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Abstract

Pleural and tracheal injuries remain significant problems, and an easy to use, effective pleural

or tracheal sealant would be a significant advance. The major challenges are requirements for
adherence, high strength and elasticity, dynamic durability, appropriate biodegradability, and

lack of cell or systemic toxicity. We designed and evaluated two sealant materials comprised
respectively of alginate methacrylate and of gelatin methacryloyl, each functionalized by
conjugation with dopamine HCI. Both compounds are cross-linked into easily applied as pre-
formed hydrogel patches or as /in situ hydrogels formed at the wound site utilizing FDA-approved
photo-initiators and oxidants. Material testing demonstrates appropriate adhesiveness, tensile
strength, burst pressure, and elasticity with no significant cell toxicity /n vitro assessments.
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Air-leak was absent after sealant application to experimentally-induced injuries in ex-vivo rat
lung and tracheal models and in ex vivo pig lungs. Sustained repair of experimentally-induced
pleural injury was observed for up to one month /7 vivo rat models and for up to 2 weeks /n
vivorat tracheal injury models without obvious air leak or obvious toxicities. The alginate-based
sealant worked best in a pre-formed hydrogel patch whereas the gelatin-based sealant worked best
in an /n situ formed hydrogel at the wound site thus providing two potential approaches. These
studies provide a platform for further pre-clinical and potential clinical investigations.
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1. Introduction

Trauma, including battlefield trauma, lung resection surgeries, and a variety of lung diseases
such as emphysema, infections, and lung cancers, as well as complications of mechanical
ventilation of critically ill patients in operating rooms and intensive care units, result in

air (pneumothorax) or liquid (pleural effusions) leaking out of the lung. These events

often result in lung collapse that can be immediately life-threatening or result in chronic

air leakage (bronchopleural fistula, BPF) that can be difficult to manage. This leads to
significantly increased morbidity, mortality, hospital stays, health care costs, and other
complications. According to available Medicare databases, up to 0.5% of the US population
is affected; > 100,000 patients per year with $2.8 billion annual health care costs [1].
Further, pneumothorax and traumatic lung injury are estimated as the second leading cause
of preventable battlefield deaths resulting in an estimated 5% of all fatal injuries [2].

In parallel, tracheobronchial tree injuries are less common but can be immediately life
threatening. These defects, which result from trauma, including battlefield, disease, or are
congenital, can also be difficult to manage and require invasive surgery to repair the defect.
While there is less available data, neck/larynx/trachea injuries comprised 18.8% of total
compiled facial and invasive neck traumatic injuries in Irag and Afghanistan 2011-2016 [3].
Thus there is a critical need for both military and civilian approaches for acute and chronic
lung and tracheal injuries.

While the concept of developing a pleural or tracheobronchial sealant is itself not novel,

no compounds evaluated to date have proven clinically successful. This includes a range

of materials such as fibrin, cyanoacrylates (super glue), and others [4-12]. Progel TM
(Bard-Davol Inc.) is the only currently FDA-approved pleural sealant in the US. However,

it is only approved for repair of surgical stumps in open surgical pulmonary resections

but not for BPF or other lung injuries including trauma. Further, Progel TM is technically
cumbersome to apply, contraindicated in renal failure, may cause allergic reactions, and is
not approved for use in pediatric or pregnant patients [13,14]. Thus, despite recent promising
initial investigations into other potential sealant materials including gelatin, chitosan, elastin,
and pectin-based materials [15-19], there remains an urgent need for new sealants applicable
to a broad range of lung injuries and diseases.
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We therefore synthesized and screened a number of biologic materials [20], including
those based on alginate, cellulose, chitosan, gelatin, and others and developed two
potential candidate sealants, dopamine-conjugated alginate methacrylate (ALG-MA-DA)
and dopamine-conjugated gelatin methacryloyl (GEL-MA-DA), that each have favorable
viscoelastic and mechanical properties and demonstrated lack of cytotoxicity favorable for
use on pleural and tracheal surfaces. Further, both performed well in ex vivoand in vivo
pre-clinical pleural and tracheal injury models. Notably, the sealants take advantage of

the adherence properties of mussel-inspired adherence proteins such as dopamine that are
particularly effective for use on wet surfaces and as such, may offer advantages compared to
those observed with gelatin methacryloyl and other comparable potential pleural sealants
lacking dopamine conjugation [17]. As such, these are powerful new compounds for
consideration in a range of clinical pulmonary applications.

2. Materials and methods

2.1.

2.2.

Base materials and methacrylation

Sodium alginate (Protanal, FMC Biopolymer) and gelatin (Sigma) were utilized as base
materials. Methacrylation of alginate polymers was accomplished as previously described
[19]. In brief, a 20-molar excess of methacrylic anhydride (Sigma) was added drop-wise
to a 1% (w/v) sodium alginate solution over constant magnetic stirring at 600 rpm for the
production of alginate methacrylate (ALG-MA). The reaction was allowed to proceed for
24 h, with the pH being regularly adjusted to 8 as needed via the addition of 5 N sodium
hydroxide (NaOH, Fisher). The reaction vessel was maintained in an ice-bath during the
reaction course. After 24 h of the reaction, the solution was transferred into a dialysis
membrane (snakeskin 10 K molecular weight cut off, Thermo Fisher) and dialyzed for

7 days against deionized (DI) water with daily bath exchanges. The ALG-MA was then
lyophilized prior to its downstream application or dopamine conjugation.

Gelatin methacryloyl (GEL-MA) was synthesized as previously described [19]. A 20%
(w/v) solution of gelatin (porcine skin, 300 bloom strength, Sigma) was prepared in 0.25
M carbonate-bicarbonate buffer. The solution was adjusted to pH 9 using 5 N NaOH and
placed on a magnetic stir plate set to 600 rpm and 50 °C. Methacrylic anhydride was added
dropwise to the reaction vessel to achieve a final reaction ratio of 0.2 mL methacrylic
anhydride per gram of dried gelatin. The reaction was allowed to proceed for 2 h prior

to dilution with 5 vol of 1x phosphate-buffered saline (PBS) and pH adjustment to 7.4 by
the drop-wise addition of 5 N NaOH. The GEL-MA was dialyzed against DI water with
daily bath exchanges for 7 days prior to lyophilization and its downstream application or
dopamine conjugation.

