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Objectives/Hypothesis: Subglottic stenosis (SGS) results from dysregulated extracellular matrix deposition by
laryngotracheal fibroblasts causing scar tissue formation following intubation. Recent work has highlighted a relationship
between this inflammatory state and imbalances in the upper airway microbiome. Herein, we engineer novel drug-eluting
endotracheal (ET) tubes to deliver a model antimicrobial peptide Lasioglossin-III (Lasio) for the local modulation of the micro-
biome during intubation.

Study Design: Controlled in vitro study.
Methods: ET tubes were coated with a water-in-oil (w/o) emulsion of Lasio in poly(D,L-lactide-co-glycolide) (PLGA) by

dipping thrice. Peptide release was quantified over 2 weeks via fluorometric peptide assays. The antibacterial activity was
tested against airway microbes (Staphylococcus epidermidis, Streptococcus pneumoniae, and pooled human microbiome sam-
ples) by placing Lasio/PLGA-coated tubes and appropriate controls in 48 well plates with diluted bacteria. Bacterial inhibition
and tube adhesion were tested by measuring optical density and colony formation after tube culture, respectively. Biocompati-
bility was tested against laryngotracheal fibroblasts and lung epithelial cells.

Results: We achieved a homogeneous coating of ET tubes with Lasio in a PLGA matrix that yields a prolonged, linear
release over 1 week (typical timeframe before the ET tube is changed). We observed significant antibacterial activity against
S. epidermidis, S. pneumoniae, and human microbiome samples, and prevention of bacterial adherence to the tube. Additionally,
the released Lasio did not cause any cytotoxicity toward laryngotracheal fibroblasts or lung epithelial cells in vitro.

Conclusion: Overall, we demonstrate the design of an effective-eluting ET tube to modulate upper-airway bacterial infec-
tions during intubation which could be deployed to help prevent SGS.
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INTRODUCTION
Subglottic stenosis (SGS) is characterized by

narrowing of the laryngeal airway starting at the vocal
folds and extending to the lower border of the cricoid

cartilage. This is caused by dysregulated laryngotracheal
fibroblasts leading to the formation of scar tissue.1–3 Mild
grades of SGS can often be treated with balloon dilation
or endoscopic interventions.4 In contrast, severe SGS
often requires open laryngotracheal reconstruction or resec-
tion.5 Unfortunately, most treatments have high rates of
restenosis, indicating a clinical need for alternative or pre-
ventative therapies. Recent studies have shown correlations
between SGS and dysregulated laryngotracheal microbiomes
as indicated by an overabundance of Mycobacterium
species,6 inverse correlations between the genera Strepto-
coccus and commensal Prevotella,7 as well as associations
between pathogens within the genera Moraxella and
Acinetobacter.7 Therefore, investigation into bacterial mod-
ulation is a potential preventative treatment for SGS.

To modulate the microbiome in SGS patients, we intro-
duce antimicrobial peptides (AMPs), which are small,
amphipathic proteins, as an antibacterial therapy. AMPs
are unique and advantageous therapeutic agents over con-
ventional antibiotics in that they function by disrupting the
stability and integrity of bacterial membranes resulting in
cell lysis.8,9 Moreover, their mechanism of action makes
acquiring multidrug resistance difficult, which is a signifi-
cant and growing clinical problem.10–13 Although initially
expensive and laborious to design and manufacture at clini-
cally relevant scales, new technologies not only rectify this

From the Department of Bioengineering (M.R.A., P.M.G., R.G.),
University of Pennsylvania, Philadelphia, Pennsylvania, U.S.A.;
Department of Surgery, Division of Otolaryngology (M.R.A., S.A.A.G., P.M.G.,
I.N.J., R.G.), Children’s Hospital of Philadelphia, Philadelphia,
Pennsylvania, U.S.A.; Department of Otorhinolaryngology-Head and
Neck Surgery (I.N.J.), Perelman School of Medicine at the University of
Pennsylvania, Philadelphia, Pennsylvania, U.S.A.; Department of
Pediatrics, Division of Pulmonary Medicine (R.G.), Children’s Hospital of
Philadelphia, Philadelphia, Pennsylvania, U.S.A.; and the Ri.MED
Foundation (R.G.), Palermo, Italy.

Additional supporting information may be found in the online
version of this article.

Presented as a podium presentation at the 2021 American Broncho-
Esophageal Association Annual Meeting in the Combined Otolaryngology
Spring Meeting, Virtual, April 8, 2021.

