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ARTICLE INFO ABSTRACT

Keywords: Endotracheal Tubes (ETTs) maintain and secure a patent airway; however, prolonged intubation often results in
Endotracheal tube unintended injury to the mucosal epithelium and inflammatory sequelae which complicate recovery. ETT design
SMAD3

and materials used have yet to adapt to address intubation associated complications. In this study, a composite
coating of electrospun polycaprolactone (PCL) fibers embedded in a four-arm polyethylene glycol acrylate matrix
(4APEGA) is developed to transform the ETT from a mechanical device to a dual-purpose device capable of
delivering multiple therapeutics while preserving coating integrity. Further, the composite coating system (PCL-
4APEGA) is capable of sustained delivery of dexamethasone from the PCL phase and small interfering RNA
(siRNA) containing polyplexes from the 4APEGA phase. The siRNA is released rapidly and targets smad3 for
immediate reduction in pro-fibrotic transforming growth factor-beta 1 (TGF#1) signaling in the upper airway
mucosa as well as suppressing long-term sequelae in inflammation from prolonged intubation. A bioreactor was
used to study mucosal adhesion to the composite PCL-4APEGA coated ETTs and investigate continued mucus
secretory function in ex vivo epithelial samples. The addition of the 4APEGA coating and siRNA delivery to the
dexamethasone delivery was then evaluated in a swine model of intubation injury and observed to restore
mechanical function of the vocal folds and maintain epithelial thickness when observed over 14 days of intu-
bation. This study demonstrated that increase in surface lubrication paired with surface stiffness reduction
significantly decreased fibrotic behavior while reducing epithelial adhesion and abrasion.

Local drug delivery
siRNA delivery
Upper airway

1. Introduction

Prolonged and/or traumatic endotracheal intubation, frequently
with large diameter endotracheal tubes (ETTs), substantially increases
the risk of long-term voice, airway, and/or swallowing complications,
with potentially life-threatening consequences such as laryngeal injury
[1-6]. Laryngeal injury, defined as glottic mucosal ulcer-
ation/granulation or subglottic granulation/stenosis, was recently
implicated in >50 % of patients intubated for longer than 12 h [7].
Across the world, the incidence of patients that require intubation due to
respiratory failure is 13-20 million each year [8]. In addition, the rapid

spread of SARS-CoV-2 led to an unprecedented surge in the number of
patients with respiratory failure who required prolonged intubation, and
demonstrated that patients with severe infections are subsequently at
high risk for laryngeal injury and dysfunction [9]. Subsequently,
recognition of acute laryngeal injury as a functional impediment to re-
covery is expanding. Improved therapeutic care has reduced the risk of
stenosis after prolonged intubation, with recent evidence suggesting an
important role for early intervention [10]. There remains a critical need
for further technological advances in therapeutic delivery to ensure such
timely interventions.

Current preventive measures for posterior glottic stenosis, sub-glottic
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stenosis (SGS), or tracheal stenosis are limited to reducing duration of
intubation and/or employing the smallest endotracheal tube possible.
Unfortunately, both the length of intubation and endotracheal tube size
are often limited by the patient’s clinical condition and the potential
need for adjuvant bronchoscopy or other interventions during intuba-
tion that necessitate a larger endotracheal tube. Although data suggests
that early treatment for known stenosis can reduce granulation tissue
and scarring [11], detailed predictive algorithms are lacking to identify
patients most at risk that could benefit from prophylactic intervention.
Treatment for stenosis in the upper airway include endoscopic dilations
and open surgical resection [12,13]. Current treatments can often
require multiple surgeries with or without tracheostomy. Adjuvant
glucocorticoid use has been frequently employed, as they are known to
improve airway inflammation [14-16], however current delivery ap-
proaches are mainly through intralesional and in-office steroid injection
for treatment of SGS and tracheal stenosis to decrease additional fibrosis
from excision of scar tissue or lesions [14,17]. Despite compelling evi-
dence of the effectiveness of steroid injections, the application of cor-
ticosteroids to stenotic regions via in-office injections remains
cumbersome and inconvenient for both patients and providers,
involving flexible laryngoscopy and transcutaneous injections [14].
These treatments require repeated in-clinic procedures and subject pa-
tients to additional interventions and associated discomfort to deliver
glucocorticoids over repeated doses. Furthermore, therapeutic in-
terventions do not currently occur until after stenosis has developed,
although it is well accepted that the injury is a sequela of intubation and
associated damage to the airway mucosa in repeated contact with the
hard surface of the ETT. Hydrogel coatings have been developed to
address the stiffness of the outer surface of ETTs (such as by in situ as-
sembly of hyaluronic acid/Pluronic F127) [18,19], which show some
amelioration of mucosal damage, but Pluronic based in situ assembled
hydrogels have not been conducive for facilitating simultaneous thera-
peutic delivery to the mucosa [20].

Stenosis of the upper airway subsequently progresses through tissue
granulation to fibrosis, which results in functional deficits in voice and
respiration. The application of biological modulators as therapeutic
agents, specifically siRNA which targets smad3, have been studied in the
preclinical setting to downregulate transforming growth factor beta 1
(TGFp1), which has been implicated as the main pro-fibrotic signaling
pathway in the development of acute laryngeal injury [21]. However,
these modulators have not gained regulatory approval and controlled,
targeted delivery of small molecules remains a challenge in the dynamic
environment of the upper airway. Furthermore, other topically-used
agents are not readily available or practical for intravenous use, due
to deleterious systemic effects and need for high dosage to ensure effi-
cacy at desired sites. Currently, there are no existing clinical technolo-
gies to directly deliver anti-inflammatory therapeutics to the
laryngotracheal complex and throughout the trachea during prolonged
intubation.

Treatments to facilitate prolonged delivery of therapeutics directly to
the laryngotracheal tissues, preferably prior to the onset of stenosis
remain unresolved. Previous studies have investigated the use of drug
eluting or drug-loaded ETTs to treat airway complications locally upon
intubation, focusing on delivery of analgesics [22,23], providing
anti-microbial protection [24-30] and acting against inflammation and
fibrosis [31-35]. Mitigation of biofilm formation, especially when
associated with ventilator associated pneumonia has been the primary
objective of the antibacterial coatings, as well as the embedded metallic
particle surface modifications on the endotracheal tubes (extensively
reviewed in Refs. [36,37]). Some of these antibacterial coatings have
only been applied to the inner lumen of tubes [26,27,38,39], while
others have been deposited on both the inner and outer surfaces [27,39].
Other groups have recognized that bacterial modulation can be used for
its immunomodulatory effects as a preventative treatment for SGS and
have implemented antimicrobial peptides as a therapeutic agent for
delivery from ETT surfaces [24,32]. The other focus in improving
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endotracheal tubes has been to provide temporary analgesia to reduce
pain and discomfort during intubation, sometimes through simply
coating analgesics (lidocaine) on the outside of ETTs [23] and in other
cases through supporting sustained release [22]. However, these tech-
nologies focus on the management of bacterial infection during me-
chanical ventilation or pain-management over the short-term and do not
target inflammatory and pro-fibrotic responses associated with mucosal
injury directly. Subsequently, the controlled release of these therapeu-
tics is not a necessity since they are intended for immediate effect or
surface treatments. There have been drug eluting ETTs which employed
steroids (mometasone furoate or budenoside) within electrospun fibrous
coatings [31,33] or surface tethered nanoparticles [40] with sustained
release to the laryngotracheal tissue to reduce airway inflammation, but
increase in ETT surface roughness from coatings has been shown to in-
crease airway inflammation. These studies emphasize the potential for
two-fold functionality of efficiently coated ETTs, to prevent mechanical
injury to the mucosa, and to serve as anti-inflammatory drug delivery
platforms for the treatment of airway complications.

