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Objectives/Hypothesis: Novel laryngotracheal wound coverage devices are limited by complex anatomy, smooth sur-
faces, and dynamic pressure changes and airflow during breathing. We hypothesize that a bioinspired mucoadhesive patch
mimicking how geckos climb smooth surfaces will permit sutureless wound coverage and also allow drug delivery.

Study Design: ex-vivo.

Methods: Polycaprolactone (PCL) fibers were electrospun onto a substrate and polyethylene glycol (PEG) - acrylate
flocks in varying densities were deposited to create a composite patch. Sample topography was assessed with laser
profilometry, material stiffness with biaxial mechanical testing, and mucoadhesive testing determined cohesive material failure
on porcine tracheal tissue. Degradation rate was measured over 21 days in vitro along with dexamethasone drug release pro-
files. Material handleability was evaluated via suture retention and in cadaveric larynges.

Results: Increased flocking density was inversely related to cohesive failure in mucoadhesive testing, with a flocking den-
sity of PCL-PEG-2XFLK increasing failure strength to 6880 + 1810 Pa compared to 3028 + 791 in PCL-PEG-4XFLK density and
1182 + 262 in PCL-PEG-6XFLK density. The PCL-PEG-2XFLK specimens had a higher failure strength than PCL alone
(1404 + 545 Pa) or PCL-PEG (2732 + 840). Flocking progressively reduced composite stiffness from 1347 + 15 to 763 + 21 N/
m. Degradation increased from 12% at 7 days to 16% after 10 days and 20% after 21 days. Cumulative dexamethasone release
at 0.4 mg/cm? concentration was maintained over 21 days. Optimized PCL-PEG-2XFLK density flocked patches were easy to
maneuver endoscopically in laryngeal evaluation.

Conclusions: This novel, sutureless, patch is a mucoadhesive platform suitable to laryngeal and tracheal anatomy with

drug delivery capability.

Level of Evidence: N/A
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INTRODUCTION

Esophageal and laryngotracheal wound closure is
complicated by unique three-dimensional anatomy, expo-
sure to commensal organisms, presence of mucus and
secretions, and the overarching need for achieving an air-
and

From the Department of Biomedical Engineering (s.M., G.R.D., S.M., J.
L.0., R.B., T.G.), University of Texas at San Antonio, San Antonio, Texas, U.
S.A.; Dental and Craniofacial Trauma Research Department (c.r.n.), U.S.
Army Institute of Surgical Research, San Antonio, Texas, U.S.A.

Editor’s Note: This Manuscript was accepted for publication on Sep-
tember 19, 2020

Funding for the work described in this manuscript was provided, in
part, by the National Science Foundation Award (CBET#1847103; Princi-
pal Investigator-Guda) and the San Antonio Area Foundation (Principal
Investigator-Guda).

The authors have no other funding, financial relationships, or con-
flicts of interest to disclose.

This manuscript was submitted for presentation at the American
Laryngological Association Annual Meeting at the Combined Otolaryngol-
ogy Spring Meetings in Atlanta, GA, April 22-26, 2020.

The views expressed in this manuscript are those of the authors
and do not reflect the official policy or position of the Department of the
Army, Department of the Air Force, Department of Defense, or the US
Government.

Send correspondence to Gregory R. Dion, MD, MS, Dental and Cra-
niofacial Trauma Research Department, U.S. Army Institute of Surgical
Research, 3698 Chambers Pass, Bldg 3611, JBSA Fort Sam Houston, San
Antonio, TX 78234. E-mail: gregory.r.dion.mil@mail.mil

