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Abstract—Whole organ decellularization of complex organs,
such as lungs, presents a unique opportunity for use of
acellular scaffolds for ex wvivo tissue engineering or for
studying cell-extracellular matrix interactions ex vivo. A
growing body of literature investigating decellularizing and
recellularizing rodent lungs has provided important proof of
concept models and rodent lungs are readily available for
high throughput studies. In contrast, comparable progress in
large animal and human lungs has been impeded owing to
more limited availability and difficulties in handling larger
tissue. While the use of smaller segments of acellular large
animal or human lungs would maximize usage from a single
lung, excision of small acellular segments compromises the
integrity of the pleural layer, leaving the terminal ends of
blood vessels and airways exposed. We have developed a
novel pleural coating using non-toxic ionically crosslinked
alginate or photocrosslinked methacrylated alginate which
can be applied to excised acellular lung segments, permits
inflation of small segments, and significantly enhances
retention of cells inoculated through cannulated airways or
blood vessels. Further, photocrosslinking methacrylated
alginate, using eosin Y and triethanolamine at 530 nm
wavelength, results in a mechanically stable pleural coating
that permits effective cyclic 3-dimensional stretch, i.e.,
mechanical ventilation, of individual segments.

Keywords—Lung, Alginate, Decellularization, Ventilation,

Artificial pleura.

INTRODUCTION

There is rapidly growing interest in utilizing decell-
ularized whole lungs as scaffolds for ex vivo lung
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engineering. Importantly,

decellularized whole lung scaffolds provide a powerful
tool with which to investigate lung biology including
interaction of lung epithelial and other cells with the
extracellular matrix (ECM) proteins in the scaffold and
with which to study the effect of environmental influ-
ences such as cyclic mechanical stretch on lung cell
behavior.

As rodent (mouse and rat) lungs are small, readily
available, and easily handled, high-throughput
approaches with whole acellular scaffolds can be utilized
to assess the various factors which will likely be required
for effective de- and recellularization such as different
combinations of cell types, growth factors, and environ-
mental factors such as oxygen tension and cyclic
mechanical stretch.>> However, a more limited supply of
larger animal and human lungs and the practical aspects
of handling these impede comparable rapid and effective
high throughput studies. In particular, using an entire
lung or lobe to evaluate a single experimental condition
slows effective progress. The development of novel and
innovative techniques to excise multiple functional small
lung segments (~1-3 cm?) from individual cadaveric or
donor lungs unsuitable for transplant that retain 3-
dimensional structure is vital for developing high-
throughput studies of human and other large animal
lungs. We have recently developed effective techniques
for pig and human lungs where small acellular segments
are excised that each contain identifiable bronchovascu-
lar bundles which can be cannulated and used for airway
or vascular cell inoculations.**** Many small acellular
segments can be produced from an individual lobe or lung
thus significantly increasing the ability to perform high
throughput studies on the same lung tissues.

However, decellularized lungs often leak, largely
due to the removal of cells which form the pleural
barrier. Excision of individual acellular lung segments
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further structurally damages the remaining pleura
leaving vascular and airway branches exposed. Thus,
the integrity of the segment used for cell inoculations
and for mechanical ventilation (i.e., 3-dimensional
cyclic mechanical stretch) is compromised. This has left
researchers with two sub-optimal choices for high
throughput studies: (1) recellularization of an entire
acellular large animal or human lung or lobe, an
impractical approach for high throughput mechanistic
studies, or (2) recellularization of a leaky excised
acellular segment. Prior approaches investigating re-
cellularization of small acellular segments from large
animal or human lungs have utilized non-specific
monolayer cell seedings onto thin slices of acellular
tissue or non-specific injections into thicker tissue
segments.>’?%?> While these approaches can provide
some information about cell behavior in the acellular
scaffold, this is limited by the lack of specific cell
inoculations into anatomically appropriate airway or
vascular compartments and also by the lack of ability
to have the inoculated segments undergo appropriate
3-dimensional mechanical stretch. The ideal material
for coating excised segments would have sufficient
mechanical stability to permit cellular inoculations and
mechanical ventilation, is non-cytotoxic, and encour-
ages cells to preferentially adhere to the acellular
scaffold.