Intraluminal tracheal stent designs also hold promise for localized
drug delivery; these stents, however, have limited tissue contact and
limited drug-load capacity [41]. Electrospun materials have been used
as drug-eluting coatings on the surface of both implanted tracheal grafts
[42,43] and intraluminal stents [44,45], but these implants are intended
to be resident long-term, have been shown to cause significant inflam-
matory sequelae without corticosteroid delivery [43,44]. These subop-
timal therapeutic outcomes might be due to increased surface roughness
or the stiffness of electrospun implant surfaces which are significantly
stiffer than the oral mucosa they are in contact with [46,47]. Hydrogels
allow for softer coatings on implant surfaces which are potentially less
likely to cause an inflammatory response in the mucosa [18,28,42,48],
as well as allow for rapid drug delivery of any therapeutics loaded within
them. However, the use of soft hydrogel materials for drug delivery in
the upper airway can pose challenges with regard to adhesion to the
surface ETT and stability of the coating, leading to potential aspiration
of the sloughed off material, which can pose a risk to the patient [46]. In
addition, none of these technologies can effectively deliver therapeutics
consistently to the complex laryngotracheal anatomy, especially at the
larynx and vocal folds.

This limitation in current technology around ETTs restricts treatment
capacity for ventilator-dependent patients and leaves the ETT at risk for
biofilm formation and propagation of infection. Secondly, currently
developed coated tubes are limited in being too stiff or too rough at the
mucosal interface, causing increased inflammatory damage and pro-
longing recovery after extubation. We aim to transform the ETT from a
functional, mechanical device to a dual-purpose device capable of
delivering therapeutics to the local microenvironment, preventing long-
term sequelae from prolonged intubation and providing additional
therapeutic delivery in the short-term to address the underlying pa-
thology. In this study, the proposed biphasic composite coating for ETTs
consists of polycaprolactone electrospun fibers and a 4-arm poly-
ethylene acrylate (4APEGA) hydrogel. The electrospun fibers provide a
rough surface for increased attachment and retention of the softer
hydrogel on the smooth ETT surface and both phases serve as drug de-
livery reservoirs for therapeutics with varying release kinetics. The PCL
fibers allow for controlled release of dexamethasone while the soft
hydrogel reduces mucosal damage and delivers the secondary anti-
inflammatory agent (smad3 siRNA). This biphasic system provides a
platform for drug delivery with improved drug loading capacity, sus-
tained localized release, and control over the temporal release of
incorporated drugs, directly from the surface of commercially used
endotracheal tubes. The novel system could potentially improve patient
outcomes and reduce the risk of complications associated with
intubation.
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2. Materials and methods

2.1. Drug-loaded PCL electrospun fibers fabrication and PCL-4APEGA
composites preparation

To fabricate dexamethasone-loaded polycaprolactone (PCL) elec-
trospun fibers, PCL pellets (molecular weight: 80,000) were first dis-
solved in chloroform and ethanol (15:85 v/v), and dexamethasone
(dexamethasone:PCL w/w ratios of 2.5, 5, and 10:100) was then added
to the PCL solution [49]. Final solution was then loaded into a syringe,
and a syringe pump (Pump 11 Elite, Harvard Apparatus, Holliston, MA)
was used to electrospin fibers (Supplementary Fig. 1). Photoinitiator
2-Hydroxy-4'-(2-hydroxyethoxy)-2-methylpropiophenone (Irgacure
9599) was dissolved in ethanol (0.4 % w/v) and 4APEGA (Creative
PEGWorks, Chapel Hill, NC) with varying molecular weight (5k, 10k,
and 20k) was dissolved in deionized water (4 % w/v). The solutions
were mixed (0.1 % photoinitiator to 4APEGA v/v) and then cast on top
of the electrospun fiber coated ETTs and polymerized for 5 min under
ultraviolet (UV) light at 365 nm wavelength (UVP CL-1000, Ultraviolet
Crosslinkers). All chemicals, unless otherwise stated, were purchased
from Sigma-Aldrich (St. Louis, MO).

To load the PCL-4APEGA composites with smad3 silencing siRNA,
siRNA was first mixed with Polyethylenimine (PEI, linear, molecular
weight: 20k) at a nitrogen/phosphate (n/p) ratio of 10 to mediate
functional siRNA delivery while avoiding sequence non-specific effects
[50-54]. Equation (1) was used to calculate the required amount of
siRNA and PEI to obtain the specific n/p value [55].

PEI (ug)
PEI repeat unit molecular weight
N pP= ep 18

positive charge number (Equatlon 1)
SIRNA (ug)
SIRNA molecular weight

In a separate tube, PEI was dissolved in N-2-hydroxyethylpiperazine-
N'-2-ethanesulfonic acid (HEPES) buffer of pH 7.2, followed by the
addition of the siRNA amount defined in Equation (1) to the solution.
The final solution was vortexed for 5 s and incubated at room temper-
ature for 15 min to complete the complex formation. The resulting
siRNA-PEI polyplex aliquot was mixed with 4APEGA polymers (molec-
ular weights: 5k, 10k, and 20k) and photoinitiator solution followed by
polymerization under UV light for 5 min as previously mentioned.

2.2. Morphology, swelling and stability assessment of composite coatings

Scanning Electron Microscopy (SEM) was utilized to examine the
morphology of the PCL-4APEGA-coated ETTs. All specimens were
lyophilized and sputter-coated with silver-palladium and imaged using
an S5500 microscope (Hitachi High-Tech, Schaumburg, IL) under 20 kV
applied voltage at 50x, 200x, and 750 x magnifications. Samples were
imaged in top view and side view of cross-section perspectives to eval-
uate surface morphology and layer interfaces, respectively.

Adhesion of the PCL-4APEGA coating to the ETT surface was
measured using a U-Stretch tensile testing machine (CellScale Bio-
materials Testing, Ontario, Canada) using methods similar to those
previously reported for ETT coatings [31]. Briefly, two segments of ETT
(2 cm) were placed adjacently on the rotating rod within the electro-
spinning setup and joined together by a fiber coating. The resulting 4 cm
samples were coated with 4APEGA, clamped at the ends, and tested in
displacement control mode to determine the force required to achieve
slippage of the coating (n = 4 per coating). The test was performed in a
temperature-controlled bath set to 37 °C and filled with phosphate
buffered saline (PBS).

The frictional characteristics of the coating were evaluated using a
Biomomentum Mach-1 mechanical tester v500css (Laval, Quebec,
Canada) with a multi-axial load cell and 17 N amplification module. A 9
mm disc sample of ETT (n = 4) was made for each PCL fiber diameter (1
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pm, 4 pm, and 8 pm) and 4APEGA polymer (molecular weights: 5k, 10k,
and 20k) combination. The sample was secured onto a flat indenter
(MA262) with cyanoacrylate glue and put into contact with a glass
microscope slide (sliding substrate) using the “Find Contact” function. A
planar test over a linear path was conducted with a “Zero Load”, “Stress
Relaxation”, and “Ramp Release” testing sequence.

The swelling rates of composites were calculated over time to
compare the impact of molecular weight of 4APEGA on swelling
behavior and to study the impact of swelling ratio on the drug release
behavior. Dried samples (n = 6 samples per group) were weighed prior
to immersion in phosphate buffered saline (PBS) buffer at 37 °C. Sam-
ples were then removed from PBS buffer at different time points and
their weights were recorded after removing excess PBS. The experiment
was continued until the samples reached swelling equilibrium. The
swelling ratio was calculated using Equation (2), in which M; and My are
the mass of samples in its dried and swollen states, respectively.

M; — M,

Swelling Ratio% = % x 100

i

(Equation 2)

To study the degradation rate of PCL-4APEGA composites over time,
samples were placed in the phosphate-buffered saline (PBS) buffer at
37 °C and observed for 14 days. Mass loss of the samples was measured
weekly using Equation (3), where Wi, and Wr are the initial and final
sample weights of the sample, respectively.

wf

W, —
Mass Loss% = ———
in

x 100 (Equation 3)

2.3. Local mechanical characterization (microindentation)

The local stiffnesses of the composites were measured using a
microindenter (Piuma Chiaro, Optics 11, Amsterdam, The Netherlands).
A probe with a tip radius of 8.5 pm and tip spring constant of 0.026 N/m
was used to measure substrate elastic modulus. Six samples per group
were indented utilizing the Piuma Chiaro mapping feature in PBS at
room temperature at a scan size of 9 locations (3 x 3) on each sample
and with a 10 pm step along both the X and Y axes. The loading and
unloading force displacement curves were acquired by the instrument
during each indentation process, and the Oliver Pharr model was used to
calculate tip-substratum area of contact. The elastic modulus from the
initial linear region of the unloading curve was then determined,
assuming Hertzian contact between the indenter and substrate. Since the
indentation model resulted in potentially multimodal distribution of
elastic modulus across the sample substratum for composite materials,
violin plots were used to tabulate the distribution of measurements and
statistical testing was performed to identify differences in median
values, assuming unequal variances and correcting for varying distri-
bution profiles within populations.