DOI: 10.1002/1ary.29182

Laryngoscope 00: 2020

water-tight closure. Furthermore, the healing trachea
and esophagus must remain functional in the absence of
a tracheostomy or percutaneous endoscopic gastrostomy
tube. Penetrating wounds to the larynx, trachea, and
esophagus most often occur during surgical intervention
or from trauma. Recent evaluation identified acute laryn-
geal injury in more than half of patients intubated
>12 hours, with findings persisting for >2 months.!
Although less common, esophageal injuries from caustic
ingestion are a significant health burden in the pediatric
population, and esophageal perforations demonstrate sig-
nificant morbidity.> ® Inadequate wound closure results
in serious complications including pneumomediastinum,
deep neck space infection, or mediastinitis.*® Currently,
the most widely used closure techniques are primary clo-
sure and overlay with adjacent muscle tissue.” Evidence
suggests that early intervention may be ideal for treating
patients,® because few effective alternatives exist.
Adjuvant closure techniques for esophageal and
laryngotracheal wounds include salivary bypass tubes,
stents, and skin grafting.®~'® These have had mixed suc-
cess and are limited by associated morbidity from sali-
vary bypass tubes or secondary harvest sites and
subsequent skin graft changes which may still not pro-
vide air- or water-tight closure.® ! In addition, few avail-
able stents are capable of delivering therapeutics.
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Application of biomaterial and tissue-engineered products
holds promise as evidenced by preliminary data using
connective tissue-based biosheets for esophagoplasty.'*

Recent advances in biomimetic materials provide
unique opportunities for new technology targeting unmet
clinical needs. Specifically, recent work leveraging the
mechanism geckos and mussels use to attach to wet,
irregular surfaces holds promise in inspiring materials
designed for adhesion in moist environments.'® 16 These
new materials are manufactured by adapting flocking
technology from the textile industry whereby short, verti-
cal fibers are affixed to a base layer to design the compos-
ite construct.!” These composites can potentially provide
improved, reversible adhesion compared to traditional
bio-polymers.'® 1° Originally envisioned as adhesive
tapes or as stability mechanisms in robotic climbers, they
can also function as scaffolds in tissue engineering.2’

The design of a base layer for tissue sealants
requires materials capable of conforming to the gross
anatomy that control fluid permeability while
maintaining biocompatibility. Electrospinning is the pre-
ferred technique for creating fibrous mats in controlled,
designed architectures. Electrospun fibers are man-
ufactured by applying high voltage between a nozzle and
collector to create a polymer stream, and can be opti-
mized for desired fiber diameter, orientation, and mat
thickness.2! A variety of polymers can be electrospun for
biomedical applications.2*2® Polycaprolactone (PCL), a
biocompatible polymer is of specific interest for tissue
engineering because it presents low inflammatory
response,>* especially when used as electrospun fibers.2* %
In addition, electrospinning lends itself well to incorporat-
ing drugs within the fibers, providing novel drug delivery
approaches.?> 2% 27 In a preclinical guinea pig model,
vancomycin-embedded electrospun coatings on middle ear
prostheses reduced methicillin resistant Staphylococcus
aureus biofilm formation.® Particularly relevant to applica-
tions in the laryngotracheal complex, dexamethasone incor-
poration into electrospun PCL has shown encouraging
immunomodulation in vitro and ex vivo.2%3!

Collectively, the capability of flocking to mimic the
gecko’s adhesive ability and concomitant drug delivery
from both the flocks and electrospun fibers lays the
framework for a technology platform with tremendous
translational potential. In this study, we hypothesized
that by leveraging flocking and electrospinning, it would
be possible to create a flexible, mucoadhesive patch capa-
ble of drug delivery for further use in the esophagus and
laryngotracheal complex.

MATERIALS AND METHODS

Synthesis of Adhesive Patches

To fabricate dexamethasone-loaded polycaprolactone (PCL)
electrospun fibers, PCL pellets (Myw: 80,000) were dissolved in
chloroform and ethanol (15:85v/v) and dexamethasone (1:10
Dexamethasone:PCL w/w) was added.>? Final solutions were
electrospun at a traveling distance 30 cm, flow rate 1.4 ml/hr,
and applied voltage of 25 KV.

Fiber mats created were soaked in 4-arm Polyethylene Gly-
col Acrylate (4APEGA, Mw:20,000, JenKem Technology, Plano,
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TX) dissolved in deionized water containing 0.1% 2-Hydroxy-4'-
(2-hydroxyethoxy)-2-methylpropiophenone  (Sigma-  Aldrich,
St. Louis, MO) in ethanol for 15 minutes to create an adhesive
coating for flock attachment. Samples were then centrifuged
(15 seconds at 500 rpm) to remove excess 4APEG.