Dopamine conjugation

Dopamine conjugation to ALG-MA was accomplished using a carbodiimide-mediated
reaction schema under nitrogen gas protection [20]. In brief, a 1% (w/v) ALG-

MA solution was prepared from the lyophilized ALG-MA by dissolving in 50

mM 2-(N-morpholino)ethanesulfonic acid (MES, Sigma). This solution was reacted
with 4 molar equivalents (relative to mannuronic acid’s carboxyl groups) of
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1-ethyl-3-(3-dimethylaminopropyl)carbodiimide hydrochloride (EDC, Sigma) and N-
hydroxysuccinimide (NHS, Sigma). The reaction vessel was adjusted to a pH of 6 by

the drop-wise addition of 1 N HCI and stirred for 45 min. Next, a 4 molar equivalent of
dopamine hydrochloride (dopamine HCI, Sigma) was added to the reaction mixture. As the
pH became quite low, the pH was brought back up to 4 by the drop-wise addition of 5 N
NaOH for a total of 2 h. Finally, the reaction was adjusted to pH 6 by the drop-wise addition
of 5 N NaOH for 12 h. The dopamine-conjugated alginate methacrylate (ALG-MA-DA) was
then dialyzed against DI water with daily bath exchanges for 7 days prior to lyophilization.
Final lyophilized compounds were stored under nitrogen gas at —20 °C.

The GEL-MA was similarly further modified with dopamine HCI with a carbodiimide-
mediated reaction under nitrogen protection [20]. A 10% (w/v) solution of GEL-MA was
prepared in 50 mM MES buffer and brought to 50 °C. EDC and NHS were added to the
reaction vessel at 0.15 M final concentrations and the pH of the reaction vessel was adjusted
to 6 by the drop-wise addition of 1 N HCI. After 45 min, dopamine HCI was added to the
reaction vessel to achieve a final concentration of 0.15 M. As the pH similarly became quite
low, the pH was brought back up to 4 by the drop-wise addition of 5 N NaOH for 2 h,
followed by a pH adjustment to 6 by the drop-wise addition of 5 N NaOH for a 12 hour
reaction period. The dopamine-conjugated gelatin methacryloyl (GEL-MA-DA) was then
dialyzed against DI water with daily bath exchanges for 7 days prior to lyophilization. Final
lyophilized compounds were stored under nitrogen gas at =20 °C.

Photo-initiators and visible light crosslinking for liquid formulations

The respective ALG-MA, ALG-MA-DA, GEL-MA, or GEL-MA-DA solutions were mixed
at 37 °C in the dark with photo-initiator stock solutions such that the final concentration

of the respective initiators was 0.00125% (w/v) for Eosin Y (Fisher), 125 mM for
triethanolamine (Sigma), and 19 mM for 1-vinyl-2-pyrrolidinone (Sigma) [21,22]. Mixing
was done in the dark to prevent premature curing. For photo-crosslinking liquid formulations
of either ALG-MA-DA or GEL-MA-DA, either on the benchtop or after tissue application,
the applied liquids were exposed to green light using light-emitting diodes (LEDSs) of

a wavelength of 525 nm (Super-bright LED) with visible cross-linking and solid patch
formation occurring within five minutes for each compound. The photo-initiator stock
solutions were stored protected from light at room temperature [22].

2.4. Photo-initiators and visible light crosslinking for patch formulations

Once each formulation was dissolved in nitrogen degassed DI water at 4% w/v, the photo-
initiator cocktail was added to the solution in darkness. This solution was then injected into
a custom-built Teflon mold of 150 mm x 150 mm x 1 mm and frozen at —80 °C resulting in
a 1 mm thick polymer sheet. The frozen polymer sheet was allowed to briefly thaw and was
subsequently photo-crosslinked under green light emitting LEDs with solid patch formation
occurring within 5 min before being refrozen at —80 °C. After discharging the polymer sheet
from the mold, the sheet was lyophilized, and individual patches were prepared from the
lyophilized sheet using a 6 mm diameter circular biopsy punch.
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2.5. Chemical characterization

Materials were characterized using proton nuclear magnetic resonance (: H NMR), and
Fourier-Transform Infrared Spectropho-tometry (FTIR), or gel-permeation chromatography
(GPC) as appropriate. Each of the dried, methacryloyl precursors as well as the dopamine-
conjugated materials was characterized with 1 H NMR by Akina Inc. at Purdue University
by the PINMRF group (www.pinmrf.purdue.edu/.). GPC was performed on a Waters
Breeze-2 system with 1 ml/min dichloromethane flow across three sequential GPC columns
(7.6 x 300 mm, Phenomenex) and detected by refractive index. Molecular weight parameters
were determined by comparison against polystyrene standards (Agilent PS2). FTIR was
performed using either a cast film on KBr salt plate or by compression into a KBr pellet and
scanned using a Nicolete Protégé 460 ESP FTIR spectrophotometer. Attempts at utilizing
rheometry (TA instruments model AR550 rheometer) to determine molecular weight by
dilute-polymer viscosity yielded unreliable results (data not shown).

2.6. Mechanical characterizations

2.6.1. Shear rheometry—The shear rheological behavior was studied using a DHR-3
rheometer (TA Instruments) with two parallel disks (50 mm diameter). This rheometer was
preheated to a set temperature, 25 or 37 °C. After dissolving dried GEL-MA-DA without
the initiator system in PBS to give 35% wi/v at 40 °C, this solution was loaded to the lower
disk. After lowering the upper disk to give the gap 1 mm, the sample edge was coated

by Krytox™ general purpose oil 103 (DuPont) to avoid drying [22]. Once temperature was
stabilized at the set temperature, oscillatory shear tests were performed. First, strain sweep
tests were performed to map the linear regime in terms of strain. Then, using a fresh sample,
frequency sweep tests were carried out within the linear regime. The magnitude of the
complex viscosity versus frequency [22] was obtained.

2.6.2. Tensile test—The tensile strength of sealants was determined by a DHR-3
rheometer (TA Instruments) based on a modified method of the Standard Test Method for
Strength Properties of Tissue Adhesives in Tension, ASTM F2258-05 [23] and the Standard
Test Method for Tensile Properties of Plastics, ASTM D638-14 [24]. Each sample was cut
to give strips of 20 mm x 5 mm with thickness between 0.5 and 1 mm prior to loading:
Once each end of the strips was held by tensile fixtures of the DHR-3, the surface of the
sample was coated by Krytox™ general purpose oil 103 (DuPont) to avoid drying [22].