2.4. In-vitro dexamethasone release kinetics and bioactivity

Dexamethasone released from the PCL fibers was assessed and
quantified over a period of 24 days. Samples (n = 6 samples per group)
were maintained in PBS buffer at 37 °C. The PBS buffer was extracted
after the first 24 h and every 4 days afterwards then replaced with fresh
PBS. The released dexamethasone collected in PBS was quantified by the
absorbance measurement of the released dexamethasone in the PBS
buffer using a plate reader (Synergy2, BioTek, Winooski, VT) at 290 nm
[56]. The Kosmeyer-Peppas model was used to model the fit of the
dexamethasone release within the PCL system with Equation (4), where
M/M represent the fractional drug released at time, t, K is the release
rate constant, and n is the release exponent [57]. The goodness of fit was
determined by calculating the R? coefficient to evaluate how closely the
drug release followed the model.

M,

—=Kxt"

i (Equation 4)
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The retention of biological activity of the released dexamethasone
were determined by measuring Interleukin 6 (IL-6) and Interleukin 11
(IL-11) expression via enzyme-linked immunosorbent assays (ELISAs),
as per the standard sandwich assay protocols recommended by the
manufacturer. For this measurement, human tracheal fibroblasts (hTF)
(Cell Biologics Inc, Chicago, IL) were pre-cultured in Dulbecco’s Modi-
fied Eagle’s Medium (DMEM) containing 10 % of Fetal Bovine Serum
(FBS) and 1 % antibiotic-antimycotic solution (Thermofisher Scientific,
Waltham, MA). Cells were maintained at 37 °C and 5 % CO,, and
passaged every 3-4 days. Cells were then trypsinized after reaching 80 %
confluency and were subsequently seeded at a density of 1000 cells/well
in 96-well plates. After exposure of the cells to eluted dexamethasone for
24 h, media collected from each well was used to evaluate the expression
of IL-6 and IL-11. All biological reagents, unless otherwise stated, were
purchased from ThermoFisher (St. Louis, MO). The proliferation rates of
the hTF cells were determined after 24 h using a cell viability assay to
compare the untreated control group (control), groups exposed to an
aliquot of dexamethasone eluted from PCL fibers (experimental groups
for bioactivity), and groups exposed to an aliquot of elution media
collected from PCL fibers without any loaded dexamethasone (carrier
control). The acquired microscopy images were quantified using a pro-
tocol adapted from FLJI open source image analysis software for ImageJ
to calculate the number of live and dead cells [58].

2.5. Cell adhesion to ETT surface coating

To determine the effect of 4APEGA on cell adhesion, 3 different
molecular weights of 4APEGA (5k, 10k and 20k) were mixed with
photoinitiator and polymerized in 24 well plates for 5 min under sterile
conditions as described previously (Section 2.1). Samples were then
thoroughly rinsed with PBS and seeded with hTF cells at a density of
5000 per sample. After a 24-h incubation (at 37 °C and 5 % CO5), non-
adherent cells were removed by washing the hydrogels with PBS. To
evaluate cell viability, 10 % AlamarBlue™ Cell Viability Reagent diluted
in fresh growth media was added to the wells, and the plate was incu-
bated for 4 h at 37 °C. AlamarBlue reduction was measured using a
Synergy2 plate reader (BioTek, Winooski, VT), and reported by
normalizing to the bare ETT. Samples were then imaged using Leica
DM8000 M (Buffalo Grove, IL) after fixing with 4 % paraformaldehyde
for 1 h and stained using the ActinGreen™ 488 ReadyProbes™ and
diamidino-2-phenylindole (DAPI).

2.6. Simulation of mucosal damage during intubation

To study the abrasion of the inner lining of trachea during intuba-
tion, fresh porcine tracheae were harvested (from animals euthanized in
an unrelated preclinical study) to develop an ex-vivo model. To measure
the impact of 4APEGA friction on epithelial abrasion of the inner lining
of tracheae over 7 days, the trachea’s inner lining (distant from the
bronchial branch point) was separated from the tracheal cartilage rings,
sectioned into 16 pieces, and split into four main experimental groups.
To mimic the friction between the coated-ETTs and the epithelial mu-
cosa, a mechano-culture MCT6 loading system (CellScale; Ontario,
Canada) was programmed to apply cyclic strain of 10 % at a frequency of
0.2 Hz in a sinusoidal waveform to simulate physiological breathing in
the human lung (Supplementary Fig. 2). Tissue segments were then
loaded into a custom-built chamber containing 50 % (volume) hTF
growth media mixed with 50 % (volume) Airway Epithelial Cell Basal
Medium containing the supplementary Bronchial Epithelial Cell Growth
Kit. The composites and bare ETTs (negative control) were connected to
the MCT6 loading system. The hydrogels were kept in contact with tis-
sue segments and the loading system applied cyclic strain for up to 7
days. After loading, part of tissue samples was obtained using a biopsy
punch (diameter: 0.15 cm) and homogenized in 500 pl of PBS. To lysate
the tissue, 500 pl of radioimmunoprecipitation assay buffer (RIPA 1X)
containing protease inhibitors was added to the homogenized tissue and
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agitated at room temperature for 30 min, followed by centrifuging at
1000 rpm for 5 min to remove tissue debris. Lubricating mucin glyco-
proteins (MUC5b and MUC5AC) of the upper airway were then quan-
tified via ELISA using the manufacturer’s recommended protocol (Novus
Biologicals, Centennial, CO). The remaining tissue segments were fixed
in 4 % paraformaldehyde solution for histological evaluation. After the
samples were fixed, they were perfused with 15 % sucrose solution at
4 °C for 6 h followed by an overnight perfusion in 30 % sucrose solution
at 4 °C to reduce possible damage during the cryosectioning step. Then,
samples were mounted in disposable embedding molds filled with
optimal cutting temperature compound Scigen Tissue-Plus (Fisher Sci-
entific, Hampton, NH) and the molds were stored at —80 °C prior to
sectioning. Frozen tissue segments were cut to a tissue thickness of 8 pm
using a cryostat (CM1850, Leica, Wetzlar, Germany) and thaw-mounted
on glass slides. Slides were maintained at room temperature overnight to
dry. To improve the adhesion of the tissue slices to the glass slides, slides
were kept in chilled acetone at —20°C for 10 min. Subsequently, slides
were hydrated with deionized water prior to staining. To observe
possible epithelial abrasion, tissue segments were stained with Alcian
Blue and Fast Red Nucleus to visualize the mucus layer. Samples were
first stained with Alcian Blue 8G solution (1 % (w/v) Alcian Blue in 3 %
(v/v) acetic acid/deionized H2O (pH 2.5)) for 15 min and washed three
times to remove excess stain from the slides. The slides were then
counterstained with Fast Red Nucleus for 5 min and washed with
deionized water three times for 1 min before mounting with ProLong
Diamond Antifade Mountant. Finally, the stained tissue sections were
imaged with the Lionheart microscope (BioTek, Winooski, VT) at 4X and
10x magnification.

2.7. SiRNA-PEI polyplex release, transfection and gene-silencing efficacy

4APEGA hydrogels with varying molecular weights (5k, 10k, and
20k) combined with siRNA-PEI polyplex were incubated in PBS at 37 °C.
The release of siRNA was monitored at different time intervals over a 24
h period. PBS buffer was removed at each time point and replaced with
fresh PBS. Each sample containing the siRNA polyplex was centrifuged
for 15 min at maximum speed and the siRNA content was measured
using Quant-iT™ RiboGreen® assay as per the manufacturer’s recom-
mended protocol.