Coated fiber substrates were placed in the flocking system
5 cm from sieved 4APEGA stock, and various voltages (1, 2,
4, and 6 KV/cm) were applied to produce different flocking con-
centrations. The applied voltage forces flock particles to propel
toward the fiber substrate.®® 3* Postdeposition, samples were
exposed to UV light for 5 minutes to permanently bond flocks to
the surface by crosslinking. Samples were re-immersed in dexa-
methasone (10 mg/ml), to load flocks with the drug. Table I lists
the experimental groups. All chemicals were purchased from
Thermofisher (Waltham, MA) unless otherwise specified.

Topographical Characterization

A Keyence VK-X200 laser microscope was used for three-
dimensional profiling to quantify flock structure, height, and
dispersion. Each specimen was mounted on a glass slide, a
nine-quadrant grid was assigned around the specimen center
(20x magnification), and upper and lower focus limits for the sur-
face were set. Profilometry data were collected using VK Viewer
software (v2.5, Keyence Corp., Osaka, Japan), imported into the
multifile analyzer (v1.1.22.87, Keyence Corp.) and surface rough-
ness, line roughness, and multiline roughness were computed for
each sample (n = 6/group).

Mechanical Property Characterization

Biaxial mechanical testing was conducted on biomaterial
patches and on the inner layer of fresh porcine trachea using the
BioTester (CellScale Biomaterials Testing, Ontario, Canada).?®
1.5 cm square specimens (n = 10/group, n = 30/trachea) were
equilibrated in phosphate buffered saline (PBS) at room temper-
ature. Specimen were held by rakes and stretched to 10% strain
equibiaxially. The stress versus strain graphs for each direction
were approximated by a sixth order polynomial using
MATLAB_R2020A and the slope of the tangent line was calcu-
lated at 20% strain using the derivative of the polynomial to
determine elastic modulus.

Swelling and Degradation Studies
One centimeter square samples (n = 6/group) were weighed
before the experiment and placed in PBS buffer at 37°C.

TABLE 1.
The Description of Designed Groups and Electro-Flocking
Parameters.
Electroflocking
Group Structure Description Electric Field
PCL PCL electrospun fibers only N/A
PCL-PEG PCL electrospun fibers coated N/A
with 4APEGA
PCL-PEG-FLK Flocked 4APEGA coated PCL 1 KV/cm
fibers
PCL-PEG-2XFLK Flocked 4APEGA coated PCL 2 KV/cm
fibers
PCL-PEG-4XFLK Flocked 4APEGA coated PCL 4 KV/cm
fibers
PCL-PEG-6XFLK Flocked 4APEGA coated PCL 6 KV/cm
fibers
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Fig. 1. Schematic representation and scanning electron micrography of the six patch designs developed. The base electrospun PCL fiber
patch was coated in PEG to form the PCL-PEG substratum. Upon this substratum, flocking was performed to add 4 increasing densities of
PEG flocks, which were then labelled PCL-PEG-FLK, PCL-PEG-2XFLK, PCL-PEG-4XFLK and PCL-PEG-6XFLK to denote increasing relative
concentration of surface flocks. Scanning Electron Microscopy was conducted on coated dry samples under 20 KV and micrographs are pres-
ented from top and side views. The scale bar represents 100 pm. [Color figure can be viewed in the online issue, which is available at www.
laryngoscope.com.]
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Fig. 2. Laser Profilometry to measure surface features. (A) Microscopy images of the 2 mm x 1.5 mm rectangular areas visualized in the optical
scan. (B) Heat maps generated from the laser profilometry showing high peaks in red and base substrate in deep blue. (C) Surface arithmetical
mean height (SA) measured for each group (n = 6). SA shows the difference between the heights of each point compared to the arithmetical
mean of the samples’ surface. According to the results, the data showed no significant SA results. [Color figure can be viewed in the online
issue, which is available at www.laryngoscope.com.]
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Swelling ratio was measured every 5 minutes by recording
weight gain after removing excess PBS until swelling equilib-
rium (at 30 minutes). The degradation mass loss was recorded
weekly over 21 days. The swelling or degradation ratio was cal-
culated as (My — M;)/(M;), where M; and M are the mass of sam-
ples in its initial and final states, respectively.

Mucoadhesion Testing

Mucoadhesion was measured in single lap shear mode (using
standard ASTM F2255) using a U-Stretch machine (CellScale Bio-
materials Testing, Ontario, Canada). Samples (n = 6/group)
hydrated with PBS were cut 1 cm square strips and adhered to
fresh porcine trachea. The adhesive joint was held compressed for
2 hours under 100 grams weight. Samples were then loaded to
failure at 10 mm/min, and the cohesion strength was measured.