The upper fixture was pulled at 6 mm/min at 20 °C until failure occurred, and the relevant
force and strain were monitored. The tensile strength was obtained by the force value at
failure by the cross-sectional area. Measurements were repeated 6 times with a fresh sample
for each type of sealant. ALG-MA patches were used as is. ALG-MA-DA patches were
oxidized by applying 10 uL of the oxidant on top of patch for five minutes. Solutions

of GEL-MA/photo-initiators/PBS or GEL-MA-DA/photo-initiators/oxidant/PBS at 35% w/v
were cross-linked for five minutes by use of the green LED light.

2.6.3. Lap-shear test—The shear strength of sealants was determined by the DHR-3
based on the Standard Test Method for Strength Properties of Tissue Adhesives under
Lap-Shear by Tension Loading, ASTM F2255-05 [25]. Patches of ALG-MA or ALG-
MA-DA and solutions of GEL-MA or GEL-MA-DA were used. Collagen edible casing
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(Lemproducts, OH, USA) sheets of substrate were soaked in 1X PBS for 1 hour at 20 °C
and then cut into strips of 20 mm x 5 mm. A patch of ALG-MA or ALG-MA-DA was cut
to be 10 mm x 5 mm and was applied on one end of one collagen strip. Then, 3 pL of

the oxidizing solution was applied on top of the ALG-MA-DA strip, and another collagen
strip was put on the sealant covering the whole area of the ALG-MA or ALG-MA-DA
strip but leaving uncovered area of the first collagen strip exposed (overlapping area:

10 mm x 5 mm). On one end, where no sealant was applied, each collagen strip was

held by tensile fixtures of the DHR-3. Five minutes after applying the oxidant on to the
ALG-MA-DA and forming the three layers of ALG-MA and collagen strips, the upper
fixture was pulled at 5 mm/min at 20 °C until failure occurred, and the relevant force and
strain were monitored. The shear strength was obtained by the force value at failure by the
overlapping area. Similarly, 50 pL solution of GEL-MA/photo-initiators/PBS or GEL-MA.-
DA/photo-initiators/oxidant/PBS at 35% w/v was applied on one end of one collagen strip to
cover 10 mm x 5 mm giving 1 mm thickness of sealant. Another collagen strip was put on
the sealant covering the whole area of the solutions of GEL-MA or GEL-MA-DA strip but
leaving uncovered area of the first collagen strip exposed. This sample was held and tested
by the tensile fixture as described above five minutes after applying the green LED light.
Measurements were repeated with a fresh sample 6 times for each type of sealant.

2.6.4. Peel test—The peel strength of sealants was determined by the DHR-3 based on
the Standard Test Method for Strength Properties of Tissue Adhesives in T-Peel by Tension
Loading, ASTM F2256-05 [26]. Patches of ALG-MA or ALG-MA-DA and solutions of
GEL-MA or GEL-MA-DA were used. Collagen edible casing (Lemproducts, OH, USA)
sheets of substrate were soaked in 1X PBS for 1 hour at room temperature and then cut to
be strips of 20 mm x 5 mm. A patch of ALG-MA or ALG-MA-DA was cut to be 10 mm

x 5 mm and was applied on one end of one collagen strip. Then, 3 uL of the oxidizing
solution was applied on top of the ALG-MA-DA strip, and another collagen strip was put
on the sealant and first collagen strip covering the whole area of the ALG-MA-DA strip and
the area with no sealant of the first collagen strip (overlapping area: 10 mm x 5 mm). One
end of each collagen strip, where no sealant was applied, was held by tensile fixtures of the
DHR-3. Five minutes after applying the oxidant and forming the three layers of ALG-MA
and collagen strips, the upper fixture was pulled at 250 mm/min at room temperature until
failure occurs, and the relevant force and strain were monitored. The peel strength was
determined by the force at failure in Newton over the contact width in cm. Similarly, 50 pL
solution of GEL-MA/photo-initiators/PBS or GEL-MA-DA/photo-initiators/oxidant/PBS at
35% w/v was applied on one end of one collagen strip to cover 10 mm x 5 mm giving 1 mm
thickness of sealant. Another collagen strip was put on the sealant and first collagen strip
covering the whole area of the sealant and the area with no sealant of the first collagen strip.
This sample was held and tested by the tensile fixture as described above five minutes after
applying the green LED light. Measurements were repeated 6 times with a fresh sample for
each type of sealant.

2.6.5. Burst pressure and adhesion testing—Burst pressures were determined
based on the Standard Test Method for Burst Strength of Surgical Sealants, ASTM F2392—
04 [27] (M= 5 per sealant). Patches of ALG-MA or ALG-MA-DA and solutions of GEL-
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MA or GEL-MA-DA were used. Collagen edible casing (Lemproducts, OH, USA) sheets
of substrate were soaked in 1X PBS for 1 hour at room temperature and cut with a metal
machinist’s punch to be disks with a diameter 25 mm. A circular defect of 3 mm diameter
was created with a biopsy punch in the center of the circular collagen disk. After loading
the collagen disk on the burst pressure device, ALG-MA or ALG-MA-DA were applied as
patches of 15 mm diameter and 1 mm thickness over the circular defect on the collagen
substrate. Five minutes after applying 10 uL of the oxidant on top of the patches, testing
started with air flow at 2 L/min while pressure and time were monitored. Like-wise, 177
pL solution of GEL-MA/photo-initiators/PBS or GEL-MA-DA/photo-initiators/oxidant/PBS
at 35% wi/v was applied over the defect on the collagen disk. A 15 mm diameter circular
Teflon Oring was placed around the sealant to ensure that sealant does not flow out of the
diameter and to give uniform application, of 1 mm thickness. After a five-minute exposure
to the green LED light to cross-link, air flow underneath the sealed defect was increased to
2 L/min while pressure and time were monitored until material failure. Measurements were
repeated 5 times with a fresh sample for each type of sealant.