Editor’s Note: This Manuscript was accepted for publication on July
13, 2021.

This work was supported in part by the Ri.MED Foundation (R.G.),
the Children’s Hospital of Philadelphia Research Institute (R.G.), the Fron-
tier Program in Airway Disorders of the Children’s Hospital of Philadel-
phia (R.G.), and the National Science Foundation Graduate Research
Fellowship No. DGE 1845298 (M.R.A. AND P.M.G.). The authors have no
other funding, financial relationships, or conflicts of interest to disclose.

Send correspondence to Riccardo Gottardi, PhD, Abramson
Research Center, 3615 Civic Center Blvd, Philadelphia, PA 19104,
E-mail: gottardir@chop.edu

DOI: 10.1002/lary.29769

Laryngoscope 132: July 2022 Aronson et al.: Drug-Eluting ETTs in Subglottic Stenosis

1356

The Laryngoscope
© 2021 The American Laryngological,
Rhinological and Otological Society, Inc.

https://orcid.org/0000-0002-8871-8265
https://orcid.org/0000-0003-1850-6950
https://orcid.org/0000-0003-2887-9005
https://orcid.org/0000-0002-6409-4400
https://orcid.org/0000-0001-8040-5531
mailto:gottardir@chop.edu
http://crossmark.crossref.org/dialog/?doi=10.1002%2Flary.29769&domain=pdf&date_stamp=2021-07-28


limitation, but also promote the impressive discovery of
new AMP sequences.14–17

For the effective deployment of AMPs as antibacterial
agents, several limitations of drug delivery to the upper-
airway need to be overcome, such as limited targeting or locali-
zation, adverse effects to healthy cells, and mucociliary clear-
ance.18 Importantly, the majority of iatrogenic SGS cases are
induced by laryngotracheal injury associated to traumatic
intubations or use of over-sized endotracheal (ET) tubes,19

which is followed by microbial dysbiosis and inflammation.
Therefore, we propose harnessing this to our advantage and
circumvent the previously described limitations with an AMP-
and polymer-coated ET tube. Antibiotics eluting coatings with
hydrogels20 and polymers21,22 have been proposed before; how-
ever, these studies were limited to the investigation of only
small-molecule antimicrobial agents or of the steroidal mole-
cule mometasone furoate, none of which overcome the risks
mentioned above. Furthermore, these studies lacked a com-
prehensive analysis of the effects on both planktonic and bio-
film inhibition, which is a crucial element in modulating the
microbiome. Notably, one additional advantage of AMPs over
classic antibiotics is that they canbe selected to specifically tar-
get biofilm inhibitionwithout thedisruption of commensal spe-
cies. In this work, we focus on a model AMP as a therapeutic
agent and we hypothesize that the novel incorporation of
AMPs into polymer-coated ET tubes will inhibit bacterial
growth and could be used tomodulate the upper-airwaymicro-
biomeandprevent SGS.

Herein, we demonstrate the design and optimization of
a poly(D,L-lactide-co-glycolide) (PLGA)-coated AMP-eluting
ET tube with the selected peptide Lasioglossin-III (Lasio).23

We show the ability to coat ET tubes with a smooth and
uniform coating, release Lasio linearly over several
days, and elicit antimicrobial activity against both
planktonic and adherent bacteria (Fig. 1). Finally, we
explore clinically relevant situations by inhibiting the
pathogenic airway microbe Streptococcus pneumoniae,
as well as diverse bacterial communities in human
oral microbiomes, while remaining biocompatible with
laryngotracheal fibroblasts.

MATERIALS AND METHODS

Chemical Materials
Urea, arginine, and crystal violet were purchased from Acros

Organics. Vitamin K was purchased from Alpha Aesar. Agar, pep-
tone, KCl, K2HPO4, sucrose, BD Difco Nutrient Broth, BD Bacto
Tryptic Soy Broth, and BD Bacto Brain Heart Infusion were pur-
chased from Fisher Scientific. Four and five mm Shiley oral/nasal
cuffless, murphy eye, non-DEHP ET tubes were purchased
from Medline. Dichloromethane (DCM), PLGA (50:50, 7-17 kDa),
poly(vinyl alcohol) (PVA), albumin-fluorescein isothiocyanate
conjugate (FITC-BSA), NaOH, NaCl, Na2HPO4, HEPES, hemin
chloride, N-acetylmuramic acid, porcine mucin type III, hydro-
cortisone, L-(�)-glucose, and glutaraldehyde were purchased
from Sigma Aldrich. Fetal bovine serum (FBS), Antibiotic-
Antimycotic (Anti-Anti), Fluorobrite Dulbecco’s Modified Eagle
Medium (DMEM), minimum essential amino acids (MEM
NEAA), Ham’s F12 medium, GlutaMAX 100X, Insulin-transfer-
rin-selenium 100X, Bacto Yeast Extract, and Bacto Tryptone
were purchased from ThermoFisher Scientific.