Drug release behavior
Dexamethasone release from the drug-loaded PCL fibers,
PCL-PEG, and samples with different flock concentrations was
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studied over 28 days (n = 6/group) in PBS buffer at 37°C. To
study burst release, the early release was measured after 15, 30,
60, and 120 minutes and to study sustained release, measure-
ments were performed every 4 days over 28 days. Absorbance of
dexamethasone at 290 nm®® was measured using a plate reader
and reported as mass/cm?®.

Suturability Testing

Suture retention strength was measured using the UStrech
machine using an adapted AAMI protocol.>”° Briefly, samples
(n = 6/group) were cut into 12 x 5 mm and polyglycolic acid 4/0
sutures were looped through each sample 2 mm from the free
end. A ramp-to-failure test was executed at 10 mm/min until
tear-out. The suture retention failure strength was normalized to
sample thickness.

Cadaveric Material Testing
To determine patch handleability, realistic adhesion, and
application in vivo, fresh frozen cadaveric larynges were thawed
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Fig. 3. Biaxial mechanical testing. The 6 different materials and native porcine tracheal tissue were tested in biaxial extension to failure and ulti-
mate strain at failure in the (A) X and (B) Y direction, ultimate stress at failure in the (C) X and (D) Y direction and elastic modulus of the tissue
in the (E) X and (F) Y direction were calculated. Tracheal properties were distinctly different from all other materials tested for all parameters
(P < .001), whereas there were no significant differences in material mechanics between the groups themselves, except that the PCL-PEG and
PCL-PEG-FLK group had significantly lower elastic modulus than the PCL Only group (P = .05).
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to room temperature and placed in a hollow PVC pipe below a
microscope to replicate microlaryngoscopy. Patches were
trimmed to 1 x 2 cm for simulated use, hydrated in saline (n = 6
technical replicates). Using a 400 mm microscope and
microlaryngeal graspers, samples were passed into the larynx,
overlaid on the vocal folds, and then removed and pressed
against the anterior wall of the subglottic and trachea. Material
tears or pliability restrictions limiting maneuverability or posi-
tioning and the ability or lack of attachment to the mucosal lin-
ing were noted. All simulations were performed by a fellowship
trained laryngologist.

Statistical Analyses

Numerical data are reported as average * standard error.
Significant differences (at P < .05) were identified using one-way
Analysis of Variance (ANOVA), followed by Tukey’s post hoc test,
using SigmaPlot (v13, Systat Software Inc, San Jose, CA).

RESULTS

Scanning electron microscopy (SEM) demonstrated
successful PCL electrospinning, uniform 4APEGA coating
in the PCL-PEG group, and flock attachment to the sub-
strate in PCL-PEG-FLK, PCL-PEG-2XFLK, PCL-PEG-
4XFLK, and PCL-PEG-6XFLK groups. Less homogeneity
of flocks were observed in PCL-PEG-FLK whereas flock
concentration increased in PCL-PEG-2FLK and PCL-
PEG-4XFLK groups where distinct flocks were visualized,
and in the PCL-PEG-6XFLK group the flocks were
increasingly aggregated (Fig. 1). The side profile view
indicated an increase in flock height in groups with
higher flock concentration. of large local clusters of
4APEGA flocks (Fig. 1).

Roughness measurements varied amongst the
groups, visualized via Z heat maps, and quantified by sur-
face arithmetical (SA) mean height (Fig. 2A-C). The Z
heat maps (Fig. 2B), supported SEM observations, that
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flock height increased with flock concentration (deep blue
and deep red represent the lowest valleys and highest
peaks, respectively). It was observed that changes in SA
(measured in pm); the difference between point heights
compared to mean sample surface level did not correlate
to applied voltage and consequently to flock concentra-
tion. Although SA measurements were not significantly
different, the highest SA values were recorded in the
PCL-PEG-FLK (21 +23pm) and PCL-PEG-4XFLK
(21.4 + 1.4 pm) groups whereas the lowest SA value was
recorded for PCL (14.1 + 0.9 pm). The relatively lower SA
of the PCL-PEG-6XFLK group (17.0 £ 2.1 pm) quantita-
tively supports flock clusters forming on the substrate
resulting in increased average surface height, but a
decrease in calculated surface roughness.