The transfection efficacy and gene silencing potential of released
siRNA-PEI polyplex on hTF cells was compared with hTF cells exposed to
a non-sense siRNA group (negative control), free siRNA targeting smad3,
and the free polyplex before loading into the hydrogels. For this
experiment, hTF cells were initially cultured in DMEM containing 10 %
of FBS and 1 % antibiotics (penicillin-streptomycin — amphotericin
cocktail), incubated at 37 °C and 5 % COs, and passaged every 3-4 days.
T-150 mm flasks were seeded with 1 x 10° cells and maintained at 37 °C
and 5 % CO2 to reach 80 % confluency before being treated with 100
pmol of siRNA followed by TGFp1 exposure [59]. The cells were sub-
sequently lysed using TRIzol™ Reagent and total RNA was extracted
using RNeasy Mini Kit (Qiagen, Valencia, CA). RNA concentration and
quality was evaluated using a Take 3 Micro-Volume Plate (Biotek,
Winooski, VT) and spectrophotometer. Next, RNA was reverse tran-
scribed with iScript™ cDNA Synthesis Kit (Bio-Rad, Hercules, CA).
Using a fixed amount of complementary DNA (cDNA) with iTaq Uni-
versal SYBR Green Supermix (Bio-Rad, Hercules, CA), real-time reverse
transcription polymerase chain reaction (RT-PCR) was performed using
a CFX96 Touch Real-Time PCR Detection System (Bio-Rad, Hercules,
CA). The data was analyzed using the 272" method in which the
non-sense group was designated as the baseline group and gapdh
expression was used as the loading control. Predesigned smad3 primers
(Sigma-Aldrich) were used to study the transfection efficacy of the
polyplex with different n/p values. Table 1 shows the specific forward
and reverse primers sequences for the tested smad3.
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Table 1
PCR primer sequences.

Target Gene Sequence (5'-3")

SMAD3
SMAD3

F- CATCGAGCCCCAGAGCAATA
R- GTGGTTCATCTGGTGGTCACT

2.8. Dual drug release impact on fibrosis

Released polyplex and dexamethasone from endotracheal tubes
coated with 4APEGA-PCL were tested on hTF cells to study the impact of
dual drug release on fibrosis gene expression. hTF cells were treated
with drugs aliquot for 24 h, followed by treating the cells with fresh
media containing TGFB1 (10 ng/ml) for 24 h for cell stimulation. Lysis
was then performed using TRIzol™ Reagent and the expression of 84
genes (Supplementary Table 1) related to encoding inflammatory cy-
tokines, ECM remodeling enzymes, TGFp signaling molecules were
quantified using the Human Fibrosis RT2 Profiler PCR Array (Qiagen)
and the clustergram heat map for relative magnitude of gene expression
were generated using the Complex Heatmap package in R (version 4.1.3)
[60,61].

2.9. In-vivo study

The Bridge Preclinical Testing Services Institutional Animal Care and
Use Committee (protocol BPTS-21-01) approved the current study.
Traumatic intubation was simulated in 9 Yorkshire crossbreed swine
under direct laryngoscopy and 5 cm segments of composite coated ETTs
(4 pm PCL fiber- 4APEGA, MW 20k) were secured in the airway for
localized delivery of therapeutics for 3, 7, or 14 days (n = 3 per time-
point). The control groups of ETTs coated with 4 pm PCL fiber only and
loaded with dexamethasone, or bare ETTs without drugs have been
previously reported in part [62]. Swine were anesthetized via intra-
muscular Telazol® and Ketamine 2.2 mg/kg and maintained using
0.5-5% isoflurane throughout the procedure. Buprenorphine 0.01-0.05
mg/kg was used for analgesia. A round 3/8 in. stainless steel brush was
used for mucosal injury to the laryngeal tissue under endoscopic visu-
alization. A second surgeon assisted with ETT placement. Briefly, two
16G angiocatheter needles were placed into the airway through the
cricothyroid membrane and between the first and second tracheal rings.
A snare (Amplatz Gooseneck Microsnare Kit, Medtronic PLC, Minneap-
olis, MN) was then passed through the angiocaths to the surgeon per-
forming direct laryngoscopy who then secured the 5 cm ETT segment
using a 2-0 polypropylene suture. The ETT was then pulled into the
larynx by retracting the snare and sutures through the angiocaths. Once
visually assessing the correct placement of ETT, the sutures were secured
to the neck over a surgical button and incisions were closed using 4-0
polygalactin suture and Dermabond. Following ETT placement ani-
mals were monitored post-operatively hourly for the first 4 h after sur-
gery, every 4 h for the first 24 h, and then twice daily until end of study
timepoints. Animals were euthanized with pentobarbital infusion (100
mg/kg) and confirmed via vital sign monitoring according to institu-
tional protocol. The larynx was excised immediately after euthanasia,
sectioned in the sagittal plane, and frozen at —80 °C until further
investigation.

2.10. Mechanical characterization of injured laryngeal tissue

Local stiffness outcomes were determined with normal indentation
using a Biomomentum Mach-1 v500css with a single-axis load cell (1.5
N) with amplification module as previously described by our group [63,
64]. Bisected larynges were fixed into a Plaster of Paris mold, aligned to
a template with pre-determined indentation points along the vocal fold
and submerged in PBS. Normal indentation was conducted using a 2 mm
spherical indenter tip with a set velocity of 1.2 mm/s and an indentation
depth of 0.3 mm. Tissue stiffness was determined from the resulting
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force vs. displacement curves.

2.11. Histological analysis

Following mechanical analysis, 5 mm sections were taken along the
mid-region of the vocal fold and fixed in 4 % formalin overnight. Tissue
samples were mounted in disposable embedding molds using optimal
cutting temperature compound (Thermo Fisher Scientific, Waltham,
MA), sectioned to a thickness of 14 pm using a cryostat (Epredia™
NX70, Kalamazoo, MI), and stored in —80 °C until staining. Slides were
stained with hematoxylin and eosin (H&E) (Richard-Allan Scientific™
Signature Series™ Stains, Thermo Fisher Scientific, Waltham, MA) ac-
cording to the manufacturer’s protocol. Slides were imaged at 20X using
a Motic EasyScan Pro Slide Scanner (Motic Instruments, Schertz, TX).
Epithelial thickness along the vocal fold was measured in ImageJ
(Version 1.53k, National Institute of Health, USA).

2.12. Statistical Analyses

All data were reported as the average + the standard error of the
mean. Material characterization data was acquired using a minimum of
6 technical replicate samples per group, at least 10 replicates for biaxial
mechanical testing, and one biological sample with four technical rep-
licates for the cadaveric tissue-material testing. Using Prism (v9.0.0,
GraphPad Software LLC, San Diego, CA) and p < 0.05, significant dif-
ferences in material properties were identified using one-way Analysis of
Variance (ANOVA), followed by Tukey’s test for post-hoc determination
of significance.

3. Results
3.1. Composite coating characterization

Scanning electron microscopy(SEM) of coated endotracheal tubes
with PCL-4APEGA composites are shown in Fig. 1. Samples with a PCL
fiber diameter of 8 pm yielded the lowest average coefficient of friction
in comparison to the other groups, however, there were no significant
differences identified (Fig. 1B). In all the 4APEGA groups, there was a
uniform coverage of the ETT on the outermost layer, whereas complete
embedding of the electrospun PCL fibers within the 4APEGA hydrogels
was observed in the middle layer (Fig. 1C and D). Additionally, the SEM
micrographs also verified the attachment of the PCL-4APEGA compos-
ites to the ETTs in the innermost layer. Adhesion between the PCL-
4APEGA coating and ETT was tested in wet conditions to evaluate the
strength of the interface (Fig. 1E and F). The fibers with 1 pm diameter
withstood significantly greater loads than the fibers with 8 pm diameter
(*p < 0.05).

