mucostasis.

Methods

	 We modified commercially available silicone stents with a hydro-
philic polymer from Toray Industries. We conducted an in vivo surviv-
al study in six mainstem airways of three pigs to compare the degree 
of airway injury, mucostasis, and stent occlusion between coated vs 
control stented airways.

Results

	 We implanted a total of six 14x15mm silicone stents (one per 
mainstem bronchi) into three pigs. In all three airway sections, the 
degree of inflammation, submucosal gland hyperplasia, and fibrosis 

and granulation tissue formation was highest in the control vs coated 
stents. The control stent had higher tissue pathology scores in the 
distal and at stent sections than coated stents (62 vs 47 and 21 
vs 14; respectively). There was a higher degree of mucostasis and 
percent occlusion in the control vs coated stents (3.59 and 5 vs 1.29 
and 2.08; respectively).

Conclusion

	 This study demonstrates promising results in the reduced mucous 
adhesion within coated stents; moreover, demonstrates consistency 
in reduced airway injury compared to control stents. Future studies 
including larger number of subjects would be needed to corroborate 
our findings.

Keywords: Interventional pulmonary; Airway stent; Bronchial steno-
sis; Mucostasis, X-ray Photoelectron Spectroscopy (XPS); Time-of-
Flight Secondary Ion Mass Spectroscopy (TOF-SIMS)

doi: 10.24966/PMRR-0177/100084


Citation: Cho RJ, Kadowaki K, Seelig D, Hunter RC, MacIver RH, et al. (2024) Hydrophilic polymer coating improved airway injury and reduce mucous adhesion 
in silicone airway stents. J Pulm Med Respir Res 10: 084.

• Page 2 of 5 •

J Pulm Med Respir Res ISSN: 2573-0177, Open Access Journal
DOI: 10.24966/PMRR-0177/100084

Volume 10 • Issue 1 • 100084

Animal Care and Use Committee of the University of Minnesota, 
Minneapolis MN (Protocol ID 2012-38723A).

Preparation and Surface Analysis of the Hydrophilic Coat-
ing on Silicone Stents

	 Toray’s proprietary hydrophilic polymer was applied to a Novat-
ech tracheobronchial silicone stent from Boston Medical Products 
(Shrewsbury, MA, USA).  The preparation technique was previously 
described by our group [5]. Small sections were cut and tested using 
X-ray Photoelectron Spectroscopy (XPS) and Time-of-Flight Sec-
ondary 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 8-week performance of coated and control 
(uncoated) stents in three Yorkshire farm pigs (body weight 45 kg). A 
total of two stents (coated and control) were implanted into each pig. 
We randomized the coated stent location to either left or right main-
stem bronchus; whereby, the other bronchus would have the control 
stent implant.  This model was selected on account of the similarity 
between porcine and adult human central bronchial diameters [8]. 
Routine therapeutic suctioning during the surveillance bronchosco-
pies was not performed unless it was life-threatening.

	 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 ox-
ide (ETO) using a low temperature recipe prior to implantation. Karl 
Storz (Tuttlingen, Germany) equipment including a 14-mm diame-
ter adult rigid bronchoscope, rigid alligator forceps, and rigid peanut 
forceps were used for stent deployment and adjustment. The stan-
dard 14x40mm stents were cut to 15mm length to prevent inadvertent 
lobar obstruction and perceived morbidity during this 8-week study. 
The cut-end was intentionally placed in the proximal position of the 
mainstem bronchus. This was done because the proximal edge would 
be facing the distal trachea which would not be used for evaluation of 
this study.

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

	 At eight weeks from initial stent placement, the animal was euth-
anized, and the tracheobronchial tree was resected and placed in for-
malin for histological assessment (see Figure 1). Three formalin-fixed 
sections of upper airway tissue collected at the tracheal bifurcation 
from 3 animals were provided by the submitter. These tissues were 
trimmed to yield six sections of tissue per animal (Figures 1 & 2).

Assessment of Airway Injury

	 The insult to the airway was assessed using gross observation of 
mucostasis, granulation tissue formation and stent migration; mu-
cous 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 [9]. One to three tissue sections were 
paraffin-embedded, sectioned, mounted onto slides, and stained 
with Hematoxylin and Eosin (H&E) and Periodic acid-Schiff (PAS) 	

using standard techniques [10]. H&E and PAS-stained sections were 
evaluated using light microscopy according to STP guidelines [11]. 
H&E-stained sections were evaluated and scored using a modified 
version of a previously published algorithm. Grading scheme provid-
ed in Table 1.

Figure 1: Intact upper airway tissue from the distal tracheal, the tracheal 
bifurcation, and the left and right main-stem bronchi (containing intralu-
minal stents). The individual images reflect animal #133 / 22-100-1 (A), 
#134 / 22-100-2 (B), and #135 / 22-100-3 (C). Each animal was trimmed to 
create 5 cassettes, labelled A (trachea), B (right bronchus at stent), C (right 
bronchus distal to stent), D (left bronchus at stent), and E (left bronchus 
distal to stent).