Biaxial mechanical behavior measurements indi-
cated minor numerical differences, but no difference in
trends between groups for any metric between longitudi-
nal and circumferential directions (Fig. 3). Elastic modu-
lus (P <.0001) and ultimate stress (P = .0001) were
significantly lower and ultimate strain was significantly
higher (P <.0001) in the native tracheal membrane, than
all tested groups. Because the patches were designed to
be homogenous, no differences were observed in mechani-
cal properties along the two directions as anticipated.
Further, no significant differences were measured in
properties due to the coating or flocks.

Burst release over the first 2 hours and sustained
dexamethasone release over 28 days was observed for all
groups tested. A controlled burst release of dexametha-
sone was observed in the PCL-PEG-FLK, PCL-PEG-
2XFLK, PCL-PEG-4XFLK, and PCL-PEG-6XFLK groups
(Fig. 4A) over the first 2 hours which is associated with
the presence of 4APEGA either in the coating or the
flocks and the burst release correlated with flock concen-
tration. Over 28 days (Fig. 4B), the remaining drug was
associated with dexamethasone incorporated in PCL
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Fig. 4. Dexamethasone release from the patches over 28 days. Dexamethasone release was measured for each group (A) every half hour over
the first 2 hours, to evaluate burst release behavior and (B) then at days 1, day 4 and every 4 days to day 28 to evaluate sustained release. No
measurable release was observed from the PCL Only group over the first 2 hours, and no significant difference were found between these
groups over the 2 hour burst release period. At Days 4 and 8, the PCL-PEG-2XFLK, PCL-PEG-4XFLK and PCL-PEG-6XFLK showed signifi-
cantly greater release than the PCL Only and PCL-PEG groups (P < .001), at days 12 and 16, the PCL only group showed significantly lower
release than all FLK groups (P < .001), and at days 20, 24 and 28, the PCL only group showed significantly lower release than all other groups
(P < .01). [Color figure can be viewed in the online issue, which is available at www.laryngoscope.com.]
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Fig. 5. (A) Swelling behavior. Swelling ratio of patches in PBS (at room temperature) over time. The water absorbency was measured every
5 minutes until the samples reached the swelling equilibrium. (B) Material degradation over time. Material degradation of each group was mea-
sured over a 28 day period and all groups stabilized after the initial degradation within the first 7 days, such that there was a main effect of the
21 and 28 day time points being significantly different from the 0 and 7 day time points across all groups (P < .05). Degradation was signifi-
cantly lower in the PCL only and PCL-PEG-6XFLK groups compared to other groups, such that their degradation was significantly lower com-
pared to the PCL-PEG-FLK and PCL-PEG-2XFLK groups for all time points day 7 and later, and compared to all other groups at day 14 and
later (P < .03). [Color figure can be viewed in the online issue, which is available at www.laryngoscope.com.]

fibers and a sustained release was observed across all
groups. The PCL fiber mat demonstrated the lowest drug
release (~4 mg/cm?), whereas the 4APEGA coated and
flocked patches released ~14 mg/cm? of dexamethasone
over 28 days.

Swelling ratio is crucial to drug release behavior
because diffusion of water into the 4APEGA network
leads to dexamethasone dissolution. In addtition,
mucoadhesion forces must overcome the swollen weight
of the adhesive patch to ensure it remains in place, mak-
ing it a crucial deisgn consideration. The groups tested

reached swelling equilibrium after 15 minutes, further
explaining diffusion-based burst release behavior
(Fig. 5A). The highest degradation was observed in the
PCL-PEG (48.8 +3.1%), PCL-PEG-FLK (52.4 + 1.5%),
and PCL-PEG-2XFLK (53.4 + 3.5%) groups whereas deg-
radation was significantly lower in PCL only(17.8 + 1.8%)
and PCL-PEG-6XFLK (9.8 = 1.8%) groups (Fig. 5B). Spe-
cifically, the degradation in PCL and PCL-PEG-6XFLK
groups was significantly lower than in PCL-PEG-FLK
and PCL-PEG-2XFLK groups for all time points day
seven and later, and lower compared to PCL-PEG at day