Alginate, a naturally occurring biocompatible
polysaccharide extracted from brown seaweed, has
several unique properties that have enabled its use as a
matrix for the entrapment and/or delivery of a variety
of biological agents.®>? In addition, alginate inherently
lacks the ability to induce mammalian cell adhesion,
making it a natural choice for wound dressings and
seals in vivo.'* Alginate is an anionic linear copolymer
comprised of f-pD-mannuronate and o-L-guluronate
blocks and thus can be ionically crosslinked by the
addition of divalent cations such as calcium in aqueous
solution to form a hydrogel."> This relatively mild and
quick gelation process has enabled not only proteins
but also cells to be safely incorporated into alginate
matrices with retention of full biological activity.’
However, ionically crosslinked alginate hydrogels have
a short life-span in the presence of calcium chelators.
Therefore, researchers have investigated the chemical
modification of alginate to enable covalent crosslink-
ing for the purpose of increasing the residence life of
the hydrogels in situ and increasing the durability of
the materials.''*>%®

We reasoned that these biologic and mechanical
properties would serve well as a pleural coating and
thus describe the development of effective alginate-
based artificial pleural coatings for use with lung
regeneration studies involving small segments of acel-
lular large animal and human lungs.

METHODS

Decellularization of Human Lungs

Cadaveric human lung lobes were obtained from
autopsy services at Fletcher Allen Hospital in Bur-
lington, Vermont. Lungs were categorized as normal
or diseased based on review of available clinical re-
cords, including known history of lung disease,
smoking history, chest radiographs, and use of respi-
ratory medications. No other patient-specific identifi-
ers were utilized. Whole lungs or individual lobes were
decellularized using a previously optimized method for
lungs from large animals or humans based on modifi-
cations from approaches wutilized in mouse
lungs.!:>630:33:3436 1 brief, lungs were exposed to
sequential washes of Triton X-100, sodium deoxycho-
late (SDC), 1 M NaCl, and DNAse, with intermittent
washes with deionized (DI) water and extensive rinsing
with phosphate-buffered saline (PBS).

Viscosity Measurements of Sodium Alginate (Na-AA)

Solutions of high molecular weight Na-AA
(Manugel®, FMC Biopolymer, Philadelphia, PA) or
low molecular weight Na-AA (Protanol®, FMC Bio-
polymer, Philadelphia, PA) were made at concentra-
tions ranging from 0.5 to 5% (w/v) in deionized water.
Solution viscosities were determined using a rheometer
(AR2000, TA Instruments, New Castle, DE). Utilizing
a 40 mm-diameter, 1° angled cone geometry, alginate
solutions (0.5-2% (w/v)) were exposed to varying de-
grees of shear (1-140/s) at 1% radial shear strain.?

Synthesis of Calcium Alginate Hydrogels

Tonically crosslinked hydrogels were synthesized
using varying concentrations of calcium chloride
(CaCl,, 2-10% (w/v)) (Supplementary Fig. 1)."* Wet
mass, as an indication of extent of crosslinking, was
determined for different combinations of Manugel®
and CaCl, solutions. With the exception of the vis-
cosity measurements, all subsequent references to Na-
AA refer to Manugel® formulation.

Mass Swell Ratio Determination

The mass swelling ratio (Qmass) was determined by
dividing the wet by dry mass of calcium alginate
hydrogels synthesized with different initial concentra-
tions of Na-AA. Following ionic crosslinking with 3%
(w/v) CaCl,, all calcium alginate (Ca-AA) hydrogels
were dried overnight in a desiccator to determine dry
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Degradation of Calcium Alginate

200 uL of Manugel® solution at 2.5, 3, 4, and 5%
(w/v) were ionically crosslinked with 200 uL of 4 or
10% (w/v) CaCl, in a 48 well cell culture plate. Cal-
cium alginate hydrogels were allowed to form and the
excess liquid was aspirated off. Initial wet weights were
taken for each hydrogel and taken at days 7 and 14.
Degradation experiments were carried out in 0.05%
(w/v) sodium azide in 1x PBS in a humidified incu-
bator at 37 °C and 5% CO,.

Synthesis of Methacrylated Alginate (AA-MA)

Methacrylation of Manugel® was performed using
an aqueous reaction with methacrylic anhydride.**®
Briefly, a 2% (w/v) polymer solution was reacted with
a 20 molar excess of methacrylic anhydride for 24 h at
room temperature, adjusting pH to approximately 8.5
periodically with sodium hydroxide. The polymer was
then precipitated with cold ethanol, re-hydrolyzed and
dialyzed against deionized water extensively.''?