2.7. Cell viability

Potential toxicities of the sealants or their accompanying reagents (oxidizing agent, photo-
initiator) were assessed on representative lung cells including: human bronchial epithelial
cells (HBE-135-E6E7, CRL-2741, ATCC), human alveolar basal epithelial adenocarcinoma
cells (A549, CCL-185, ATCC), human lung fibroblasts (HLF, CCD-19Lu, ATCC), and
human pleural mesothelial cells (HPM, courtesy of Arti Shukla, University of Vermont,
[28]). HBEs were cultivated in keratinocyte-serum free medium (Gibco) with 5 ng/mL
human recombinant endothelial growth factor (EGF, Gibco), 0.05 mg/mL bovine pituitary
extract (Gibco), 0.005 mg/mL insulin (Sigma), 500 ng/mL hydrocortisone (Sigma), and 1%
Penicillin, Streptomycin (Gibco) and not used past passage 15. A549 cells were cultivated
in modified Ham’s F-12 K medium (Sigma) with 2 mM glutamine and 10% fetal bovine
serum. HLFs were cultivated in Eagle’s Minimum Essential Medium (Gibco), supplemented
with 10% fetal bovine serum (FBS, Hyclone) and 100 1U/mL penicillin/100 mg/mL
streptomycin (Corning) and not used past passage 10. HPMs were cultivated in 50:50
M199:MCDB106 medium (Invitrogen, Carlsbad, CA) supplemented with 15% FBS, 10
ng/mL EGF, 0.4 pg/mL hydrocortisone, 50 units/mL penicillin and 100 pg/mL streptomycin.

Cells were seeded in 96 well tissue culture plates (Corning) at a concentration of up to
10,000 cells per well, depending on cell type, in their respective culture media. After
overnight incubation for attachment, cells were then incubated for 24 h with either

100 pg of lyophilized polymerized (cross-linked) sealant, 100 pug unpolymerized sealant,
oxidizing agent (0.1% w/v sodium metaperiodate), or photo-initiator solution at the working
concentrations described above. Cell viability was then assessed using resazurin dye
(Alamar Blue, Thermo Scientific) as follows: [29] a resazurin stock was prepared by
dissolving 1 g of dye in 100 mL sterile 1x PBS. This stock was diluted by mixing 60uL

of the concentrated stock with 940 pL of cell culture media creating a cell-specific working
resazurin stock. Following 3 washes with 1x PBS, 90uL of cell media and 10uL of the
working resazurin stock were added to each experimental well. Experimental blank wells
were also prepared by adding 90uL media and 10uL working resazurin stock to cell
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free wells. The 96 well plate was then protected from light and incubated for 3 h prior
assessment using a fluorescent plate reader (BioTek, Winooski VT) at 530 nm excitation and
590 nm emission. After correction against the cell-free wells, cell viability was calculated as
a percentage of live control wells that had been incubated with the resazurin dye but free of
sealant or adjunct materials. Data were presented as an average of 5 experimental replicates
per stimulation type from a single experiment.

2.8. Animal studies

2.9.

Adult female (8-12 weeks) C57BL/6 mice were utilized for ex vivo studies. Adult female
(8-12 weeks) Wistar or Sprague-Dawley rats (Charles River) were used for /in vivo studies.
Pig lungs were obtained from a local slaughterhouse and used for ex vivo studies. The
University of Vermont and University of Connecticut Health Center Institutional Animal
Care and Use Committees (IACUC) respectively approved all experimental work performed
on animals in this study and all studies were carried out in strict accordance with
institutional and AAALAC standards (UVM IACUC 16-003, UConn IACUC 101,225).

Ex vivo lung injury (mouse and pig)

The heart-lung-trachea bloc was removed from mice after euthanasia by intraperitoneal
injection of sodium pentobarbital (150 mg/kg). These blocs were rinsed with sterile saline
containing an antibiotic cocktail (500 IU/mL penicillin/500ug/mL streptomycin (5X pen/
strep) (Lonza), 50 mg/L gentamicin (Cellgro), 2.5 ug/mL Amphotericin B (Cellgro) in 1X
PBS solution), the trachea cannulated with a blunted 18 gage angiocatheter and connected
to a small animal ventilator (Inspira ASV, Harvard Apparatus, Holliston MA) and ventilated
with room air with 2.5 cc tidal volume (approximately 10 cc/kg body weight), respiratory
rate 10 breaths/minute, and 5 cm H,O positive end expiratory pressure (PEEP).

Pig lungs were rinsed and perfused with sterile saline containing the antibiotic cocktail
described above, the tracheas cannulated with a 5.5 mm endotracheal tube (Mallinckrodt, St.
Louis MO) and the lungs ventilated at room air with 250 cc tidal volume for whole lungs (10
cc/kg body weight), 100 cc/kg for individual lobes, respiratory rate 10 breaths/minute, and 5
cm H,O PEEP (Pulmonetics LTV 1000, DRE, Louisville KY). Both rat and pig lungs were
ventilated while immersed in a 37 °C heated saline bath. To induce injury, a puncture was
made utilizing either an 18 g needle (rat) or 5 mm diameter biopsy punch (pig) inserted to a
depth that resulted in air bubbling from the defect. Once persistent air leak was confirmed,
ALG-MA-DA or GEL-MA-DA sealants were applied as either as an /n situ formed hydrogel
or as lyophilized pre-crosslinked hydrogel patches while continuously ventilating.

For liquid applications, while continuously ventilating, the defects were dabbed with sterile
gauze to remove excess fluid and GEL-MA-DA applied utilizing a dual-lumen syringe
(Medmix Systems) with GEL-MA-DA and photoinitiator solution (light protected) in one
lumen and oxidant in the other with mixing of the respective solutions occurring during
application. Application was performed over an approximate 10 s period using 0.2 ml in an
approximate 0.5 cm circumference (rat) and 2 ml in an approximate 4-5 cm diameter (pig)
around the wound. Photo-cross-linking was performed by immediate exposure to a custom
built green light LED system (wavelength of 525 nm) until the sealants had adhered and
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formed functional seals as indicated by cessation of visible bubble leaking, generally within
5 min of application.

For patch applications, while continuously ventilating, the defects were dabbed with sterile
gauze to remove excess fluid and oxidant (0.1% wi/v sodium metaperiodate, 0.1 ml in an
approximate 0.5 cm circumference (mouse) and 1 ml in an approximate 4-5 cm diameter
(pig) around the wound) pipetted onto the wound site followed immediately by application
of the patch. As discussed above, oxidant was added to the patch application protocol to
enhance polymerization of dopamine functional groups to enhance integrity as suggested
by the literature and also to potentially enhance patch interaction with the underlying tissue
[20,30].