Swelling behavior of the composites determines the drug delivery
behavior as well as the final weight of the tube once it is placed into the
trachea. Fig. 2A shows composites containing 4APEGA-5k having the
most rapid swelling equilibrium, with the least water absorption and
reaching equilibrium after the first 30 min when compared to compos-
ites containing 4APEGA-10k and 4APEGA-20k. In contrast, when
compared to composites containing 4APEGA-5k, composites containing
4APEGA-10k have high higher water uptake rate since higher molecular
weight leads to an increase in the mesh size and increased water update
capacities, with swelling equilibrium achieved after 3 h. Among the 3
different groups of composites evaluated, composites containing
4APEGA-20k was observed to have the highest swelling ratio over time
due to the increased molecular weight of the hydrogel. Additionally, as
shown in Fig. 2A, significant differences (*p < 0.05) were observed
between the 4APEGA-5k composites containing 1 pm and 8 pm PCL,
whereas significant difference (*p < 0.05) were observed between the
4APEGA-10k composites containing 1 pm and 4 pm PCL. The 4PEGA
alone samples in all 3 groups also displayed a higher swelling ratio when
compared to all 4PPEGA-PLC fiber incorporated composites at 60 and
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Fig. 1. Morphological Evaluation of PCL-PEGA composite coating on ETTs. (A) A schematic depicting the electrospinning process used in this study. (B) Co-
efficient of friction for PCL-4APEGA composites (C) Scanning electron microscopy (SEM) showing cross-sections of endotracheal tubes (ETT) coated with PCL-
4APEGA composites of different molecular weights (5k, 10k, 20k) and (D) representative high-resolution images of the three regions of interest (ROI), exhibiting
uniform coverage of the ETT with 4APEGA in the outermost layer (red ROI), complete embedding of the electrospun PCL fibers within the 4APEGA hydrogels in the
middle layer (green ROI), and attachment of the PCL-4APEGA composites to the ETTs in the innermost layer (yellow ROI) of all groups. The scale bars are 1 mm for
the gross view and 50 pm for the ROIs respectively. (E) Adhesion testing of PCL-4APEGA coating on ETTs and (F) Ultimate tensile load determined from displacement
control mode testing. (* indicates p < 0.05 between groups). (For interpretation of the references to colour in this figure legend, the reader is referred to the Web
version of this article.)
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< 0.0001).

90 min (**p < 0.01 and ***p < 0.001, respectively).

Fig. 2B shows the degradation properties of composites with 3
different 4APEGA molecular weights and PCL electrospun fibers with
different diameters (1, 4, and 8 pm) over 14 days. Overall, degradation
of composites with 4APEGA-5k was observed to be relatively higher (41
+ 4 %) compared to composites with 4APEGA-10k or 4APEGA-20k. The
degradation rate of composites the 4APEGA-5k was also affected by the
diameter of incorporated PCL electrospun fibers, with an increase in
degradation (37 + 4 % for 1 pm PCL) observed for composites having
smaller fiber diameter. Among the 3 4APEGA groups evaluated, degra-
dation in composites with 4APEGA-20k was observed to be the lowest
and the diameter of incorporated PCL in this group has the least impact
the degradation behaviors. 4APEGA-10 also demonstrated behavior
similar to the 4APEGA-20 composites with fiber diameter having a low
impact on composite degradation behavior. The maximum degradation
within the 4APEGA-10 and 4APEGA-20 composites was observed in the
groups with 1 pm PCL fibers embedded in the hydrogels, which
degraded by 17.23 + 3.74 % and 8.02 + 1.56 % respectively after 14
days.

Fig. 2G-H shows the elastic modulus of PCL electrospun fibers with
different diameters (1, 4, and 8 pm) and the impact of hydrogel coating
with different molecular weight (5k, 10, 20k) on mechanical properties
of the composites. The elastic modulus of 4APEGA hydrogels was
observed to be significantly lower when compared to PCL fibers alone
and 4APEGA-PCL composites. Although the incorporation of 4 pm
diameter PCL fibers into 4APEGA composites resulted in an increase in
elastic modulus, this increase was not significant when compared to
4APEGA hydrogels. Additionally, while PCL of different molecular
weights exhibited significant higher elastic modulus compared to
4APEGA-PCL composites and 4APEGA hydrogels, no differences in
elastic modulus was observed between PCL fibers with different
diameters.

3.2. The impact of ETTs and composites coatings on the inner tracheal
lining

Mucus production is generally affected by inflammatory factors
including mechanical distress to the epithelial layer [65]. Histology
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micrographs at (magnification 4x) (Fig. 3A) stained with Alcian Blue
and Fast Red Nucleus to visualized mucus layer, goblet cells, and base-
ment membrane revealing a general disruption in groups in contact with
ETT. Goblet cell hyperplasia, epithelial layer abrasion, and tissue
compression are prominent features of endotracheal damage to the inner
lining of the trachea [66] which is mostly seen in the group in contact
with ETT compared to other groups while the tissue group in contact
with 4APEGA-5k showed more intact tissue structure after the applied
friction. MUC5AC and MUC5B, the predominant mucins in the human
airway, have been reported to be significantly increased in response to
ventilator-induced lung injuries [67]. Normalized MUC5AC and MUC5B
production in tracheal ex-vivo samples in contact with ETT, 4APEGA-5k
and 4APEGA-10k, and 4APEGA-20k are shown in Fig. 3B and C. The
MUCSAC production (Fig. 3B) decreased in all composite groups after 7
days. MUC5AC production did not change in groups in contact with
ETTs between day 1 and 7 while the MUC5AC production decreased
significantly in all composite groups compared to ETT group after 7
days. The lowest MUC5AC production was also observed in the tissue
groups that are in contact with 4APEGA-5k for 7 days (p < 0.0001). In
addition, all composite groups showed significant (p < 0.01) decrease of
MUCS5AC production at day 7 compared to day 1. MUC5B (Fig. 3C)
showed relatively a higher production in all composite groups at day 7
compared to day 1. However, MUC5B secretion was not significantly
different between groups.

3.3. Cell adhesion to composite coatings and endotracheal tubes

Cellular adhesion to the endotracheal tube is one of the main in-
dicators of epithelial layer abrasion, followed by inflammation and
fibroplasia. Shown in Fig. 4A, Alamar Blue cell adhesion assays indi-
cated a significantly higher hTF adhesion to ETT (18427 + 837AU)
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compared to the 3 groups of 4APEGA hydrogels after 24 h. Among the
4APEGA hydrogels of different molecular weights, 4APEGA-20k
hydrogels (2034 + 112AU) and 4APEGA-5k (12888 + 1908AU) were
observed to have significantly lowest and highest cellular adhesion (p <
0.0001), respectively. As shown in the immunohistochemistry images
(Fig. 4B), the attached hTF cells to the tested samples showed confluent
cell growth on ETT while the morphology and the number of attached
cells was observed to change depending on the molecular weight of the
hydrogel, and thus agreeing with the Alamar Blue cell adhesion assays
observed in Fig. 4A.

3.4. In-vitro dexamethasone release and activity

In-vitro release of dexamethasone from 1 g of PCL electrospun fibers
were measured with respect to the different fiber’s average diameter (1,
4, and 8 pm) over a period of 24 days. Sustained drug release was
exhibited in Fig. 5 for all three concentrations (2.5, 5, and 10 % w:w
dexamethasone: PCL), irrespective of fiber’s diameter. However, a
higher drug release rate was observed for 10 % dexamethasone-loaded
PCL fibers of 1 pm diameter (0.44 + 0.003 mg per 1g of PCL)
compared to fibers of 4 pm (0.24 £+ 0.0.006 mg per 1g of PCL) and 8 ym
diameter (0.094 + 0.002 mg per 1g of PCL). In addition, it was observed
that as the average diameter of PCL electrospun fibers increases, the
drug release rate decreased and was less dependent on the initial
dexamethasone concentration. The drug release data fitted according to
the Korsmeyer-Peppas equation yielded high correlation coefficients
(R2 = 0.9919-0.9991). Aside from the 8 pm fiber diameter with 2.5 %
weight dexamethasone concentration which indicated potential super
Case II transport, the n values of Korsmeyer-Peppas remained within
0.45-0.89 indicating anomalous (non-Fickian) diffusion.