Photocrosslinking of Methacrylated Alginate

Methacrylated alginate was dissolved in deionized
water to make 2 or 3% (w/v) solutions with 0.00125%
(w/v) eosin Y (photosensitizer), 125 mM triethanola-
mine (TEOA, initiator), and 19 mM l-vinyl-2-pyrro-
lidinone (1VP, catalyst) and exposed to 530 nm green
light using a custom light set-up comprised of four
green LEDs soldered to 10 mm?> CoolBase (SR-05-
MO0070, Luxeon Star LEDs, LEDDynamics, Ontario,
Canada) and mounted on a 40 mm” x 10 mm Alpha
Heat Sink (LPD40-10B, Luxeon Star LEDs, Ontario,
Canada).*'>?* The whole assembly is powered by 9 V
DC. Photocrosslinked methacrylated alginate was
made by injecting 2-3% (w/v) AA-MA solutions with
eosin Y, TEOA, and 1 VP between two glass coverslips
and exposing to 530 nm light for 10 min (Supplemen-
tary Fig. 2). Discs of uniform size were then generated
using a 6 mm biopsy punch.

Mechanical Characterization of Sodium and
Methacrylated Alginate

One mL of a 3% (w/v) methacrylated alginate
solution containing photoinitiator was placed between
two parallel plates on an AR2000 Rheometer (TA
Instruments) at room temperature (n = 3). Viscosity
(Pas) of the solution was collected under 1% radial
strain at strain rates between 1 and 140 per second over
the course of 3 min. Following viscosity data collec-
tion, a green light system (520 nm) custom for rhe-
ometry collection was activated while collecting loss
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and storage moduli, and delta (the phase angle
between the moduli) at 1% radial strain and 1 Hz over
the course of 20 min. Gelation, or initiation of
hydrogel photocrosslinking, was determined as the
inflection point on the delta curve.'®¥’

Ionic or Photocrosslinking on Excised Segments of
Acellular Lung

2.5% (w/v) Manugel® or 2-3% (w/v) AA-MA was
applied to the excised lung segments and allowed to
equilibrate prior to either ionic or photo-initiated
crosslinking. Tonic crosslinking was achieved by
exposing Manugel® coated acellular lung segments to a
3% (w/v) CaCl, solution.”*** AA-MA was covalently
crosslinked by exposing coated acellular segments to
530 nm wavelengths in a custom made light box with
four green LEDs (Shown in Fig. 1). The ability of
excised segments of acellular lungs coated with calcium
alginate hydrogels to retain injected solutions was
assessed by instilling Trypan blue solution through a
cannulated small airway.

Cell Culture and Cellular Inoculations

Human lung epithelial carcinoma cells, A549
(ATCC) were cultured in DMEM/F12 basal medium
supplemented with 10% fetal bovine serum, 1% peni-
cillin-streptomycin, and 1% L-glutamine. Human
bronchiolar epithelial cells, HBEs (courtesy of Albert
van der Vliet, University of Vermont, originally from
Drs. J. Yankaskas and R. Wu)* were cultured in
DMEM/F12 basal medium supplemented with cholera
toxin (10 ng/mL), epidermal growth factor (10 ng/mL),
insulin (5 ug/mL), transferrin (5 pg/mL), dexametha-
sone (0.1 uM), bovine pituitary extract (15 ug/mL),
bovine serum albumin (0.5 mg/mL), and 1% penicillin—
streptomycin. Human endothelial progenitor cell line,
CBF (courtesy of Mervin Yoder (IUPUI)) were cultured
on collagen coated tissue culture plastic in EGM-2
complete medium (Lonza) supplemented with 10% fetal
bovine serum and 1% penicillin—streptomycin. Human
lung fibroblasts were cultured in DMEM basal medium
supplemented with 10% fetal bovine serum, 1% peni-
cillin—streptomycin, 1% L-glutamine. All cell lines were
cultured at 37 °C and 5% CO,. Cells were seeded and
cultured at specified confluence and passaged and
maintained accordingly. For all cell seedings, cells were
washed with PBS 3x, lifted with TrypLE Express (Life
Technologies), washed with FBS containing medium
and re-suspended at the appropriate concentration in
their respective complete medium.