Dip Coating of ET Tubes
ET tubes were coated by first forming a polymer and pro-

tein emulsion, followed by the dipping of ET tubes described
below. Five mm ET tubes were used for FITC-BSA coatings, and
4 mm ET tubes were used for Lasio coatings. All tubes were first
cut into 1 cm cylindrical segments. Next, a water-(w)-in-oil
(o) emulsion was prepared as described previously.24 In brief,
50 μL of 20 mg/mL FITC-BSA in 1% PVA (w) was combined with
1 mL of 1% PLGA in DCM (o). Peptide emulsions were prepared
similarly, except 8 mg/mL Lasio in the place of FITC-BSA. The
solution was then subjected to 20 seconds of a 40 J sonic dis-
membrator (Fisher Scientific) at 25% amplitude. FITC-BSA ET
tubes were dipped in the emulsion once, twice, or thrice for
10 seconds with 20 seconds at room temperature between each
dip; Lasio ET tubes were only dipped thrice. Coated ET tubes
were then lyophilized overnight and stored in a desiccator at
room temperature for no more than 15 days or until use.

Surface Characterization
FITC-BSA-coated ET tubes were first cut into four quarters

and subsequently imaged using a BZ-X810 All-in-One Fluores-
cent Microscope with a GFP filter (Keyence). Peptide-coated ET
tubes were cut into four quarters to evaluate the surface and into

Fig. 1. Schematic illustration and image of endotracheal (ET) tubes
with peptide and polymer coatings. (A) When placed in physiologi-
cally relevant environments such as the airway, the poly(D,L-lactide-
co-glycolide) (PLGA) undergoes hydration and bulk erosion as it
degrades and subsequently elutes the antimicrobial peptide from
the tube. The free peptide then interacts with bacteria in the upper-
airway to elicit antimicrobial effects. (B) Image of uncoated, PLGA
only coated, and peptide + PLGA coated endotracheal tube
segments.
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1 mm thick cylinders to evaluate the cross-section. Imaging was
conducted via scanning electron microscopy (SEM) with a FEI
Quanta 600 FEGMark II ESEMwith a 5 kV accelerating voltage.

Release Quantification
Release of loaded protein or peptide from ET tubes was

achieved in 48 well plates from quartered tube segments in 500 μL
of PBS at 37�C while shaking at 100 rpm. Eight protein and six
peptide individual release samples were obtained by removing the
full 500 μL of PBS and replacing fresh 500 μL PBS to each well at
1, 4, and 24 hours, followed by subsequent 24 hour increments.
Using a Synergy H1 Microplate Reader (BioTek, Vermont), FITC-
BSA release was measured via fluorescence with 485 nm excita-
tion and 515 nm emission wavelengths. PLGA degradation was
quantified via EnzyFluo L-Lactate Assay Kit (Bioassay Systems)
and measured with 540 nm excitation and 585 nm emission wave-
lengths. Peptide release was quantified via Pierce Quantitative
Fluorometric Peptide Assay (Thermo Scientific) and measured
with 390 nm excitation and 475 nm emission wavelengths. Total
encapsulation of FITC-BSA-coated tubes was determined by 2.5 M
NaOH degradation at room temperature rotating at 40 rpm for
72 hours andmeasuring fluorescence as previously described.