Live/dead assay was carried out on samples loaded with
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Fig. 3. Ex-vivo mucosal damage and mucus production during simulated intubation. (A) Histological evaluation of inner lining of the trachea during simulated
intubation using ETT, 4APEGA-5k, 4APEGA-10k, and 4APEGA-20k at days 1 and 7. Tissue samples are stained with Alcian blue and Fast Red Nucleus. (B) Mucus 5AC
production from ex vivo tissues at days 1 and 7. Data is normalized to ETT muc5ac production. The significant difference (*p < 0.05) is shown within and between
each group. (C) Mucus 5b production from ex vivo tissues exposed to ETT, 4APEGA-5k, 4APEGA-10k, and 4APEGA-20k groups at days 1 and 7. The sale bar represents
400 pm. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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Fig. 4. Cellular Adhesion to the surface of endotracheal tube versus hydrogels after 24 h. (A) Cell adhesion measured by Alamar Blue, with data expressed as
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100 pm. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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Fig. 5. Released profile of dexamethasone from PCL electrospun fibers, viability, and expression of pro-inflammatory markers over a period of 7 days. (A)
Different concentrations of dexamethasone (2.5, 5, and 10 % weight:weight of dexamethasone: PCL) released over a period of 24 days from the electrospun fibers of 1
(A), 4 (B), and 8 (C) pm diameter. The Korsmeyer-Peppas model was fit to describe release kinetics. (D) HTF cell viability at 24 h of incubation after exposure to
aliquots collected from different composite groups, indicating dexamethasone-containing eluent exhibiting significantly higher (*p < 0.05) viability compared to
cells exposed to aliquots from the PCL-only group (control). (E) Interlukin-6 (IL-6) expressions in control and dexamethasone-treated groups, with the presence of
dexamethasone resulting in significantly lower expressions (*p < 0.05) compared to controls at day 5. (F) Interlukin-11 expressions over time with the presence of
dexamethasone exhibiting significantly lower expressions (**p < 0.01) compared to the control group at day 1.
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dexamethasone only to evaluate the impact of released dexamethasone
on the hTF proliferation (Fig. 5D). It was observed that the hTF cells
exposed to the dexamethasone containing eluent demonstrated signifi-
cantly higher cell viability compared to controls (PCL only). Although
not significantly different, the control group also exhibited a lower cell
viability compared to the blank group (media eluted from fibers not
containing dexamethasone).

IL-6 and IL-11 are prominent pro-inflammatory markers produced
during fibroplasia. Fig. 5E and F tracks markers produced over 7 days in
groups with and without dexamethasone treatment to evaluate the
impact of dexamethasone on controlling inflammatory markers in hTF
cells in-vitro. The control group (no dexamethasone) exhibited an in-
crease in IL6 secretion in day 5 (0.015 + 0.002 pg/ml), but this secretion
was subsequently decreased in day 7 (0.011 + 0.0005 pg/ml). Addi-
tionally, the level of IL6 secretion in day 5 was significantly higher in the
control group compared to the dexamethasone-treated group (0.0057 +
0.001 pg/ml). In comparison to IL6 secretions, IL-11 secretion was
shown to be significantly higher on day 1, with the control group
(0.0143 + 0.0006 pg/mol) exhibiting significantly higher secretion
when compared to the dexamethasone-treated group. Although not
significantly different between groups after day 1, IL11 secretions were
observed to decrease over time, with the dexamethasone-treated group
exhibiting the lowest IL11 secretion (0.0029 + 0.00005 pg/ml) on day
5.

3.5. SiRNA-PEI polyplex release and efficacy

Fig. 6A demonstrates siRNA polyplex released from hydrogels of
different molecular weights (5k, 10k, and 20k) at 1, 12, and 24 h at
37 °C. Polyplex released from 4APEGA-5k was relatively higher in the
first hour compared to the 4APEGA-10k and 4APEGA-20k. A higher
amount (with no significant increase) of polyplex was observed to be
released from 4APEGA-10k (41 + 5 %) and 4APEGA-20k (51 + 3 %)
when compared to polyplex released from 4APEGA-5k (32 + 2 %) at 24
h.

Shown in Fig. 6B, transfection efficacy and gene silencing properties
of polyplex with different n/p ratios (nitrogen to phosphate ratios
defined by Equation (1)) were evaluated by testing smad3 expressed in
hTF cells that were exposed to polyplexes, nonsense siRNA, and siRNA-
Lipofectamine. The Smad3 expression was observed to be down-
regulated when hTF was exposed to polyplex with low n/p values. In
comparison to the positive group (siRNA-Lipofectamine), the n/p of 10
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was observed to exhibit the highest downregulation compared to the
other polyplexes.

At 24 h after treatment, cell toxicity of siRNA and polyplex with
different n/p values were evaluated using the Alamar Blue assay. Fig. 6C
shows that cells exposed to polyplex with n/p < 50 exhibited no sig-
nificant difference in cell viability when compared to the control group.
In contrast, significant decrease in cell viability (p < 0.05) was observed
when cells were exposed to polyplex with n/p value higher than 50.

hTF cells exposed to dexamethasone only, siRNA polyplex targeting
smad3 only, and dual treatment were stimulated with exogenous re-
combinant TGF-f1 to study their impact on profibrotic and fibrotic gene
expressions. Gene profiling is reported as a clustergram of associated 44
genes in Fig. 7. Knockdown efficacy of smad3 was observed in both
siRNA polyplex targeting smad3 only and dual treatment groups. The
dexamethasone treatment was observed to result in a significant shift in
transcription of all tested genes except for smad3, IL10, CAV1, TGFBR2,
and DCN. However, the dual treatment group showed an altered tran-
scriptional pattern where genes associated with profibrotic, inflamma-
tory, and signal transduction decreased.

3.6. Evaluation of composite coatings in-vivo

Localized stiffness comparisons between uncoated (regular) ETT
groups and dexamethasone ETT groups have been previously recorded
by our group [62]. Therefore, only comparisons between composite
ETTs are reported (Fig. 8B). Laryngeal tissue with composite coatings
had significantly higher stiffness (22.3 + 0.692 N/m) than uncoated
(17.0 £ 0.757 N/m, p < 0.001) and dexamethasone only (18.2 + 1.04
N/m, p < 0.001) groups at 3 days. After 7 days of ETT placement, local
vocal fold stiffness was significantly less in composite coated groups
(19.0 £+ 0.583 N/m) than uncoated (24.1 £+ 0.680 N/m, p < 0.001) and
dexamethasone only ETTs (23.6 + 0.528 N/m, p < 0.001). At 14 days,
the tissue with composite coated ETTs (18.3 + 0.713 N/m) had signif-
icantly reduced stiffness in comparison to uncoated ETTs (23.1 + 0.725
N/m, p < 0.001). Stiffness outcomes decreased over time for the com-
posite coated groups returning closer to native tissue mechanics after 14
days.