For recellularization studies, endothelial cells were
seeded into vascular spaces of excised acellular human
lung segments through cannulated small vessels and
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Excision and Cannulation

CaCl, Solution ‘ A,_=530nm (green)

Photocrosslinked Methacrylated Alginate

Calcium Crosslinked Alginate

Seeding + Slicing

Seeding + Ventilation

FIGURE 1. Schematic of generating small segments of acellular lung and coating with calcium alginate or methacrylated alginate
hydrogels for use in high throughput studies. (a) Small segments of acellular lung can be excised from whole human lungs and
small airways or vessels can be identified and cannulated. (b) Cannulas inserted into small airways or vessels can be secured with
surgical clips for future cellular inoculations (c, d, g) or for studies with mechanical ventilation (e, f, h). (c) Excised segments can
be coated with 2.5% Na-AA solution and (d) crosslinked with 3% calcium chloride solution. (e) Excised segments can be coated
with a 2-3% solution of methacrylated alginate (AA-MA) containing eosin Y, TEOA, and 1VP and (f) photocrosslinked using
exposure to green light (4 = 530 nm). (g) Calcium alginate coated segments can be seeded through cannulated small airways or
vessels and further sliced for high throughput studies or left as whole segments. (h) Photocrosslinked methacrylated alginate
coated segments can be seeded through cannulated small airways and further exposed to ventilation for high throughput studies
in whole segments.

epithelial cells were seeded through cannulated small
airways. The excised segments were either coated with
calcium alginate hydrogels or left uncoated. Inocula-
tion efficiency was assessed by seeding approximately
same sized segments which had either been coated with
calcium alginate hydrogels or left as excised with

2 x 10° HLFs. Cells which had leaked out of the
segments were counted using a hemocytometer. For
long term culture studies, calcium alginate coated
segments were seeded with either HBEs, or CBFs
through cannulated small airways or vessels, respec-
tively. Cells were allowed to adhere and then the
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< FIGURE 2. Solution viscosity and extent of hydrogel cross-

linking is dependent on Na-AA solution concentration. (a)
High molecular weight Na-AA, Manugel® GMB (high
MW = 170-240 kDa) exhibits increased viscosity as compared
to lower molecular weight, Protanol® LF 10/60FT (low
MW = 65-75 kDa) Na-AA at the same concentration and tem-
perature. Increasing Na-AA concentration increases viscosity
for both high and low MW alginate, respectively. Increasing
temperature from 25 to 37 °C decreases viscosity for both
high and low MW alginate, respectively. (n =3, individual
plots). (b) Initial Na-AA concentration and not CaCl, concen-
tration effects initial wet weight of calcium alginate hydrogels.
See Supplementary Table 1 for p values. (c) Starting Manu-
gel® concentration significantly effects the wet to dry mass
ratio (Qmass) (N = 4). All data represented as means = stan-
dard deviations. *Statistically significant differences at
p<0.05.

segments were sliced into 2-3 mm thick slices and
cultured for 28 days.**-** Slices were harvested at 1, 3,
7, 14, 21, and 28 days.

Cytotoxicity of Degradation Products

HLFs were seeded at 10,000 cells/well in 48 well
tissue culture plates and allowed to adhere for 24 h.
Cytotoxic effects of degradation products were evalu-
ated by incubating Ca-AA or AA-MA hydrogels made
from a 6 mm biopsy punch in 500 uL. of HLF com-
plete media for 24 h. The supernatants were collected
and applied to HLFs and incubated an additional
24 h. Cytotoxicity was assessed using Cytotox96
(Promega) according to the manufacturer’s direction.
HLFs cultured on tissue culture plastic in complete
media were used as a control. Maximum LDH release
was assessed in HLFs similarly cultured for 48 h and
completely lysed with 9% Triton X-100.

Mechanical Ventilation of Methacrylated Alginate
Coated Segments

Segments coated with methacrylated alginate were
mechanically ventilated (HugoSachs MiniVent Type

4% CaCl,
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845, Harvard Apparatus, Holliston, MA) at 200-
300 uL tidal volumes, 1-3 Hz frequency, and 2 cm
H,O positive end expiratory pressure (PEEP).
Mechanical stability of the coating and the ability of
the segment to be inflated without rupturing the
pleural coating were evaluated by visual inspection.
Retention of air in the segments was confirmed by the
presence of air escaping through the PEEP trap.