In vivo lung injury studies (rat)

Following isoflurane anesthesia (1-4%) and endotracheal intubation of the rats with a
blunted 18 gage angiocatheter (day 0), animals were ventilated with the Harvard Apparatus
ventilator at tidal volume of 10cc/kg body weight, respiratory rate of 10 breaths/minute, and
5 cm H,0 PEEP. Body temperature was maintained by keeping the animal on a heated 37

°C surface. The animals were then prepped and draped in standard sterile procedure using
hair clippers to shave the chest and betadine sponges or Chloroprep sticks to sterilize skin.
A thoracotomy incision was then performed at the level of the second nipple line, the chest
wall muscles were separated using blunt dissection, and sharp dissection was used to incise
the intercostal muscles of the 4th intercostal space in order to expose the right lung. A small
self-retaining retractor was then inserted between the ribs and used to spread the ribs to
obtain optimal exposure of the lung. A defect was created in the lung using an 18 gage
needle inserted to a depth necessary to produce continuous visible air bubbling at the injury
site. For ALG-MA-DA patch application, oxidant solution and then a 6 mm lyophilized
patch were applied as described above. For GEL-MA-DA liquid application, GEL-MA-DA/
photo-initiator solution and oxidant were applied utilizing a dual-lumen syringe with mixing
of the respective solutions occurring during application as described above. Photo-cross-
linking was performed by exposure to the LED system until the sealants had adhered formed
functional patches as indicated by cessation of visible bubble leaking.

For short-term non-survival surgeries and screening of different sealant preparations,
animals underwent euthanasia 2 h after injury and repair. Animals were assessed for gross
repair of experimentally-induced leaks (/.¢e., presence or absence of air bubbling).

For longer term survival surgeries, following satisfactory repair of the experimental injury
(ie., absence of air bubbling after sealant application), the thoracotomy was then repaired in
three layers using 3-0 Vicryl or 4-0 Vicryl Rapide, first re-approximating ribs, then closing
overlying muscle layer, and finally skin, all in a running fashion. The tracheal incision was
closed with 3-0 Vicryl. Isoflurane anesthesia was discontinued and the animals were then
extubated after spontaneous respirations resumed. Animals were observed daily for either
one week or one month for any signs of respiratory or other distress or illness.

In one cohort of rats (/7= 6 for each sealant), animals were euthanized one week post-
operatively by intraperitoneal (IP) administration of pentobarbital (150 mg/kg), the tracheas
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cannulated with a blunted 18 gage angiocatheter via tracheal cut down, and animals
ventilated with 100% nitrogen gas for several minutes to inflate lungs with nitrogen and
allow for adequate rigor. The tracheas were then tied off with silk suture and chest CT
scanning was performed to evaluate for evidence of pneumothorax. Following CT scanning,
lung tissue at the site of injury and repair was excised for histologic analyses. In a parallel
cohort of rats (7= 6 for each sealant), animals were euthanized at one month with
pentobarbital (150 mg/kg IP) followed by CT scanning, blood collection, and sampling

of lung tissue for histologic analyses as described above.

In vivo tracheal injury studies (rats)

For initial studies, four adult (6-8 weeks) female Sprague-Dawley rats underwent general
anesthesia with isoflurane and nosecone ventilation with 6-8 L/min O, Two rats had a 0.2
cm laceration injury produced in the anterior trachea with a 15 scalpel blade; one underwent
suture repair with 7-0 prolene and one had an ALG-MA-DA patch placed with oxidant
added on top of the patch (0.5 cc/patch). The other two rats had an 18 gage needle puncture
injury to the trachea, one underwent suture repair with 7-0 prolene and the other repair with
an ALG-MA-DA patch. After muscle flap and skin closure, animals were disconnected from
isofluorane and extubated upon spontaneous respiration. All 4 rats were observed daily and
underwent euthanasia on post-operative day (POD) 14 and assessed for gross appearance

of the tracheal wound site and repair, saline bubble leak testing, and histologic analyses of
hematoxylin and eosin stained 5 pm frozen tracheal sections.

In the next series of studies, twenty-five adult (6-8 weeks) female Sprague-Dawley rats
underwent general anesthesia with isoflurane and nosecone ventilation with 6-8 L/min O,
In one group (/7= 10), a 3-cartilage length anterior tracheal laceration was produced using
a 15 scalpel blade and an ALG-MA-DA patch placed over the defect with oxidant added

on top of the patch (0.5 cc/patch). The control arm (7= 10) underwent a 3-cartilage length
tracheal laceration repaired with 7-0 prolene suture. One group (7 =5) underwent a 3-
cartilage length tracheal laceration which did not undergo any intervention at the injury site,
and only had muscle flap and skin closure. All 5 of these rats showed signs of respiratory
distress in the immediate postoperative period, and died by postoperative day 1. All rats
subsequently underwent euthanasia on POD14 and were assessed for gross appearance of
the tracheal wound site and repair, saline bubble leak testing, and histologic analyses of
hematoxylin and eosin stained 5 um frozen tracheal sections. Saline burst pressure was

also tested ex vivo by removing the three tracheas each from the patch and suture repair
groups, respectively, postmortem and cannulating each end with a 14 gage catheter with the
proximal end connected to a syringe and the distal end tightly secured to a manometer. The
pressure at which injury site burst was recorded for each specimen as saline was delivered
via syringe into specimen.

Histologic assessments

Sections of the lung or trachea around the repaired wounds (approximately 1 x 1 cm3) were
excised and frozen in OCT (Tissue-Tek; Sakura Finetek USA). No inflation pressure was
utilized during the fixation in order to not alter the adhesion of the patch to the injured

lung or trachea. Hematoxylin and eosin stained 5 um thick frozen sections were assessed
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by bright field light microscopy. Of note, initial attempts at paraformaldehyde fixation and
paraffin embedding were determined to be unsuitable due to any residual sealant being
washed out by the alcohols and xylenes utilized during de-parafinization.

Statistical analyses

Differences in mechanical properties before and after dopamine conjugation were analyzed
with unpaired Student’s ¢-test. Cytotoxicity analysis of each cell type was performed
using one way ANOVA. All data are represented as percent of control (cells cultured

in tissue culture plastic at the same time point) + standard deviation. Post-analysis

multiple comparisons were conducted using the Tukey test with a 95% confidence level.
All statistical analyses were performed using GraphPad Prism 6. p values < 0.05 were
considered statistically significant.