Oral Microbiome Isolation and Culture
Pooled oral microbiome samples were obtained from adult donor

saliva samples with signed informed consent, and approval from the
institutional review board (Children’s Hospital of Philadelphia

IRB#20–018262). Oral microbiome cultures were created and propa-
gated as previously describedwith slightmodification.25 In brief, 2 mL
of saliva was collected from 4 individuals and centrifuged at 200 rcf to
pellet mammalian cells and debris. Supernatants were pooled and
1 mL was used to inoculate 5 mL of pre-reduced SHI medium. Sam-
ples were cultured anaerobically (85% N2, 10% CO2, 5% H2) at 37�C.
After 24 hours of incubation, cells were centrifuged at 2600 rcf,
resuspended in pre-reduced PBS, and resuspended in fresh pre-
reduced SHI medium. Cultures were then frozen with 20% glycerol
and stored at �80�C. 1 mL of frozen culture was added to 5 mL pre-
reducedSHImediumand left for 24 hours prior to experimentation.

Antibacterial Activity Assay
Staphylococcus epidermidis (Winslow and Winslow) Evans

(ATCC 13990) was cultured in nutrient broth aerobically at
37�C. Streptococcus pneumoniae (Klein) Chester (NCTC 7465;
ATCC 33400) was cultured in Brain Heart Infusion Broth and
plated on Trypticase soy agar with 5% defibrinated sheep blood
(Colorado Serum Co.) aerobically (5% CO2) at 37�C.

Minimum inhibitory concentrations (MICs), defined as the
lowest amount of peptide required to inhibit all growth of bacteria,
of Lasio against S. epidermidis and S. pneumoniaewere achieved as
previously described.26 Antibacterial activity of ET tubes were initi-
ated by submerging Lasio/PLGA-coated tubes and control tubes
(uncoated tubes, PLGA only coated tubes, free Lasio) in 500 μL of
diluted bacteria (OD600= 0.001), and incubated for 24 hours at 37�C
shaking at 100 rpm. For quantifying bacterial growth in broth,
100 μL of bacterial supernatant was removed and OD600 was

Fig. 2. Surface and release characterization of FITC-BSA-coated endotracheal (ET) tubes. (A) Fluorescent micrographs reveal dipping thrice in
an emulsion of 1% poly(D,L-lactide-co-glycolide) (PLGA) and 1% poly(vinyl alcohol) forms the most uniform coating on ET tubes, as deter-
mined by the homogeneous green fluorescence. Scale bars = 200 μm. (B) Total encapsulation of increasing dip repetitions revealed each dip
loads approximately 17 μg (n = 5, 95% confidence interval [CI]: 15.71–18.97) of protein deposited on the tube. (C) Cumulative release profile
of FITC-BSA (black) and PLGA degradation (white) over time. FITC-BSA exhibits an initial burst phase followed by a linear release (1.89 μg/
day, n = 8, 95% CI: 1.80–1.99), PLGA degrades linearly with respect to time at 10.04 μg/day, n = 4, 95% CI: 9.32–10.75).
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measured. For quantifying biofilm inhibition, tubeswerefirst rinsed
in PBS, incubated with 0.5% crystal violet for 10 minutes, washed
with PBS to remove excess crystal violet, and dried overnight. Then,
crystal violet was dissolved in 95% ethanol and quantified by absor-
bance at 595 nm by plate reader. Adherent bacterial viability was
quantified by removing adherent bacteria via sonication of tubes in
750 μL of filtered HEPES/Saline (70 mM NaCl, 0.75 mM Na2PO4,
25 mM HEPES), and subsequently diluted and plated on appropri-
ate agar plates. After 24 hours of incubation, colonies were counted
by ImageJ software.

Biofilm Characterization
Blank, PLGA only, and 1 � MIC/PLGA-coated ET tubes were

incubated with S. epidermidis as previously described for 24 hours to
allow biofilm formation. Tube segments were then removed, rinsed 3X
withPBS, andfixedwith 2.5%glutaraldehyde for 2 hours at roomtem-
perature. Followingfixation, tubeswere extensively rinsed inDIwater
before undergoing a serial ethanol dehydration (25%, 50%, 75%, 95%,
100%, 100%ethanol) for 15 minutes each. Sampleswere then critically
point dried in an Autosamdri-810 (Tousimis, Maryland), sputter
coated with 4 nm of iridium, and imaged via SEMwith a FEI Quanta
600FEGMark IIESEMwith a 5 kVaccelerating voltage.