Figure 2: Gross Airway Inspection Scoring Sheet. Adapted and revised 
from Koblinger JK, Nicol K, McDonald K, Wasko A, Logie N, Weiss M, 
and Leguillette R. J Vet Intern Med. 2011;25(5):1118-26.

Histologic Parameter Scoring Details 

Cilia Loss

All three graded 0, 1, 2, 3, 4, as absent, 
<25%, 25-50%. 50-75%, and 100%

Epithelial Flattening 

Ulceration 

Inflammation Severity 
Graded 0, 1, 2, and 3 as absent, mild, 

moderate, and severe 

Inflammation Depth

Grade 0, 1, 2, and 3 as absent, affecting the 
mucosa, affecting submucosa, and mucosa, 
or affecting the mucosa, submucosa, and 

perichrondrium 

Epithelial Hyperplasia 

Graded 0, 1, 2, and3, as absent, mild, 
moderate, and severe

Hemorrhage 

Submucosal Gland Hyperplasia 

Fibrosis/Granulation Tissue

Goblet cells 
Estimated in increments of 20% on PAS 

stained slides 

Table 1: Summary of Histologic Injury and Repair Scoring Scheme for 
Airway Tissues.
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	 Histological assessment and calculation of the airway injury score 
were performed along three sections of the airway that were in direct 
contact with the stent, this included proximal, at stent, and distal. The 
slides were randomized and then reviewed by a pathologist who was 
blinded to the stent identity and subsection classification. The sub-
sections on each slide were semi-quantitatively assessed and graded 
for inflammation, granulation tissue, and extent of tissue damage (see 
Table 1). Absent and low grades for each variable were considered 
within normal physiological spectrum.

Stent Mucostasis Assessment

	 Mucostasis assessment was provided by using a mucostasis scor-
ing system described by Koblinger JK and colleagues [12]. The bron-
choscopist graded each stent based on this scoring system and was 
blinded to the identity of the porcine model and stent type (Figures 3 
& 4).

Statistical analysis

	 The null hypothesis regarding the performance (migration, granu-
lation tissue formation, and mucous retention) in a porcine model was 
that the pathology score and mucous weight would be equal between 
the two stent types. Due to the low sample size of three pigs or six 
airways, descriptive statistics were used to analyze the data.

Results
	 All three pigs survived to the 8-week termination endpoint. All six 
14x15mm silicone stents were successfully deployed without cardio-
pulmonary compromise. Gross comparison at the weekly surveillance 
bronchoscopies revealed that both stents remained intact at 8-weeks. 
One coated stent migrated out at the 6-week surveillance. Only one 
pig received therapeutic suctioning due to life threatening mucous 
plug.   

	 Table 2, compares the marked difference in degree of inflamma-
tion severity, submucosal gland hyperplasia, and fibrosis and granu-
lation tissue formation between coated and control stents along the 
three airway sections. In these airway sections, the degree of inflam-
mation, submucosal gland hyperplasia, and fibrosis and granulation 
tissue formation was highest in the control vs coated stents.

	 Table 3 illustrates the histopathological airway injury scores in all 
three pigs. Main sections including at-stent and distal-stent are illus-
trated. The control stent had higher tissue pathology in the distal and 
at stent sections than coated stents (62 and 21 vs 47 and 14); respec-
tively.

Figure 3: Composite of H&E-stained images from the “At Stent” site from 
the Coated Stents. In both representative animals, there is expansion of the 
mucosa and submucosa by mucus gland hyperplasia (black star, B&F), a 
mixture of epithelial hyperplasia with squamous metaplasia (black arrow, 
C), epithelial ulceration (red arrow, G), and an often marked inflammatory 
infiltrate with fibrosis and neovascularization (D&H). Magnification: 20X 
(A,E), 40X (B-C & F-G), and 100X (D&H).

Figure 4: Composite of H&E-stained images from the “At Stent” site 
from the Control Stents. In both representative animals, there is expan-
sion of the mucosa and submucosa by mucus gland hyperplasia (black 
star, B&F), a mixture of epithelial hyperplasia with squamous metaplasia 
(black arrow, C), epithelial ulceration (not shown), and an often marked 
inflammatory infiltrate with fibrosis and neovascularization (D&H). Mag-
nification: 20X (A,E), 40X (B-C & F-G), and 100X (D&H).
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42 6 31 16 7 9 17 13

Coat-
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18 2 7 7 0 6 5 0
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trol-At 
Stent

53 9 17 17 14 21 24 20

Con-
trol-Dis-

tal
27 2 6 6 0 10 6 3

Table 2: Pathology Score for Individual Stented Airways and Summary. In-
dividual pathology score for stented airway (Top) and Summary for coated 
vs non-coated stents are illustrated (Bottom).