3. Results

A wide range of biologic compounds, functionalization, and cross-linking strategies

were initially evaluated utilizing ASTM burst pressure testing as a screening modality.
These identified alginate methacrylate (ALG-MA) and gelatin methacryloyl (GEL-MA) as
promising initial parent compounds with dopamine conjugation improving the adhesive
properties in both. Synthetic pathways of dopamine-conjugated alginate methacrylate (ALG-
MA-DA) and dopamine-conjugated gelatin methacryloyl (GEL-MA-DA) are depicted in
Fig. 1. Representative NMR spectra depict characteristic peaks for methacryl and dopamine
groups for each material shows that methacryl groups were added successfully in all
modified materials, and dopamine groups were successfully conjugated to ALG-MA-DA
and GEL-MA-DA (Fig. 2). The quantification of each group was not performed since that

is beyond the scope of this study. However, these demonstrate that alginate derivatives

have the degree of dopamine conjugation well higher than that of methacryl group. Gelatin
derivatives show the opposite behavior. Fig. 3 shows the magnitude of the complex viscosity
versus frequency for 35% wi/v solution of GEL-MA-DA/DI water at 25 and 37 °C. The
magnitude at 25 °C is 103 to 108 higher than that at 37 °C. Gelatin derivatives go through
sol-gel (physical gelation) transition below 30 °C [22] while alginate derivatives do not, and
thus understanding the flow property of GEL-MA-DA is important for applications.

Mechanical testing was then performed on ALG-MA-DA and GEL-MA-DA, comparing
both to each other and to ALG-MA and GEL-MA, respectively. Notably, the ALG-MA.-
DA hydrogel formulation tended to gel quickly while being applied with a dual lumen
syringe, comparable to what occurs during clinical use of ProGel™ [13]. Conversely,

the GEL-MA-DA hydrogel formulation was easily applied without clogging of the dual
lumen application syringe. Both ALG-MA-DA and GEL-MA-DA were easily formulated
into pre-formed patches. Both ALG-MA-DA and GEL-MA-DA demonstrated enhanced
tensile, shear, and peel strengths compared to their non-conjugated counterparts (Fig. 4a—
c). Dopamine conjugation enhanced burst pressure performance of both ALG-MA and
GEL-MA with values 16 times higher in ALG-MA-DA compared to ALG-MA, although
with higher variance in ALG-MA-DA, and 3 times higher in GEL-MA-DA compared to
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GEL-MA (Fig. 4d). Notably, the recorded burst pressure of 250 cm H0 surpasses the 218
cm H,0 burst pressure reported for Progel ™ [14].

Neither ALG-MA-DA nor GEL-MA-DA demonstrated obvious toxic effects on growth

of a range of relevant lung cell types including human lung airway epithelial (HBE),
alveolar carcinoma (A549), human lung fibroblast (HLF), and human pleural mesothelial
cells (HPM) (Fig. 5a). This include both photo-cross-linked (polymerized) as well as
non-polymerized compounds despite significant effects on cell viability observed with the
photo-initiator cocktail or oxidant alone, particular with HBE, HLF and HPM cells (Fig. 5b).
This demonstrates that although the photo-initiator compounds or oxidants utilized can be
toxic toxicity is removed as the compounds are used up or washed out.

To initially screen sealant adherence to lung tissue, ex vivo models of isolated ventilated rat
and pig lungs were utilized (Fig. 6). Qualitatively, no air leaks were observed after sealant
application onto experimentally-induced defects allowing full inflation and ventilation of
the lungs. Initially both ALG-MA-DA and GEL-MA-DA were assessed in both in situ
formed hydrogel and pre-formed hydrogel patch formulations. However, as described above,
ALG-MA-DA /n situformed hydrogel application was hindered by gel formation occurring
rapidly with mixing in the dual lumen syringes whereas, despite robust burst pressure

and peel testing results, the GEL-MA-DA patch formulation was less adherent than the
ALG-MA-DA patch formulation. These observations were confirmed in short term (2 hr)
non-survival /n vivo studies in rats (data not shown). As such, further long-term /n vivo
studies were conducted in rats utilizing either ALG-MA-DA patch or GEL-MA-DA /n situ
formed hydrogel applications (Fig. 7a—c). Assessing rats either 1 week (ALG-MA-DA n

= 3, GEL-MA-DA, n=6) or 1 month (ALG-MA-DA n= 6, GEL-MA-DA, n= 6) after
injury and sealant application demonstrated good adherence of the sealants both grossly
(Fig. 7d-f) and histologically and no obvious air leak or pneumothorax by fluoroscopy or
CT scanning (2 each of 1 week and 1 month ALG-MA-DA and GEL-MA-DA animals had
what were felt to be small iatrogenic pneumothoraces at euthanasia). Histologic analyses
demonstrated juxtaposition of the sealant with underlying lung tissue with no obvious
inflammatory cell infiltrates in hematoxylin and eosin stained sections (Fig. 8). Residual
sealant was observed in 1 week GEL-MA-DA-treated animals and in both 1 week and 1
month ALG-MA-DA-treated animals.

We further assessed whether ALG-MA-DA patches would be potentially also applicable

to tracheal injuries. Using an /n vivo rat model of tracheal injury induced with scalpel
laceration, ALG-MA-DA was easily applied and formed a durable seal, comparable to
suture repair, as assessed over a two week period (Error! Reference source not found.) Burst
pressure testing on isolated 3 rat tracheas harvested from patch and suture repair groups,
respectively, demonstrated comparable strength to that provided with conventional sutures
(Fig. 9a,b). Gross and histologic analyses demonstrated juxtaposition of the sealant with
underlying lung tissue with no obvious inflammatory cell infiltrates (Fig. 9c-f).

Acta Biomater. Author manuscript; available in PMC 2023 January 06.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Gasek et al. Page 13

4. Discussion

Current treatments for persistent pleural and tracheobronchial injuries require prolonged
chest tube drainage (pleural) and/or invasive surgery (both) with associated high morbidity
and costs. One way to repair these injuries is with the use of a sealant, ideally, one that

is simple to apply and that adheres and seals quickly. In addition, a sealant that allows

for normal growth and development over time would enable use in neonatal and pediatric
populations with congenital tracheobronchial defects, currently a significant unmet need.
While the concept of developing a pleural/tracheal sealant is itself not novel, no compounds
evaluated to date have proven long term success. This includes a range of materials such as
fibrin, cyanoacrylates, and others, often described in individual case reports or small case
series [6-12,31-33]. Progel TM (Bard-Davol Inc.) is the only FDA-approved pleural sealant
in the US. However, it is only approved for use in open surgical pulmonary resections and
not for other lung injuries or for tracheal injuries including traumatic injuries. Recent studies
with chitosan, pectin, and elastin-based compounds have shown promise in pre-clinical lung
injury models [15-17] but there remains an urgent need for new sealants applicable to a
broad range of lung and tracheobronchial injuries and diseases.