Lung Histology

Acellular human lung segments, segments coated
with calcium alginate or photocrosslinked methacry-
lated alginate, and recellularized slices of acellular tis-
sue were fixed for 10 min in 4% paraformaldehyde at
room temperature. After embedding in paraffin, 5 yum
tissue sections were mounted on glass slides. Following
deparaffinization, sections were stained with hema-
toxylin & eosin (H&E) and assessed by standard light
microscopy.¢3%-33:3436 AT light microscopy images
were taken with an EVOS™ Digital Color Fluores-
cence Microscope (Advanced Microscope Group,
Bothell, WA).

Statistics

Differences in initial wet mass were determined
using two-way ANOVA, with Tukey’s multiple com-
parison’s test. Multiplicity p-values are reported for
each comparison. Cytotoxicity (LDH) analysis of
degradation products and differences between gmass
was performed using one-way ANOVA. All cytotox-
icity data are represented as percent of maximum LDH
release control (cells cultured in tissue culture plastic
for 48 h and lysed with 9% Triton X-100) + standard
deviation. Cytotoxicity and qmass data are presented
as mean =+ standard deviation. Post-analysis multiple
comparisons were conducted using the Tukey test
with a 95% confidence level and p < 0.05 considered

10% CaCl,

-~ 2.5% Manugel®
-# 3.0% Manugel®
-+ 4.0% Manugel®
- 5.0% Manugel®

200

150

100

Day

FIGURE 3. Calcium alginate does not significantly degrade over 14 days and is non-cytotoxic. Noncrosslinked alginate is
removed between days 0 and 7. Little further degradation is observed between 7 and 14 days, indicating the stability of the
hydrogels up to 14 days. n = 6 for each time point and Manugel® concentration. Bars represent the mean + standard deviation.
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FIGURE 4. Calcium alginate permits selective cellular seeding through small airways or vessels into excised segments of
acellular human lungs. (a) Trypan blue solution is retained in calcium alginate coated segments of acellular lung following
instillation through a cannulated small airway. (b) Calcium alginate hydrogel is nonadherent to A549 cells 4 h after cell seeding,
whereas cells can be seen adopting an adherent phenotype on tissue culture plastic at the same time point. (c) Calcium alginate
coated segments significantly enhance cellular retention of HLFs in excised acellular lung segments. (d) H&E assessment dem-
onstrates that calcium alginate coated segments allow selected seeding of HBEs or CBFs through small airways and small vessels,
respectively. HBEs are retained in airspaces (a) and are not present in blood vessels (bv) on day one of slice culture. CBFs, a
human endothelial progenitor cell line, are retained in blood vessels on day one and no cells are found in airspaces. Both HBEs
and CBFs can be found on day 21 and have adopted adherent phenotypes in airspaces or blood vessels, respectively, in slice
culture in normal human lung. CBFs can be seen to have adopted characteristic flattened morphology (black arrows) on day 21 in
large vessels. Original magnification of images is 100x; insets for day 21 indicated by the * taken at 200x.

statistically significant.*® Cell retention data was ana-
lyzed using Student’s ¢ test. All statistical analyses were
performed using GraphPad Prism 6.

RESULTS

Characterization of Calcium Alginate Hydrogel
Formation

Ionically crosslinked alginate hydrogels form rap-
idly when Na-AA solutions are mixed with divalent
cations, such as calcium. Calcium alginate hydrogels
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were formed by mixing different concentrations of Na-
AA with calcium chloride. The initial solution viscosity
for both high (Manugel®) and low (Protanol®)
molecular weight Na-AA in deionized water were
characterized using rheometry. At the same concen-
trations (w/v) and temperature, high molecular weight
Na-AA had higher viscosity values than lower molec-
ular weight Na-AA (Fig. 2a). Temperature was found
to decrease solution viscosity, while increasing the
concentration increased solution viscosity for both
high and low molecular weight Na-AA solutions
(Fig. 2a).
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FIGURE 5. Methacrylated alginate can be photocrosslinked using eosin Y, TEOA, and 1VP with 530 nm (green) excitation on
excised segments of acellular human lung. (a) AA-MA viscosity is shown for a 3% (w/v) solution at room temperature and does not
significantly change over the range of shear rates tested. (b) AA-MA gelation initiates at the inflection point of the delta (°) curve of
the negative slope. Initiation of gelation occurs at approximately 280 s and is completed by 800 s. (c) Histologic assessment of
excised segments of acellular human lungs coated with AA-MA shows the formation of a continuous pleural barrier which is
adherent and intercalates with the contours of the acellular lung.