CPSR# Animal# Side (stent type) Section Pathology Scores

22-100-1
133

Left (coated)
At Stent 58

Distal 23

Right (control)
At stent 53

Distal 18

22-100-2 134

Left (control)
At stent* 62

Distal 17

Right (coated)
At stent 57

Distal 17

22-100-3 135

Left (control)
At stent** 70

Distal 28

Right (coated)
At stent 26

Distal 2
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	 Stent mucostasis and percent occlusion within the stent were as-
sessed in all three pigs (Table 4 and Figure 5). There was a higher 
degree of mucostasis and % occlusion in the control vs coated stents 
(5 and 3.59 vs 2.08 and 1.29; respectively).

Discussion
	 Adverse effects from airway injury as a response to a foreign body 
occurs through a locoregional inflammatory cascade that progresses 
to a chronic inflammatory phase characterized by the formation of 
granulation and fibrous tissue along a provisional matrix layer of the 
object [13-17].   If left unchecked, this could disrupt stent integrity 
causing migration and/or loss of stent patency, and infection leading 
to morbidly and possible mortality.

	 As reported in our previous work, hydrophilic surface modifica-
tion has shown to be effective in preventing mucin adhesion onto sil-
icone-based materials. We have shown a clear signal for reduced mu-
costasis and airway injury in a single pig model and reduced airway 
injury associated with the coated stent in our previous randomized 
animal study [6, 7]. The coated group had consistently lower histo-
logical airway injury profile and airway injury score compared to the 
control group. In this current study, we have continued to observe 
reduced airway injury associated with the coated stent compared to 
control. Additionally, we have demonstrated less mucous adhesion 
and percent occlusion associated with the coated stents during the 
8-weeks observation without routine therapeutic suctioning.

Stent Type Section Pathology Score 

Coated
Distal 47

At Stent 14

Control
Distal 62

At Stent 21

Table 3: Pathology Score for Individual Stented Airways. Individual pathology score for stented airway (Top) and summary for coated vs control are illus-
trated (bottom).

* Significant proximal migration noted.

** No stent noted at the time of tissue collection.

Figure 5: Quantification of Mucus Deposition within the Stent. Mucus was collected with a suction tube. The suction tube was flashed with 10mL of saline. 
The mucus and saline were collected into the trap, and dried under a heating condition.

Week 2 Week 4 Week 6 Unplanned Event* Week 8

ID and stent 
location

Stent Type %Occlusion Mucostasis %Occlusion
Mucosta-

sis
%Occlu-
sion

Mucostasis %Occlusion Mucostasis %Occlusion Mucostasis

133-Left* Coated 5 1 0 1 0 1 0 1

133-Right Control 20 3.5 0 3.5 0 3.5 0 4

134-Left Control 0 0.5 0 2 0 3.5 0 3.5

134-Right* Coated 20 4 0 1.5 0 1 0 1

135-Left Control 10 3.5 0 3.5 0 3.5 30 5 NA NA

135-Right* Coated 0 1 0 0 0 0 0 3

%Occlusion Mucostasis

Coated Total 2.08 1.29

Control Total 5 3.59

Table 4: Gross Inspection of Percent Occlusion and Mucostasis within the Implanted Stent over the 8-Week Study. 

*Unplanned event occurred as #135 had worsening respiratory symptoms and required emergent bronchoscopy surveillance per protocol. 

NA = Not applicable, stent was not available for measurements due to migration into trachea and subsequent removal.
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	 In this study, we believe that bias was reduced by randomizing 
each stent to either left or right mainstem bronchus, randomizing the 
histological samples prior to the final assessment and blinding the 
pathologist to stent identity. However, there are several limitations 
to address. Because the weekly bronchoscopy evaluations represent 
a snapshot in time of the mucous within each stent, it is possible that 
small variations could occur on a day-to-day basis which would not 
be accounted for in our measurement for mucous adhesion. 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. In our previous study, the degree 
of mucostasis within the stent was determined by collecting the ac-
tual samples within the stent. This process was difficult and variable 
which produced large deviations in mucous weight.  In this study, we 
used a modified mucous scoring system which may be a more sensi-
tive method to determine mucostasis. We believe bias was reduced 
as the evaluator was blinded to animal and stent ID. Despite these 
limitations, the results of the current study demonstrate decreased 
airway injury, mucostasis, and %stent occlusion between the coated 
and control stents.  Albeit the benefits for airway stenting in restor-
ing airway patency and improving related symptoms, the challenge 
that remains is being able to overcome the device-host reactions (e.g. 
mucostasis and formation of granulation tissue) that result in overall 
airway injury. Our group has demonstrated continuing evidence using 
a hydrophilic polymer coating on silicone stents as one potential solu-
tion to mitigate these host-driven consequences which could disrupt 
the host-device inflammatory response and airway injury. The coated 
stents demonstrate promising characteristics in reducing mucin ad-
hesion leading to lower mucostasis and percent stent occlusion; in 
addition, to decreasing the degree of airway injury along the contact 
between the stent and airway mucosa.

Conclusion
	 The coated stents continued to demonstrate lower airway patholo-
gy and airway injury compared to control stents. Moreover, the coat-
ed stents demonstrated less mucostasis and percent occlusion. Future 
animal studies incorporating larger sample size and longer survival 
duration will be needed to corroborate our findings.
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