Biocompatibility
Patient-derived laryngotracheal fibroblast biopsies were

obtained from pediatric donors with signed informed consent, and
approval from the institutional review board (Children’s Hospital of
Philadelphia IRB#19–016327). Biopsieswere placed in tissue-cultured
plates to promote the outward growth of fibroblasts from the sample
and grown in Fluorobrite DMEM supplemented with 10% FBS, 2%
Anti-Anti, 1%MEMNEAA. These cells were henceforth referred to as
laryngotracheal fibroblasts and used for biocompatibility testing.
NL20 (ATCC CRL-2503) lung epithelial cells were also used for bio-
compatibility testing and grown in Ham’s F12 medium with 1.5 g/L
sodium bicarbonate, 2.7 g/L glucose, 2.0 mM L-glutamine, 0.1 mM
nonessential amino acids, 0.005 mg/mL insulin, 0.001 mg/mL trans-
ferrin, 500 ng/mL hydrocortisone, and 4% fetal bovine serum. Fibro-
blasts were seeded at 7,000 cells/well and lung epithelial cells were
seeded at 20,000 cells/well in 48 well plates and allowed to adhere
overnight in a culture atmosphere at 37�C, 95% relative humidity,
and 5% CO2. Simultaneously, Lasio/PLGA-coated tubes and controls
were submerged in appropriate cell medium and incubated for
24 hours at 37�C while shaking at 100 rpm to achieve release. Cell
media was replaced with appropriate tube releasate, along with
added conditions of new media and 20% DMSO as negative and pos-
itive controls, respectively. Cells were incubated for 24 hours in the
culture atmosphere. Invitrogen AlamarBlue HS Cell Viability
Reagent (ThermoFisher Scientific) was used to quantify viability
and compared against controls.

Statistical Methods
All data are graphed as means � standard deviation and

reported as means with 95% confidence intervals (CI). For
antibacterial activity analysis, outliers were removed using a
two-sided Grubbs’ test with α = 0.01. Ordinary one-way analysis
of variance (ANOVA) with Tukey’s multiple comparisons was uti-
lized unless standard deviations were statistically different, in
which case, Brown-Forsythe and Welch ANOVA tests with
Dunnett T3 multiple comparisons were conducted. Data analyses
were performed using GraphPad Prism Software Version 9.0.2.

RESULTS

Fluorescent BSA-Coated ET Tubes Demonstrate
Coating Feasibility

PLGA (1% and 5%) and PVA (0.1% and 1%) concentra-
tions were varied in FITC-BSA-coated ET tubes to determine
the optimal polymer to surfactant ratio that yields a smooth
coating. Fluorescent microscopy revealed improved surface
homogeneity with 1% PLGA and 1% PVA coatings (Fig. S1).
Additionally, different dip repetitions were tested (once, twice,
thrice) to improve coating uniformity, revealing the most uni-
form coating after three dips (Fig. 2A).Notably, each dip added
a reproducible coating of approximately 17 μg (n = 5, 95% CI:
15.71–18.97) (Fig. 2B). When placed in PBS at 37�C shaking
at 100 rpm, the release profile of FITC-BSA exhibited two
sequential release phases, an initial burst release from 0 to
3 days and a linear release (1.89 μg/day, n = 8, 95% CI: 1.80–
1.99) (Fig. 2C, black). This, in combination with linear PLGA
degradation (10.04 μg/day, n= 4, 95%CI: 9.32–10.75) (Fig. 2C,
white), provides evidence that following the initial burst
release and hydration of the coating, protein diffusion from the
tube is linearly dependent on polymer degradation.

Peptide-Coated ET Tubes Exhibit Uniform
Coating and Release

SEM was conducted on PLGA- and Lasio/PLGA-coated
tubes to determine surface characterization. PLGA-coated

Fig. 3. Scanning electron microscopy of (A) poly(D,L-lactide-co-gly-
colide) (PLGA) only and (B) Lasio/PLGA-coated (endotracheal [ET])
tubes showing improved surface uniformity and smoothness with
Lasio/PLGA coatings. Cross sectional micrographs of (C) PLGA only
and (D) Lasio/PLGA-coated tubes show differences in orthogonal
surface smoothness demonstrating smoother topography of Lasio/
PLGA coatings. Scale bars = 25 μm. (E) Cumulative release profile of
Lasio/PLGA-coated ET tubes over time. Following an initial burst
release of Lasio from the tube, the release is linear with respect to
time (0.232 μg/day, n= 6, 95% confidence interval: 0.22–0.25).
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Fig. 4. Antibacterial activity of peptide-eluting endotracheal (ET) tubes against Staphylococcus epidermidis in (A) preventing planktonic growth
in broth (n = 10), (B) reducing biofilm growth (n = 10), and (C) inhibiting viable bacterial adherence (n = 10). Conditions are uncoated (�) tubes,
poly(D,L-lactide-co-glycolide) (PLGA) only coated tubes, 0.5 � MIC/PLGA coatings, 1 � MIC/PLGA coatings, and free Lasio (+). 1 � MIC/PLGA
coated tubes significantly inhibit planktonic growth and viability of adherent bacteria on the tube. *P < .05, **P < .01, ***P < .001,
****P < .0001.