The wet weight of final hydrogels and the mass
swelling ratio (Qass) are indicators of the extent of ionic
crosslinking. Using the high molecular weight formu-
lation of alginate, we characterized the extent of cross-
linking using different initial solution concentrations
and calcium chloride solutions. There were no signifi-
cant differences between calcium alginate hydrogels
formed from 2.5 and 3% (w/v) Manugel® solutions at
any CaCl, concentration, but significant differences

existed between all other combinations of 2.5, 3, 4, and
5% Manugel® concentrations for all CaCl, concentra-
tions. No significant differences existed between CaCl,
solution concentrations at the same Na-AA concentra-
tion. Thus, we found that the initial Manugel® solution
concentration, and not the CaCl, concentration, sig-
nificantly affected the wet weight and therefore the ex-
tent of crosslinking in calcium alginate hydrogels
(Fig. 2b; Supplementary Table 1).
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FIGURE 6. The degradation products of calcium alginate
and photocrosslinked methacrylated alginate are non cyto-
toxic after 24 h of culture. Calcium alginate hydrogel degra-
dation products (Ca-AA) (n=3) and photocrosslinked
methacrylated alginate (AA-MA) (n = 3) degradation products
did not elicit a cytotoxic response, as compared to control
HLF cells cultured in complete media on tissue culture plastic
(n = 6). Maximum LDH release represent the LDH content de-
tected after lysing cells after 48 h of culture (n = 3). Data are
represented as mean = standard deviation. *Statistically sig-
nificant differences as compared to control with p<0.05
considered significant.

We next characterized the swelling behavior of cal-
cium alginate hydrogels by obtaining the wet to dry
mass ratio (Qmass) for 2.5, 3 and 5% (w/v) initial
Manugel® concentrations. We found that calcium
alginate hydrogels synthesized from 2.5% (w/v) initial
Manugel® concentrations had the highest initial Qmass
(~18) and was significantly greater than those synthe-
sized from 4% (w/v) Manugel® solutions (Fig. 2c).
Therefore, calcium alginate hydrogels synthesized from
Manugel® solutions at lower concentrations swell
more and hold more water.

Degradation Characteristics of Calcium Alginate
Hydrogels

The hydrolytic degradation behavior of calcium
alginate hydrogels was evaluated over 14 days in PBS
and 37 °C. The initial wet weight loss at 7 days is
reflective of the removal of non-crosslinked Na-AA
fragments, as solutions were not changed between the
initial synthesis and day 7 (Fig. 3a). There is minimal
weight loss from day 7 to 14 in calcium alginate hydro-
gels made from 2.5 to 5% (w/v) Na-AA and crosslinked
with either 4 or 10% CaCl,, indicating the stability of the
final calcium alginate hydrogels (Fig. 3).

Calcium Alginate as a Pleural Seal

The ability of calcium alginate hydrogels to be used
as a pleural seal on excised segments of acellular lung
was initially assessed by instilling Trypan blue through

E BIOMEDICAL ENGINEERING SOCIETY™

www.bmes.org

cannulated small airways and vessels. Lungs which
were not coated with calcium alginate visibly leaked
Trypan blue (data not shown) while lungs coated with
calcium alginate retained the Trypan blue solution,
indicating preservation of the airway or vasculature
branching and that the calcium alginate was effective
at permitting inflation and retaining solutions
(Fig. 4a). The Trypan blue can be seen to be hetero-
geneously distributed throughout the excised acellular
segment, indicating that inoculation through a single
cannulated small vessel or airway does not permit
coverage of the entire segment. Rather solutions only
flow through the downstream network accessible by
that entry point.