>

Adhesive Failure (kPa)

Fig. 6. Mucoadhesion testing. (A) Mucoadhesion testing was performed for all materials against a hydrated tracheal surface with intact mucosa
in lap shear mode. It was found that the PCL-PEG-2XFLK group demonstrated significantly greater (* indicates significantly different at
P < .05) stress at adhesive failure compared to all groups except PCL-PEG-4XFLK (different from PCL-PEG-4XFLK at P = .09). (B)
Mucoadhesion experiment on fresh porcine trachea conducted using single lap shear protocol. Patches were connected to fixturing on the
UStretch machine and the trachea specimens were attached to the actuator. The experiment was conducted at a strain rate of 10 mm/min.
[Color figure can be viewed in the online issue, which is available at www.laryngoscope.com.]
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Fig. 7. (A) In situ adhesion in a cadaver model and suturability properties. In-procedure imaging of the prepared flocked patch (PCL-PEG-
2XFLK) adhering to the vocal fold area of the larynx. (B) Top views of patch failure in suture retention experiment. Circumferential tearing pat-
tern and crack propagation were observed during progression of the test, to breakage. (C) Suture retention strength. Failure strength of the
suture measured in the PCL-PEG-6XFLK was significantly higher than PCL only, PCL-PEG, PCL-PEG-FLK (P < .025). [Color figure can be

viewed in the online issue, which is available at www.laryngoscope.com.]

14 and later (P < .03). 4APEGA is known to have low deg-
radation rate due to high molecular weight*!; and there-
fore, agglomeration of flocks resulted in a more stable
structure resistant to flock detachment whereas in other
groups with more dispersed flocks, detachment resulted
in higher mass loss (Fig. 5B).

The highest mucoadhesive strength was observed in
the PCL-PEG-2XFLK group (6879 Pa), and the lowest
adhesion was observed for PCL-PEG (1053 Pa) (Fig. 6).
PCL-PEG-2XFLK patches showed significantly higher
adhesion to mucosa compared to PCL alone, PCL-PEG,
PCL-PEG-FLK, and PCL-PEG-6XFLK (P = .004, .042,
.002, and .004, respectively) but not PCL-PEG-4XFLK
flocking (P = .092).

Sample testing in simulated microlaryngoscopy
cases revealed pliable, easily handled, and manipulated
patches (Fig. 7A). Patches were found to adhere to the
subglottic/trachea mucosa but also allowed for adjust-
ment/manipulation for position optimization. Figure 7B
illustrates tear-out failure resistance in suture retention
of the engineered patches. The lowest suture retention
strength was recorded in PCL (0.45+0.13N) and an
increasing trend was observed with increasing flock con-
certation, the highest suture retention strength was mea-
sured for PCL-PEG-6XFLK (3.5 + 0.7 N) (Fig. 7C). Suture
retention strength in PCL-PEG-6XFLK was significantly
higher than in PCL PCL-PEG, and PCL-PEG-FLK groups
(P =.001, .022, and .023 respectively).

DISCUSSION

Translational implementation of novel materials and
therapeutic delivery systems is needed for the manage-
ment of laryngotracheal and esophageal wounds. Medical
adjuncts such as steroids, antibiotics, and anti-
inflammatory medications have been studied clinically,
but an urgent need for efficient delivery approaches
remains.*® *3 Intralesional and in-office steroid injection
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remain current best practice for subglottic and tracheal
stenosis.***® These interventions appear to reduce dis-
ease progression and increase interval between repeat
procedures. Despite compelling evidence for their effec-
tiveness, application of corticosteroids to the stenotic
region remains limited by practical considerations of per-
forming in-office injection involving flexible video-
laryngoscopy and transcutaneous injection.*® Leveraging
our novel patch allows for continuous drug delivery across
the desired surface, filling an unmet clinical need. In
addition to expanding the possible dose and durations for
steroid treatment, this approach could reduce currently
necessary injections. Similarly, few effective adjuvant
therapies are available for glottic webs beyond keels and
stents.*” Interest in improved management of webs is
evidenced by recent studys exploring bovine pericardium
as a potential graft material and advanced surgical clo-
sure techniques.*® 4° Our novel patch could fill this role
and be used with or without accompanying drug delivery.