Fig. 5. Scanning electron microscopy of uncoated, poly(D,L-lactide-co-glycolide) (PLGA) only coated, and 1 � MIC/PLGA coated endotracheal
(ET) tubes after 24 hours of Staphylococcus epidermidis exposure. Comparisons demonstrate reduction in bacterial adherence, biofilm pro-
duction, and viability with 1 � MIC/PLGA compared to other conditions. �2,500 magnification scale bar = 50 μm. �10,000 magnification scale
bar = 10 μm. �50,000 magnification scale bar = 3 μm.
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tubes revealed a nonuniform surface coating (Fig. 3A), while
the Lasio/PLGA coatings were homogenous and smooth
(Fig. 3B). Furthermore, cross-sectional imaging of orthogo-
nal roughness revealed decreased surface perturbations
with Lasio/PLGA compared to PLGA coatings (Fig. 3C–D).
The release profile of Lasio from Lasio/PLGA tubes demon-
strated a burst release for the first day, followed by linear
release (0.23 μg/day, n = 6, 95% CI: 0.22–0.25).

Peptide-Coated ET Tubes Inhibit Bacterial
Growth and Adherence

ET tube constructs were used against S. epidermidis, a
gram-positive bacterium, to determine the ability of the dif-
ferent tube coating conditions to 1) inhibit planktonic bacte-
rial growth in liquid medium, 2) prevent bacterial
adherence, and 3) reduce adherent bacterial viability.
1 � MIC/PLGA Lasio coatings (n= 10) exhibited significant
bacterial inhibition compared to uncoated (n = 10), PLGA-
coated (n = 10), and 0.5 � MIC/PLGA Lasio (n = 10)-coated
tubes (P < .0001) (Fig. 4A). Adherent bacterial populations
were quantified with a crystal violet biofilm assay revealing
similar abundances between 1 � MIC/PLGA Lasio coatings
(n = 10) and uncoated (n = 10), PLGA-coated (n = 10),
0.5 � MIC/PLGA Lasio (n = 10) coatings (Fig. 4B). There
was, however, a significant reduction in adherent bacteria
between 1 � MIC/PLGALasio coatings (n= 10) and the free
Lasio control (n = 10) (P < .0001). The viability of adherent
bacteria was significantly reduced with 1 � MIC/PLGA
Lasio-coated tubes compared to uncoated, PLGA-coated,
and 0.5 � MIC/PLGA Lasio coatings (n = 10, P < .0001); in
contrast, 1 � MIC/PLGA Lasio coatings were statistically
similar to free Lasio (n = 10) inhibition (P = 0.1592)
(Fig. 4C). Tube conditions were then subjected to SEM for
visualization to validate the biochemical quantification of
adherent bacterial inhibition (Fig. 5).

Peptide-Coated ET Tubes Inhibit Airway
Pathogens

Lasio/PLGA-coated ET tubes and controls were used to
treat the gram-positive microbe Streptococcus pneumoniae,
showing significant inhibition of bacterial growth in broth
with 1 � MIC/PLGA Lasio (n = 10) compared to uncoated
(n = 10), PLGA-coated (n= 10), and 0.5 � MIC/PLGA Lasio
(n = 10)-coated tubes (P < .0001) (Fig. 6A). The same tube
conditionswere used to treat pooled human oralmicrobiome
(pHOM) communities demonstrating significant differences
in overall bacterial viability with 1 � MIC/PLGALasio coat-
ings (57.92%, 95%CI: 44.88–70.96,P < .0001) and free Lasio
(38.80%, 95% CI: 20.24–57.37, P < .001) compared to
uncoated (100.00%, 95% CI: 95.89–104.10), PLGA-coated
(100.80%, 95%CI: 85.84–115.8), and 0.5 � MIC/PLGALasio
(104.10%, 95%CI: 92.72–115.5)-coated tubes (Fig. 6B).