We next tested the ability of calcium alginate to
prevent cellular adhesion. In previous attempts of
developing a pleural coating, we found that cells
preferentially adhered to the material (e.g., agar) and
did not adhere to the scaffold. Calcium alginate is
known to be non-adherent to cells owing to its high
hydrophilicity. We confirmed that calcium alginate
hydrogels are nonadherent to cells by studying the
adhesion time course of a test cell population, A549
cells, on calcium alginate hydrogels and compared this
behavior to those seeded on traditional cell culture
plastic. After 4 h, the A549 cells can be seen to be
adopting an adherent phenotype on tissue culture
plastic, while they remain rounded and non-adherent
on calcium alginate hydrogels (Fig. 4b).

We then examined the ability of calcium alginate
hydrogels to enhance cellular retention and to permit
biologically relevant seeding through small airways
and vessels. Using another test cell population, human
lung fibroblasts (HLFs), we inoculated cells through
cannulated small airways in calcium alginate and non-
coated segments excised from acellular human lungs.
We found that the use of calcium alginate as a syn-
thetic pleura material significantly enhanced retention
of cells in inoculated segments (Fig. 4c). HBEs or
human CBFs inoculated through cannulated small
airways or small vessels, respectively, can be seen to be
exclusively in their inoculated components on day 1
when segments are coated with calcium alginate and
sliced for high throughput studies (Fig. 4d). Further,
we are able to culture cells in these thin slices for up to
21 days (Fig. 4d), which indicates that the scaffold,
calcium alginate material and their degradation pro-
ducts are non cytotoxic, over 21 days. However, due to
loss of surfactant and natural contraction of the acel-
lular tissue with time, some regions appear atelectatic.
In rodents, we previously found that these airspaces
and vessels which had collapsed with time could be
reopened with subsequent inflation." This further
points to the likely necessity of mechanical ventilation
and perfusion for lung tissue regeneration strategies to
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prevent collapse of tissue and loss of oxygen and
nutrient supply.

Characterization of Photocrosslinked Methacrylated
Alginate

While calcium alginate can be used for cellular
inoculations, it does not have sufficient durability for
ventilation studies. Therefore, we sought to modify the
Na-AA backbone to include methacrylate groups,
permitting covalent crosslinking with an appropriate
chemical or photoinitiated crosslinking system. Using
a well characterized aqueous chemistry, we generated
methacrylated alginate (AA-MA) from the high
molecular weight (Manugel®) formulation. The vis-
cosity of a 3% (w/v) methacrylated alginate decreased
when tested at the same temperature and shear rate as
compared to 2% (w/v) Manugel® solutions, due to the
exposure of methacrylic acid during chemical modifi-
cation and subsequent chain scission. Therefore, the
reduced viscosity of approximately 50% was taken
into consideration when formulating solutions for
coating the small acellular lung segments. However, it
should be noted that the viscosity of the methacrylated
alginate solutions were less affected by the increasing
shear rate (1/s) as compared to the Na-AA solutions
(Figs. 2a and 5a).

The addition of methacrylate groups was confirmed
by testing the ability of the 3% AA-MA solution to be
covalently crosslinked using a photocrosslinking sys-
tem. The eosin Y, TEOA, and 1VP system has been
previously used in other photo-initiated crosslinking
systems.'>'®2* The main benefits of this system are
that it is generally regarded as having extremely low
cytotoxicity as compared to UV based photocross-
linking systems. This is attributed to the small amounts
of photoinitiators and catalysts required for cross-
linking. Further, the maximum absorbance for eosin Y
is 510 nm, so photocrosslinking occurs in this system
using visible green light. Green light is well regarded to
be more cytocompatible as compared to UV excita-
tion, which is often used in other photocrosslinking
systems. We found that exposure to green light induced
covalent crosslinking of methacrylated alginate (Sup-
plementary Fig. 2, Fig. 5b). The gelation time, or ini-
tiation of crosslinking and hydrogel formation, was
determined from the delta (°) vs. time (s) curve, shown
in (Fig. 5b). Delta is the phase angle between the loss
and storage moduli, which represents the viscous and
elastic response, respectively, of a polymer solution. As
a polymer hydrogel begins to form, delta drops from
90° to 0° signifying complete gelation. The onset of
gelation occurs at the inflection point, or the point at
which the curve begins to drop significantly. Therefore,
gelation was determined to initiate around 280 s and

crosslinking was complete at 800 s. Thus, we success-
fully generated methacrylated alginate and were able to
generate covalently crosslinked hydrogels using an
eosin Y, TEOA, and 1VP system with green light
excitation.