Natural based biomaterials can be advantageous compared to their synthetic counterparts
due to heightened compatibility and less potential inflammatory or immune response.
Recent reports investigating plant-derived pectin or methacrylated elastin suggest that a
range of previously unexplored biomaterials may also have appropriate attributes for use

as pleural sealants. Alginate and alginate-based hydrogels are increasingly investigated for
biomedical applications due to their inherent non-toxicity, biocompatibility, and availability
[18,34-39]]. Derived from brown algae, alginate is desirable not only for those attributes
already listed, but also for its relatively low cost and the various applications it can be

used for drug delivery and tissue engineering. Comparably, low cost gelatin and gelatin-
based hydrogels can be derived from several mammalian sources including porcine and
bovine tissues and are widely used in food, pharmaceutical, and other medical applications
[19]. Functionalization of both alginate and gelatin with controlled methacrylation has

been described to enhance physical attributes advantageous for potential use as lung
sealants [18,39]. Methacrylation further imparts a functional group capable of light-activated
covalent crosslinking by free radical polymerization in the presence of a photo-initiator

for example Eosin Y using either visible or mono-spectrum light, advantageous compared
to crosslinking with UV light spectra [21]. In parallel, L-dopa, the major adhesive

functional group in mussel-foot proteins which particularly increases adherence in moist/wet
conditions that characterize pleural and tracheobronchial surfaces is increasingly recognized
as a powerful adhesive with a number of potential biomedical applications [20,30,40,41].

A dopamine-conjugated gelatin methacryloyl compound has recently been reported and
proposed for use in biomedical applications [42].

Materials with dual functionality offer the adhesivity of catechol groups along with

the mechanical bolstering and visible light polymerizing ability of methacrylate groups.
Combining these functionalizations with both alginate and gelatin, we have demonstrated
simple low-cost synthetic approaches producing two materials, ALG-MA-DA and GEL-
MA-DA, each with desirable mechanical and materials properties as well as absence of
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significant degradation and lack of obvious cell toxicity. Notably, burst pressure and other
mechanical profiling compares favorably with Progel TM and with other new sealant
compounds recently evaluated [13,15-17]. The gelatin concentration of 25% w/v utilized
was based on previously published work [43] and alginate concentrations of 4% investigated
as this was the highest concentration that most readily flowed into the mold utilized for
patch formation. Similarly, 5 min photo-activation cross-linking time was based on previous
experience [18] and was effective in the ex vivoand /in vivo models. Importantly this
included successful use on wet surfaces during both mechanical and /n vivo testing, for
example lap shear and peel testing in which the materials substrates were soaked in PBS
prior to actual testing. In addition, the surfaces of the lungs in both the ex vivo and /n vivo
testing were moist. As such, the sealant materials were both quantitatively and qualitatively
demonstrated to work on wet surfaces. While these are effective initial working parameters
and provide proof of concept support for use of the ALG-MA-DA pre-formed hydrogel
patch and GEL-MA-DA /n situ formed hydrogel liquid for pleural and tracheal injuries,
further studies may reveal other effective formulations, including use of ALG-MA-DA in
situ formed hydrogel form, and further reduction in cross-linking time. We are also not
clear as to why dopamine conjugation affected tensile strength though dopamine-dopamine
mediated polymer chain crosslinking and alterations in hydrogen bonding are suspected. As
such, future studies will more fully characterize the chemical aspects of the ALG-MA-DA
and GEL-MA-DA compounds including rates of substitution and optimization of methacryl
and dopamine conjugation as well as more fully investigate rheological properties including
effects of polymer and photo-initiator concentrations on cross-linking kinetics. Degradation
and swelling studies will also be performed with more optimized formulations.

Initial testing had also included ALG-MA-DA /n situ formed hydrogel and GEL-MA-DA
pre-formed hydrogel patch formulations. However, ALG-MA-DA /n situ formed hydrogel
application was hindered by rapid gel formation when mixed with the oxidant in the dual
lumen syringes utilized for tissue application whereas the GEL-MA-DA patch formulation
was less adherent to lung tissue than the ALG-MA-DA patch formulation. As such, further
rheological, mechanical, and biologic assessments were focused on patches of ALG-MA
and ALG-MA-DA and solutions of GEL-MA or GEL-MA-DA and will be further directly
compared to ProGel™ in parallel studies.

Both ALG-MA-DA and GEL-MA-DA performed well in ex vivorat and pig lung injury
models and 7 vivo models of rat lung and tracheal injuries for up to one month and two
weeks, the longest times evaluated to date, respectively. No obvious gross or histologic
toxicities were observed including no evidence of sealant-induced tissue inflammation. This
opens up a range of application possibilities using both direct patch application in the
operating room or to open trauma wounds as well use /n7 situformed hydrogel application
either directly or through thoracoscopic or even bronchoscopic administration.

The initial success of these compounds is promising in the current proof of concept studies
and ongoing investigations will evaluate them further in adult pig models of lung and
tracheal injuries and also in models of pediatric tracheal injury to assess potential efficacy
in support of long-term tracheal growth and thus applicability to congenital tracheal defects.
These studies will also further assess the chemical and mechanical characteristics of the

Acta Biomater. Author manuscript; available in PMC 2023 January 06.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Gasek et al.

Page 15

sealant materials as well as assess any potential serum or systemic toxicities associated

with use of either sealant. We have to date included an oxidant with use of the dopamine-
conjugated materials as the available literature suggests that this will enhance dopamine
crosslinking. However, further refinements may also remove need for an oxidant and further
simply use of both ALG-MA-DA and GEL-MA-DA applications. Information gathered
from use of sealant materials in other organs such as intestines may also provide useful in
further refinements [44,45].