Topography and surface contact area play a large
role in final adhesive forces.'® Hydrogel based adhesives
demonstrate enhancement via interlocking mechanisms
activated by swelling of PEG components.’® Surface
roughness is critical to mucoadhesive properties!® 5°
mucosa—material interaction is multifactorial, with con-
tributions from moisture, surface roughness, and surface
area/shape. The gecko’s ability to adhere to surfaces using
setae on its feet, involves factors including water contact
angle, Van der Waals forces, capillary forces, and geome-
try.>! In our study, both roughness and surface contact
area varied with flock density (Figs. 1 and 2). Differences
in roughness and inherent to varying patch designs in
our study allowed for optimal design selection in terms of
surface flock density. A very low density of flocks on the
patch resulted in low adhesive force to tracheal mucosa
which first increased and then decreased at higher sur-
face flocking densities (Fig. 6). Furthermore, preload
plays a crucial role in the ultimate adhesive properties.
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In our evaluation, all samples had equivalent preload
force and duration prior to quantification. The improved
cohesive adhesion of PCL-PEG-2XFLK in our study can
be attributed to an optimized flock concentration leading
to mechanical interlocking between the flocks and mucin
layer of the tracheal wall. Conversely, the PCL-PEG-
4XFLK and PCL-PEG-6XFLK groups have higher flock
concentrations, and the lower adhesion properties in
these groups could be related to decreased available area
for adhered surface-flock interaction.

The adhesive properties of the patch are particularly
critical in the moist environment of the trachea and
esophagus. Sufficient mucoadhesion is also necessary for
efficient and optimized drug delivery.’® %% To date, an
effective route of predictable corticosteroid delivery to
local tissue remains elusive. In the nasal cavity, dexa-
methasone stents showed promise in modulating wound
healing.?* Our novel flocked patch effectively delivered a
sustained release of corticosteroid over 28 days while also
providing an initial burst release. The initial burst
observed during the first 2 hours was related to the
higher PEG volume of flocks. Also, the presence of flocks
caused greater drug release compared to PCL-PEG,
underlining the impact of flocks on the uptake and
release of dexamethasone. Jointly, the adhesive proper-
ties prevent unintentional dislodgement, but postrelease
flock degradation permits removal for follow-up evalua-
tions or at the conclusion of planned treatment.

Although different implant-based drug delivery
approaches have been developed for otorhinolaryngology
applications,*® less attention has been paid to hand-
leability, suturability, and general mechanical suitability.
Mechanical forces play a prominent role in fibrosis
through T-cell mediated prolonged inflammation.?® Modi-
fied interfaces with highly adhesive surfaces and
reinforced mechanical properties provide a customizable
therapeutic platform which can benefit laryngotracheal
wound treatments. Although mechanical properties of the
patches are comparable to native tissue, the specific
impact of differential mechanical stiffness on fibroblast
recruitment and epithelialization requires further study.

Critically, the study was limited to in vitro, ex vivo,
and cadaveric testing. The degradation and drug delivery
tests were conducted over 28 days, because practically,
most nonbioresorbable patches, stents, keels, and glottic
webs are typically removed 10 to 14 days after placement.
Materials used in our patch match those currently used
without cytotoxicity in other FDA approved devices, and
can be further assessed in future preclinical in vivo tests.
Mucoadhesion testing was performed on excised porcine
trachea with reproducible preload force. However, the tra-
cheal microenvironment in vivo varies from the ex vivo
counterpart with  increased local temperature,
mucocilliary function, and a distinct local microbiome
which may confer additional adhesion based on flocking;
though in vivo studies are needed to quantify differences.
The capacity of the flocked patch to remain secure to the
laryngotracheal complex without unintentional sloughing
can also better be assessed in future in vivo studies. Simi-
larly, outside of intranasal dexamethasone stent evalua-
tion, optimal concentration for continuous steroidal
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delivery to laryngotracheal wounds remains unknown.
Despite these limitations, the in vitro, ex vivo and cadav-
eric testing of the self-adhering patch permitted design
optimization and preparation for preclinical testing
toward clinical application.

CONCLUSION

This novel, sutureless, patch is a mucoadhesive plat-
form suitable to laryngotracheal anatomy with drug
delivery capability. Preliminary testing supports the
translational potential of this technology for further pre-
clinical evaluation.
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