Photocrosslinked Methacrylated Alginate as a Pleural
Seal

The ability of methacrylated alginate to be photo-
crosslinked onto acellular lung segments using green
light was assessed. We found that methacrylated algi-
nate solutions with photoinitiator crosslinked onto
acellular lungs and formed a synthetic pleural layer
(Fig. 1). Acellular segments contain regions devoid of
a naive pleural barrier and are thus leaky. The meth-
acrylated alginate solution intercalated with the acel-
lular lung and formed an intact synthetic pleural
barrier after photocrosslinking (Fig. 5¢). Finally, we
assessed the ability of photocrosslinked methacrylated
alginate to serve as a functional synthetic pleura, per-
mitting mechanical ventilation. Excised acellular seg-
ments cannulated through small airways which were
not coated with alginate are unable to retain air and
inflate. However, excised acellular segments which had
been coated with methacrylated alginate solutions and
photocrosslinked could be ventilated (Video 1). Thus,
photocrosslinked methacrylated alginate can be used
as a synthetic pleural barrier to permit mechanical
ventilation.

Cytotoxicity of Calcium Alginate or Photocrosslinked
Methacrylated Alginate

The cytotoxicity of calcium alginate and photo-
crosslinked methacrylated alginate degradation pro-
ducts was assessed by culturing HLF cells in
supernatants from hydrogels incubated for 24 h at
37 °C and 5% CO, in complete medium. Neither the
calcium alginate hydrogel or photocrosslinked meth-
acrylated alginate degradation products induced sig-
nificant cytotoxicity as compared to control HLF cells
cultured on tissue culture plastic with complete med-
ium (Fig. 6).

DISCUSSION

We have developed a novel and innovative
approach utilizing crosslinked alginate hydrogels as a
functional interim artificial pleural coating. We have
further developed a formulation comprised of meth-
acrylated alginate which can be crosslinked on the
acellular Iung using either CaCl, or photo-polymeri-
zation to form an effective non-toxic, flexible coating
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for decellularized lung segments. The physical prop-
erties of the cross-linked alginates provide both tensile
strength and in the case of photocrosslinked methac-
rylated alginate appropriate flexibility to allow 3-
dimensional stretch, i.e., mechanical ventilation, of the
coated small acellular lung segments. Importantly, the
coatings do not rapidly degrade which will allow long
term study of coated small lung segments as recellu-
larization occurs, including reconstitution of a native
pleural coating. Further, degradation products from
the crosslinked alginate coatings are non-toxic to
inoculated cells.

This is a simple and elegant novel approach for
generating an effective artificial pleural coating for use
in studying recellularization of decellularized human
lung segments and, in particular, effects of cyclic
mechanical stretch on cells inoculated into the coated
segments. A single literature report describes use of
non-crosslinked alginate clinically to close pleural de-
fects in vivo.?' Non-crosslinked alginate can also acti-
vate macrophages, an effect not observed with the use
of crosslinked alginates.'®*® However, to our knowl-
edge, this approach has not been utilized elsewhere and
other available potential coatings such as agar, latex,
and silicone are either ineffective or toxic to inoculated
cells (data not shown). Neither crosslinked calcium
alginate nor methacrylated alginate have been previ-
ously evaluated or utilized as an artificial pleural
coating in any context.

The use of the crosslinked alginate as interim pleura
is required for physiologic inoculation through small
airways and vessels into acellular lung segments to
permit high throughput studies from a single acellular
large animal or human lung. The addition of methac-
rylate groups onto the alginate backbone permits
covalent crosslinking by free radical polymerization
and yields a final material with improved mechanical
stability over ionically crosslinked alginate. Covalently
crosslinked alginate can be used for studies of 3-
dimensional cyclic mechanical stretch, without which,
we found that studies of 3-dimensional cyclic
mechanical ventilation are not possible. In future
studies and in further optimization of methacrylated
alginate formulations, it will be important to fully
characterize the mechanical properties and modes of
failure (i.e., maximal burst pressure, hydrolytic degra-
dation, cyclic fatigue, efc.). Further, it will be impor-
tant to fully characterize the mode of adhesion
(mechanical vs. chemical) of the methacrylated algi-
nate formulations on acellular segments of human
lungs. The use and optimization of alginate as a pleural
barrier is an important methodological advancement
for maximizing the use of acellular lungs from large
animals and humans.
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