The epithelial thickness was determined based on H&E stained vocal
fold cross sections (Fig. 8C and D). Vocal fold tissue had a significantly
higher epithelial thickness with composite ETTs than regular ETTs at 3
(45.84 £+ 2.06 pm vs. 24.04 £+ 2.66 pm, p < 0.001), 7 (42.3 + 2.06 pm
vs. 25.5 £ 1.74 pm, p < 0.001), and 14 days (38.9 £ 2.66 pm vs. 24.8 +
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Fig. 6. siRNA Polyplex silencing efficacy, toxicity, and release from the composite. (A) The percentage of siRNA release from 4APEGA-5k, 4APEGA-10k, and
4APEGA-20k hydrogel during 24 h. The polyplex release from 4APEGA-5k was relatively higher in the first hour compared to the 4APEGA-10k and 4APEGA-20k but
was the lowest at timepoints 12 and 24 h. At 24 h, the 4APEGA-10k had released 41 + 5 % of total loaded polyplex and the 4APEGA-20k had released 51 + 3 % of
total loaded polyplex. (B) Silencing efficacy of siRNA polyplex using PEI targeting smad3. Polyplexes with n/p values from 0.5 to 200 and lipofectamine as the
control group. The most similar result compared to the positive control group was observed in n/p = 10. (C) Toxicity assay (AlamarBlue) on siRNA polyplex using PEI

with n/value 0.5 to 500 reported as arbitrary unit. Significant results are (*p < 0.05, **p < 0.01, ***p < 0.001, *

**¥*p < 0.0001) between groups.
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Fig. 7. Clustergram of 44 representative genes exposed to the released
dexamethasone, siRNA, and the combination. The expression of mRNA after
TGF-p1 stimulation in HTF exposed to dexamethasone only, siRNA polyplex
targeting smad3 only, and dual treatment of dexamethasone and siRNA poly-
plex. The scaled mean of each condition is displayed in the heat map.

3.26 pm, p = 0.002). This trend remained similar for comparisons be-
tween composite ETTs and dexamethasone only ETTs at 3 (26.8 + 1.88,
p <0.001),7 (24.7 £ 4.61 pm, p = 0.001), and 14 days (28.8 + 1.88 pm,
p = 0.006).
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4. Discussion

In this study, the composite coating of PCL electrospun fibers and
4APEGA is developed for its potential as an appropriate endotracheal
tube coating to deliver controlled dexamethasone for anti-inflammatory
properties and siRNA as an anti-fibrosis therapy. In addition, we
demonstrate that the reduction of the general material stiffness using a
hydrogel-based composite on the endotracheal tube surface has a direct
impact on preserving ex vivo mucosal function, reducing epithelial
adhesion, and minimizing epithelial layer abrasion all of which would
also potentially allow the coated tube design to prevent the incidence of
fibrosis. Our in vivo evaluation demonstrated that 4 pm PCL fiber -
4APEGA, MW 20k composite endotracheal tubes had reduced vocal fold
stiffness and increased epithelial thickness outcomes after 14 days of
placement in comparison to the clinical control (uncoated endotracheal
tube). More importantly, the stiffness of the vocal fold tissue was seen to
return to close to native stiffness levels early and remain at those levels,
which is critical for both airway and voice function. We have previously
reported that in cases of nerve injury based unilateral dysfunction, the
injured vocal fold softens while the contralateral vocal fold over-
compensates and stiffens [68,69], while in burn inhalation injured
swine, there is increased inflammation and stiffness throughout with
intubation [70] compared to native vocal fold stiffness. In the present
study, the corticosteroid and siRNA treatment together resulted in the
most significant reduction in vocal fold tissue stiffness (and closest to
un-injured native stiffness) compared to the uncoated ETT controls after
7 and 14 days post implantation (Fig. 8).

Laryngotracheal stenosis has been reported to be predominantly
associated with prolonged endotracheal intubation. The injury is
generally initiated with mucosal inflammation, followed by fibroplasia,
which leads to progressive airway lumen narrowing [71]. Fibroplasia
and scar tissue formation in laryngotracheal stenosis are highly associ-
ated with TGF-p1 upregulation and deposition of extracellular matrix
(ECM) [59,72]. Most of the recent relevant scholarly literature and
current clinical treatment regimen involve investigation or use of sys-
tematic (typically steroidal) interventions to suppress fibrosis [73-75],
indicating an acute demand for localized treatments of fibroplasia in the
affected area. siRNA targeting the SMAD family has been reported to
show great potential in downregulating the TGFp pathway in laryngo-
tracheal stenosis [76,77]. Local drug delivery for siRNA payloads has
been previously developed by incorporation in injectable scaffolds [78],
direct injection to the affected site [76,77], and loading into scaffolds for
different applications [79]; however, due to the practical limitation of
access to different parts of laryngotracheal anatomy, especially in
intubated patients, a design with localized delivery of biological mole-
cules such as siRNA is essential.

The PEI-siRNA polyplex loaded in the 4APEGA coating developed in
the current study has demonstrated the capability to release the siRNA
cargo at the topical sites subject to target fibrosis pathway. Drug release
profiles observed in 4PEGA coatings determined higher molecular
weight facilitate a more rapid siRNA release. This can be due to the
increase in mesh size in the polymeric matrix leading to a faster release
of polyplex. On the other hand, available carboxylate bonds in 4APEGA
hydrogels serve as crosslinking points that cause an electrostatic
attraction toward amine groups in cationic PEI of the polyplex. It is
suggested from this study that the higher ratio of carboxylate group to
PEG chain in 4APEGA-5k compared to 4APEGA with higher molecular
weight resulted in higher electrostatic attraction in the matrix between
4APEGA and the polyplex, thereby leading to lower drug release over
time. In addition, the smad3 expression results (Fig. 6B) suggest the n/p
value of 10 is the optimal polyplex to achieve the highest transfection
efficacy and the lowest cell toxicity. Surface chemistry of the coatings
also plays an important role for establishing optimal surface lubrication
and cell adhesion properties.

There have been multiple reported studies on modified surfaces
using mucin-like glycoprotein lubricin to reduce tribological stress and
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Fig. 8. Traumatic intubation injury simulation and treatment with composite-coated ETTs in swine model (A) Study design; 5 cm segment of uncoated or
coated ETTs were placed in an injured airway for 3, 7, and 14 days. (B) Local stiffness (N/m) of vocal fold following injury and placement of composite ETTs. (C)
Quantification of epithelial thickness (um) determined from (D) H&E stained vocal fold sections. Dashed line represents measurements for control larynges without
ETT placement or injury (13.5 N/m stiffness and 30.1 um epithelial thickness). Statistically significant differences are indicated by *<0.05, **<0.01, ***<0.001,

and ****<0.0001.

improve lubricity [80,811]; however, due to the demand of biological
resources for mucin production, translation of these biological designs
into clinical applications are limited. On the other hand, hydrophilic
polymers with neutral charge and hydrogen-bond acceptors have shown
the lowest cell adhesion and antifouling properties among the different
biomaterials [82]. Due to its low protein absorption rate and neutral
nature, PEG is a popular choice for the synthesis of biocompatible
coatings [39,83]. 4APEGA is a modified version of the PEG family and is
itself a relatively neutral polymer used in this study to form a 3D matrix
phase in the composite coating on ETTs. In this study, we demonstrated
4PEGA coatings have significantly lower cell adhesion and water uptake
capacities at higher molecular weight, respectively. Secreted mainly by
goblet cells, Mucin 5AC is an oligomeric mucus protein predicted to also
be an ECM constituent, which is directly affected by the epithelial layer
abrasion during intubation (Fig. 3). Damage to the goblet cells has been
reported to compromise the protective role of this mucosal barrier
against viral and bacterial infections [84]. Mucin5b, a secretion pri-
marily by submucosal glands and submucosal gland ducts, has also been
also reported to play a critical role in infection and inflammation
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suppression [85,86]. Therefore, modifications of ETTs will prevent the
damage to the cells associated with mucus production, resulting in the
protection of mucus-coated barriers. Primary human epithelia tissues
have been used as ex vivo microphysiological models for a variety of
pharmaceutical studies, with the median duration being for eight days
and the longest reported study being for 60 days using dynamic physi-
ological culture conditions [87]. We developed the ex vivo bioreactor
model based on ex vivo microphysiological models of the pulmonary
epithelium used to determine immunological and pharmaceutical re-
sponses [88-91]. The mean evaluation period for these systems was 3-7
days [92] which drove the decision to evaluate mucosal secretory
response in the laryngotracheal mucosa ex vivo over a 7 day period in the
current study when subjected to mechanical abrasion. A recent report
details the methods for the ex vivo culture maintenance and mucus
production function of the rat tracheal mucosa and indicates that the
secretory function of the submucosal gland from the pristine mucosa is
maintained in ex vivo culture for over 21 days in a reproducible manner
[93]. While 4APEGA offers benefits in terms of preventing epithelium
abrasion and rapid drug delivery capabilities, the risk of hydrogel
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delamination remains. PCL electrospun fibers as the substrate offers the
support required for the stability and reinforcement of the 4APEGA and
composite adhesion to ETTs (Fig. 1). In addition, they allow the devel-
opment of a dual release system directly to the inner epithelial lining of
the trachea.