5. Conclusions

New easy-to-use pleural and tracheobronchial tree sealants will offer important new
treatment approaches for a range of pleural and tracheal including both non-military and
military (battlefield trauma). Two new compounds, ALG-MA-DA and GEL-MA-DA have
favorable materials properties and have performed well in initial ex vivo lung injury models
and /n vivo small animal models of pleural and tracheal injuries. Further studies will further
characterize and refine the sealant compounds and further evaluate utility in larger animal
models as a prelude to potential clinical investigations.
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Statement of significance

Pneumothorax and pleural effusions resulting from trauma and a range of lung diseases
and critical illnesses can result in lung collapse that can be immediately life-threatening
or result in chronic leaking (bronchopleural fistula) that is currently difficult to manage.
This leads to significantly increased morbidity, mortality, hospital stays, health care
costs, and other complications. We have developed sealants originating from alginate
and gelatin biomaterials, each functionalized by methacryloylation and by dopamine
conjugation to have desired mechanical characteristics for use in pleural and tracheal
injuries. The sealants are easily applied, non-cytotoxic, and perform well /n vitro and
in vivo model systems of lung and tracheal injuries. These initial proof of concept
investigations provide a platform for further studies.
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Fig. 1. Scheme for chemical modification to prepare dopamine conjugated sealants.
(a) Alginate derivatives. (b) Gelatin derivatives. Two different methacryl groups can

be formed: methacrylamide (purple) and methacrylate (green). Letter a through f
designate NMR peak assignments. EDC = 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide

hydrochloride, NHS = A/ -hydroxysuccinimide.
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Fig. 2. NMR spectra of the sealant materials.

(a) Alginate derivatives: sodium alginate (A), ALG-MA (B), and ALG-MA-DA (C).
Methacryl group addition was confirmed via peaks (a, b, and e in Fig. 1) in both ALG-MA
and ALG-MA-DA. (b) Gelatin derivatives: gelatin (A), GEL-MA (B), and GEL-MA-DA
(C). Methacryl group addition was confirmed via peaks (a through e in Fig. 1) in both
GEL-MA and GEL-MA-DA. Dopamine conjugation was confirmed via peaks (f through

g in Fig. 1) of the aromatic protons between 6.6 and 7 ppm in both ALG-MA-DA and
GEL-MA-DA. All chemical shifts relative to D,O tuning.
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Fig. 3. Shear rheometry.
The magnitude of complex viscosity versus frequency for 35% w/v solution of GEL-MA-

DA/DI water at 25 and 37 °C. The magnitude at 25 °C is significantly higher than that at 37
°C due to physical gelation [22].
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Fig. 4. Mechanical testing.
Patches of alginate derivatives and solutions of gelatin derivatives were used. (a) Tensile

strength determined by tensile tests. Values represent mean + standard deviation (SD, error
bars) and n= 6. (b) Peel strength by T-peel tests. Values represent mean + SD (error bars)
and 1= 6. (c) Shear strength by lap-shear tests. Values represent mean + SD (error bars)
and n= 6. (d) (d) Burst pressure versustime to burst (failure). Values represent mean £ SD
(error bars) and n=5. Values represent mean + SD (error bars) of n=4 from one of two
representative experiments. * p< 0.05, ** p< 0.01, *** p=0.0001, and **** p< 0.0001.
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Cytotoxicity screening of ALG-MA-DA and GEL-MA-DA sealant materials without (non-
polymerized) or following photocrosslinking (polymerized) demonstrate no siginificant
cytotoxicity for human bronchial epithelial (HBE) or transformed alveolar epithelial cells
(A549), human pleural mesothelial cells (HPM), or human lung fibroblasts (HLF). (a) In
contrast, both the photo-initiator compound and oxidant alone each had significant toxicity
on HBE, HPM, and HLF cells. (b) Data is presented as means + SD (n7= 4 for each cell line)
of similar results from one of two separate experiments. *** p< 0.001.
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A) Ex Vivo Mouse Model B) Ex Vivo Pig Model

Sealed

Injured

Uninjured 7 Injured Sealed

Fig. 6. Ex vivo lung injury models.
Initial testing of patch adherence and efficacy to seal the defect were performed in ex vivo

mouse lung (A) and pig lung (B) models. Arrows determine the position of the defect and
the patch. Lungs were inflated and immersed in 1X PBS to visualize the air leak and the seal
after patch application.
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Fig. 7. In vivo model for testing pleural sealant.
(a) Anesthetized, intubated and mechanically ventilated rats underwent thoracotomy to

expose the right lung. (b) Injury is induced by puncture with an 18 g needle and leak

of air bubbles observed to confirm injury. (c) The sealant is applied with cessation of air
leak. (d) Necropsy of rat 1 week or month post operatively. Residual ALG-MA-DA patch
material was observed in rats receiving ALG-MA-DA patch (black arrow). No GEL-MA-
DA material was grossly visible in rats receiving GEL-MA-DA in situ formed hydrogel
application. In neither case was obvious inflammatory reaction or evidence of sealant
observed on the parietal pleura/chest wall. High power images are included for panels
a-e. (f) Representative fluoroscopy after 1 week demonstrates clear lungs and no obvious
pneumothorax. (g) and (h) Representative CT scans at 1 month demonstrates clear lungs and
no pneumothorax. White arrows point the ribs; yellow arrows demonstrate a fully inflated
lung and red arrows show the position of the heart.
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1 Week 1 Month

ALGMADA

GELMADA

Fig. 8.
H and E stained sections demonstrate good wound repair, no obvious histologic

inflammation, and residual sealant (arrows) for 1 week GEL-MA-DA and both 1 week
and 1 month ALG-MA-DA. The one week GEL-MA-DA image depicts residual sealant in
what appears to be the needle injury tract. Inset depict higher power magnifications of the
respective designated areas.
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(a)gSet-up for measuring burst pressures in isolated rat trachea. Arrow indicates cannulated
rat trachea. (b) Application of the ALG-MA-DA sealant yielded comparable burst pressures
to suture control. (c) Exposed rat trachea with scalpel incision (black arrow). (d) Repaired
leak with suture at 2 weeks. Yellow arrow indicates residual suture. (e) Repaired leak

with ALG-MA-DA patch at 2 weeks. Yellow arrow indicates residual patch. (f) H& E
stained cryosection following ALG-MA-DA patch application demonstrates good repair and
residual patch material along the tracheal wall (black arrows) Original Mag 200X.
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