Peptide-Coated ET Tubes Are Biocompatible
Patient-derived laryngotracheal fibroblasts (n = 8)

and normal lung epithelial cells (n = 4) were treated with
Lasio-coated ET tubes and controls. All treatments
exhibited viability of >100% toward fibroblasts; notably,
125% with 1 � MIC/PLGA Lasio-coated ET tubes (95%
CI: 81.14–170.50) suggesting fibroblast viability and pro-
liferation is unhindered by the tube releasate (Fig. 6C).
Lung epithelial cells exhibited reductions in viability with
1 � MIC/PLGA-coated tubes (89.17%, 95% CI: 83.15–
95.18, P = .0014) and free Lasio (88.64%, 95% CI: 78.34–
98.93, P = .0011) compared to uncoated tubes.

DISCUSSION
In this study, we developed a platform approach to

rapidly and uniformly coat ET tubes with the model AMP
Lasioglossin-III, which elutes linearly and exhibits

Fig. 6. Lasio-coated endotracheal (ET) tubes and controls treated against (A) Streptococcus pneumoniae (n = 10) and (B) patient derived oral
microbiomes (n = 10). S. pneumoniae was significantly inhibited by 1 � MIC/poly(D,L-lactide-co-glycolide) (PLGA)-coated tubes, and pooled
human oral microbiome (pHOM) viability was reduced to 57.92% (95% confidence interval: 44.88–70.96). The antimicrobial effect toward
pHOM was not as pronounced as with S. pneumoniae because all bacteria within the polymicrobial community reacts differently to Lasio.
(C) Biocompatibility toward laryngotracheal fibroblasts (n = 8) and NL20 lung epithelial cells (n = 4) reveal viability remains above 85% for all
tube conditions. Conditions are uncoated (�) tubes, PLGA only coated tubes, 0.5 � MIC/PLGA coatings, 1 � MIC/PLGA coatings, and free
Lasio (+). **P < .01, ***P < .001, ****P < .0001.
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antimicrobial activity to modulate the upper-airway micro-
biome and reduce bacterial inflammation in the evolution
of SGS.

An effective antimicrobial eluting coating must meet
two key requirements: surface smoothness that would
avoid airway irritation and limit microbial adhesion, and
a continuous release over one to 2 weeks, the typical
timeframe that results in ET tube biofilm formation.27,28

PLGA was selected as the polymer matrix for coating
based on its biocompatibility, previous use in FDA-
approved devices, and controllable degradation.29,30 We
then used the model fluorescent protein FITC-BSA to
optimize the PLGA/PVA ratio (1% PLGA, 1% PVA) and
number of dips to obtain a uniform and smooth coating
on the ET tube and an effective release profile (Figs. 2A,
S1). Dipping thrice resulted in a smooth, reproducible
coating (Fig. 2B), and as the polymer progressively
degrades, in a continuous linear release of protein over
2 weeks (Fig. 2C).

We then created an ET tube coating that would
release Lasioglossin-III, which we chose as a model AMP
for its broad-spectrum antibacterial activity.23 Coating
characterization by SEM revealed improved surface
homogeneity (Fig. 3A–B) and cross-sectional smoothness
(Fig. 3C–D) of Lasio/PLGA coatings compared to PLGA
alone. This is not unexpected, because like most AMPs
Lasio is amphipathic26 and can stabilize the coating
emulsion, improving uniformity. As predicted by our
model, the release of Lasio from coated ET tubes rapidly
reaches the expected effective concentration and is contin-
uous and linear for over 1 week (Fig. 3E). Importantly,
these findings suggest that most AMPs would result in a
stable, uniform coating, and in a predictable, linear
release. Hence, this platform technology could be easily
applied to a wide range of peptides that could have broad
or targeted antimicrobial properties, depending on the
desired target.

We also showed that the Lasio eluting ET tube is
effective against a model gram-positive airway microbe
S. epidermidis.31 Because the MIC of Lasio against
S. epidermidis was determined to be 0.625 μM (Fig. S2),
we engineered a Lasio/PLGA coating that would release
1 � MIC in 24 hours. Our results showed that planktonic
bacterial growth in medium was significantly reduced by
the 1 � MIC/PLGA Lasio-coated tubes compared to tubes
that were uncoated, coated only with PLGA, and coated
with only 0.5 � MIC/PLGA Lasio (P < .0001) (Fig. 4A).
Clinically, this highlights the ability for Lasio to elute
from the tube during intubation and kill bacteria present
in the trachea mucus. Although bacterial adhesion to
1 � MIC/PLGA Lasio-coated tubes was not significantly
different compared to all other conditions, the viability of
adherent bacteria was significantly reduced for the
1 � MIC/PLGA-coated tubes by over 1,500-fold compared
to all other conditions (P < .0001) (Fig. 4C). We hypothesize
that this effect is observed as the dead bacterial membrane
components turn up positive in the crystal violet biofilm
assay confounding the result. This was validated by con-
ducting SEM on the tube conditions revealing a decrease in
bacterial presence with 1 � MIC/PLGA-coated tubes
(Fig. 5). With this data, we successfully showed that Lasio/