Corticosteroids are highly effective in controlling inflammation but
are clinically administered systemically or by injection to lesions. Mul-
tiple previous studies have reported methods of incorporating steroids
including solid coating [35] and fibers [31,94] to cover endotracheal
tube for localized drug delivery. The electrospun fibers used previously
were made from poly-lactic-co-glycolic acid (PLGA) and the drug
incorporated was another corticosteroid, mometasone furoate [31].
Electrospun fibers have two concerns with exacerbating the local tissue
inflammation - the roughness due to the fibers themselves, and in the
case of polymers like PLGA, potentially the acidic degradation byprod-
ucts of the fibers themselves. This was observed in a successive report
from the same group [33], where the PLGA fibers without steroid result
in greater mucosal fibrosis than the bare ETT, which is recovered by the
delivery of the corticosteroid, but the delivery of the corticosteroid
provides no further benefit compared to the bare ETT in a rat model over
1 week of intubation. Within the composite system designed in this
study, we attempted to overcome the roughness of the fibers by coating
the surface with the 4APEGA and implemented a PCL system to avoid
degradation by-products. Similar to the phlorotannin coating that was
developed with the intent to specifically prevent fibrosis by targeting the
TGFp signaling [35], we demonstrate the same effect by silencing smad3,
a core transcription factor of the TGFf} pathway. We selected to employ
4 pm PCL fiber - 4APEGA, MW 20k composite ETTs in the in vivo study
due to the optimal drug release, decreased cellular adhesion, and
mucosal damage observed from our in vitro investigation. In our
assessment of epithelial thickness after 3, 7, and 14 days of ETT place-
ment in a swine airway injured by epithelial abrasion to mimic intu-
bation injuries, we found the composite ETT with both dexamethasone
and smad3 siRNA delivery actually resulted in significantly increased
epithelial thickness in comparison to the bare ETT and corticosteroid
only ETT. These data indicate that the ex vivo bioreactor model and in
vitro responsive cell-based assays were mostly demonstrated to be well
correlated across the treatment groups in the large animal preclinical
study as well.

Endotracheal intubation also causes vocal fold damage due to the
clasping movement between vocal fold and the tube as well as the
applied pressure to the vocal cord during the intubation and extubation
[95]. It is believed that a soft and lubricated surface reduces mechanical
damages to the soft tissue [96]. Hydrogels, as highly water absorbable
polymers, have been widely used in self-lubricating designs due to their
adjustable tribological behavior [48]. In this study, by using PEG-based
hydrogels as the contact layer with inner lining of the trachea, we were
aiming to reduce surface stiffness at contact and provide protection for
epithelial layer against contacting stiff endotracheal tube surface by
interjecting a swellable hydrogel coating. The assessment of elastic
modulus confirmed that 4PEGA was substantially less stiff in compari-
son to PCL electrospun fibers alone and thus may prevent cellular
abrasion and further damage that impedes mechanical function. To
validate these assumptions, we evaluated the vocal fold stiffness after
bare ETT and composite ETT placement in the swine injured airway and
found that coated ETTs resulted in a greater local stiffness outcomes at 3
days in comparison to uncoated ETTs. However, over time coated ETTs
had reduced local stiffness closer to native tissue properties.

Biofilm production remains a challenging issue in patients with
prolonged intubation and systemic steroid administration [97,98], and
thus, a different approach of delivering steroid in a sustained-release
manner will be required to avoid biofilm production. Multiple com-
mercial ETTs currently incorporate or have applied for regulatory
approval to incorporate antimicrobial features including the incorpo-
ration of silver, gold, palladium or anti-microbial peptides (ceragenin)
and surface texturing to prevent biofilm adhesion [25]. Any of these
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methods treating the inner lumen could be paired with the currently
developed composite coating on the outer surface of the ETTs. Antimi-
crobial molecules especially have been broadly studied to prevent and
disrupt biofilm formation, including CSA131 in a hydrogel film [27],
silver sulfadiazine/chlorohexidine in polyurethane [38], allicin incor-
porated in a polydopamine coating [34], BCP3 a styrylbenzene based
antimicrobial incorporated within PLGA [29] and Lasioglossin-III
(Lasio) and A4K14-citropin 1.1 (Citropin) incorporated within PLGA
as well [24,32]. A majority of these methods involve the dip coating of
the polymer solution containing the anti-microbial on the ETT surface
controlled by duration of dip coating, and have all demonstrated not
only anti-microbial properties, but local inflammatory control stemming
from modulation of the local microbiome when evaluated in vivo. The
PCL-4APEGA coating is amenable to including such antimicrobials
within either layer of the composite based on intended residence time of
the drug.

Small molecule delivery in the upper airway can be challenging due
to the complex anatomy and rapid clearance mechanisms of the respi-
ratory system. To achieve effective drug delivery, it is important to
optimize the residence time of the drug in the upper airway. The use of
siRNA-PEI polyplexes complexed with 4APEGA as a drug carrier and
depot represented a promising approach for targeted delivery of siRNA
molecules to the upper airway. The siRNA-PEI polyplexes can protect
the siRNA from degradation and facilitate uptake by the target cells,
while the 4APEGA hydrogel can provide sustained release of the poly-
plex, leading to prolonged and controlled inhibition of the SMAD3
pathway. Furthermore, the use of 4APEGA- PCL composite as a coating
for ETTs allows for flexibility in the types of payloads that can be
delivered using this system, potentially allowing for broader clinical use.
This study has demonstrated that PCL electrospun fibers can be suc-
cessfully embedded in 4APEGA hydrogels as well as having dexameth-
asone released through the composite without exposing the PCL fibers to
the inner lining of the trachea. The drug release mechanism from PCL
fibers is controlled by solid-state diffusion, rather than by chemical or
swelling factors [99] while the drug release from 4APEGA is controlled
mainly by swelling factors. This assisted us to leverage from a dual phase
release of small molecules from the composites to target different
inflammation pathways. Furthermore, since we employ volumetric
coatings, the limit on therapeutic loading is not limited as in the case of
direct tethering of drug to the surface of the ETTs or the tethering of
nanoparticles encapsulating the drug to the functionalized ETT surface
[40].

5. Conclusion

In this study, a novel approach was introduced for the modification
of ETTs through the development and thorough characterization of PCL-
4APEGA composite coating. This composite coating exhibited dual drug
delivery capabilities, showcasing its potential in equipping ETTs with
tunable drug delivery potentials. A significant reduction in stiffness of
the contact surface and ability to provide hydrogel coating-based pro-
tection to the epithelial mucosa against an otherwise stiff and abrasive
endotracheal tube surface was demonstrated in an ex vivo model.
Furthermore, the incorporation of electrospun PCL fibers within the
4APEGA hydrogels proved to be an effective platform for tunable
dexamethasone delivery as an anti-inflammatory agent. Additionally,
the study highlighted the composite coating’s capacity for local drug
delivery of siRNA polyplexes from the 4APEGA matrix in the first 24 h to
address fibrosis and inflammation in the context of endotracheal intu-
bation. To improve the bioavailability of siRNA, PEI was used as a siRNA
carrier and carrier:siRNA ratio optimization was carried out to yield the
highest transfection efficacy while minimizing cell toxicity. In conclu-
sion, the findings from this study offer comprehensive evidence that the
novel PCL-4APEGA-coated ETT represents a promising and mucosa-
compatible platform for drug delivery from ETTs. This technology has
the potential to not only minimize the occurrence of focal airway
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damage during intubation but also modulate the inflammatory and
fibrotic responses through multimodal, controlled, and localized drug
delivery. The innovative approach presented in this study has the po-
tential to significantly improve the safety and efficacy of endotracheal
tubes and ultimately enhance patient outcomes in critical care settings.
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