PLGA-coated ET tubes can both inhibit planktonic bacterial
growth and reduce biofilm viability potentially changing the
microbiota of airway epithelium.

Finally, we tested the efficacy of this peptide eluting
ET tube against the upper-airway respiratory pathogen S.
pneumoniae (pneumococcus) and on pooled human oral
microbiome (pHOM) samples. Pneumococcus is of specific
interest because besides causing pneumonia and sinus
infections,32 Streptococcus species are more abundant on ET
tubes and in SGS patients.7,33 We demonstrated that
1 � MIC/PLGA Lasio-coated ET tubes significantly reduced
the planktonic growth of S. pneumoniae compared to all
other conditions (P < .0001), as would occur in the tracheal
mucosal layer of an intubated patient (Fig. 6A). In parallel,
our coated tubes also reduced the viability of pHOM showing
the broad-spectrum antibiotic activity of the Lasio/PLGA
coating toward a polymicrobial community (Fig. 6B).
Although bacterial viability in pHOM was greater than that
of S. pneumoniae when treated with 1 � MIC/PLGA Lasio-
coated tubes, this is expected as the polymicrobial commu-
nity can shift in species abundances when exposed to Lasio
as this AMP does not inhibit every microbe with the same
potency. Nonetheless, this confirms that the antimicrobial
activity of Lasio is retained after the processing to create the
ET tube coating, validating the robust nature of our platform
which could be potentially applied to any other AMP. Impor-
tantly, all ET tube coating conditions, as well as free Lasio,
were not cytotoxic toward human patient-derived
laryngotracheal fibroblasts (Fig. 6C). Although 1 � MIC/
PLGA-coated tubes and free Lasio exhibited reductions in
viability by approximately 10%, this reduction is nonsignifi-
cant as it is above the threshold of 70% viability and consid-
ered biocompatible by ISO 10993-5 of the International
Organization for Standardization.

Overall, Lasio/PLGA-coated ET tubes represent a
clinically translatable technology that is fast and easy to
produce and can elute AMPs predictably and continu-
ously over the normal duration of chronically intubated
patients. Compared to previous device platforms that
only prevent adhesion20 or minimally inhibit bacterial
growth,21 our platform demonstrates the ability to both
kill bacteria in the surrounding environment and on the
tube, which may have tremendous clinical importance.
However, there are areas that require further investiga-
tion prior to implementation in patients. Mechanical
characterization of the coating should be conducted to
determine if it affects the inherent properties of the ET
tube. Furthermore, release modulation by implementing
alternative polymers such as polylactide, polyglycolide,
polycaprolactone, and combinations thereof would be
important to increase the robust nature of the platform to
elute different concentrations of peptide depending on the
bacterial target. For example, the ET tube coating could
be loaded with the MAD1, an AMP that selectively kills
Mycobacterium species at an MIC of 5 μM,14 which has
been to be overabundant in idiopathic SGS patients.6

Future work in determining the baseline airway
microbiome and microbiome in cases of laryngotracheal
stenosis would allow us to target certain pathogens and
prevent the inflammatory cascade. We believe that with
the ability to purposefully select an AMP/PLGA-coated ET
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tube against certain microbes in the trachea and other
organs could have significant implications in the preven-
tion of specific diseases including, but not limited to, SGS.

CONCLUSION
We demonstrated the design of a peptide-eluting ET

tube based on a PLGA matrix that results in a uniform
coating that continuously and linearly release Lasioglossin-
III in amounts sufficient to kill specific bacteria and poly-
microbial microbiome cultures. In conclusion, we offer a
novel device to modulate the upper-airway microbiome and
that could be deployed to prevent bacterial infections during
intubation and help prevent SGS and other upper airway
diseases.
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