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ORIGINAL ARTICLE

Small-Caliber Vascular Grafts Engineered from Decellularized
Leaves and Cross-Linked Gelatin

Nicole Gorbenko, Gianna Rinaldi, Amalia Sanchez, and Nick Merna, PhD

Despite advances in vascular replacement and repair, fabricating small-diameter vascular grafts with low throm-
bogenicity and appropriate tissue mechanics remains a challenge. A wide range of platforms have been devel-
oped to use plant-derived scaffolds for various applications. Unlike animal tissue, plants are primarily composed
of cellulose which can offer a promising, nonthrombogenic alternative capable of promoting cell attachment
and redirecting blood flow. By taking advantage of the biocompatibility and mechanical properties of cellulose,
we developed small-diameter vascular grafts using decellularized leatherleaf viburnum and cross-linked gelatin.
Different terrestrial plant leaves (leatherleaf, spinach, and parsley) were decellularized with sodium dodecyl
sulfate, egtazic acid and/or Tergitol, followed by a bleach and Triton X-100 clearing solution, and then eval-
uated for decellularization efficiency, mechanical integrity, and recellularization potential. Hematoxylin and
eosin staining and DNA quantification revealed successful removal of cells in all leatherleaf conditions.
Methods of 3D graft fabrication were evaluated, and leatherleaf scaffolds maintained suitable tensile and rup-
ture strength properties. 2D scaffolds and 3D grafts were seeded with rat endothelial cells. Cells remained
viable for over 14 days with cell densities comparable to other natural and synthetic scaffolds. This study dem-
onstrates the potential of cost effective and readily available decellularized plants to generate small-diameter
vascular grafts capable of recellularization and with suitable mechanical properties.
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Impact Statement

Due to the prevalence of coronary heart disease in the United States, small-caliber vascular grafts for coronary bypass
surgery are in high demand. We evaluate decellularized plant leaves as potential candidates for small-diameter vascular
grafts with appropriate mechanical properties and recellularization potential.

have been made to enhance endothelialization and minimize
thrombosis in synthetic grafts using extracellular matrix
proteins and growth factors.> It is also necessary to match
mechanical properties of native vessel and graft material, to

Introduction

CORONARY ARTERY DISEASE accounts for 610,000 (one
in four) deaths annually in the United States.' Surgical

intervention involves arterial bypass to redirect blood flow
around blocked arteries. As a result, there is a growing need
for synthetic, natural, and hybrid polymer small-diameter
vascular graft alternatives to autologous vessels. Attempts

prevent suture-line stress concentrations.*”

Structural similarities between animal and plant tissues
inspired a recent strategy of decellularizing plants for pat-
ches and 3D scaffolds for vascular, skeletal, bone, and
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cardiac tissue engineering.’"'® Plant cell walls contain cel-
lulose, embedded with pectin and lignin.'"'? Plant-derived
cellulose is accessible, inexpensive, and biocompatible, with
tunable mechanical properties. Gelatin cross-linked with
glutaraldehyde has been extensively studied for medical
applications; examples include vascular sealant in surgery
and tissue adhesive for reinforcing acutely dissected aortic
wall."*™'® The aim of this study was to construct robust and
endothelialized small-diameter vascular grafts using decel-
lularized plant leaves with cross-linked gelatin.

Studies utilizing sodium dodecyl sulfate (SDS) and Triton
X-100 with plants present promising and cost effective path-
ways for cell removal, compared to protocols using DNase or
supercritical carbon dioxide.'”'® However, decellularization
efficacy of Tergitol and egtazic acid (EGTA) has not been
tested on plants. We previously demonstrated that decel-
lularization potentially damages the structure and mechan-
ical properties of umbilical cord arteries.'® Preservation of
extracellular matrix structure during decellularization is cru-
cial to prevent immediate distension of vascular grafts upon
implantation.”® In this study we investigate structural and
mechanical changes in plant extracellular matrix resulting
from different decellularization protocols.

A successful tissue engineered vascular graft requires an
appropriate combination of scaffold, cell source, and cell
seeding strategy to maintain long-term patency and mini-
mize thrombosis in vivo. We engineered vessels with suit-
able mechanical properties using plant-derived scaffold and
cross-linked gelatin. We hypothesize that surface rough-
ness and small pore size of decellularized leatherleaf will
enhance recellularization of endothelial cells (ECs) and bet-
ter recapitulate the lumen of native vessels.

Materials and Methods
Plant leaf decellularization

Fresh leatherleaf viburnum, spinach, and parsley were
rinsed in deionized water and decellularized through one
of four pathways in an orbital shaker at 37°C (Fig. 1):

(1) SDS: 72h in 2% SDS (Sigma-Aldrich) in deionized
water refreshed every 24 h.

(2) SDS/EGTA: alternating between 24 h in 2% SDS and
24h in 0.05% EGTA in deionized water (Sigma-
Aldrich) for 96 h.
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(3) Tergitol/EGTA: alternating between 24 h in 1% Ter-
gitol in deionized water (Sigma-Aldrich) and 24 h in
0.05% EGTA for 96 h.

(4) Tergitol/SDS: alternating between 24 h in 1% Tergitol
and 24 h in 2% SDS for 96 h.

Pathways were followed with 6h in clearing solution
(10% bleach and 0.1% Triton X-100 in deionized water),
sterilization in 70% ethanol for 1h, and storage in PBS for
up to 1 week at 4°C.

DNA quantification

Thirty to fifty milligram of intact (nondecellularized) and
decellularized plant leaf was ground (Kimble Pellet Pestle),
weighed, and digested with lysis buffer containing protein-
ase K (Omega Bio-Tek) for 30 min at 56°C. DNA was ext-
racted using magnetic beads and measured photometrically
at 260 nm.

Tensile testing

Decellularized plant leaves and glutaraldehyde cross-
linked gelatin sheets (control) were cut into dog-bone shapes
(Fig. 2C). Digital calipers measured gauge length, thickness,
and width of each sample’s narrowest section. Samples were
pulled uniaxially at 0.08 mm/s until failure (Fig. 2D). True
strain, true stress, maximum tensile stress, and elastic mod-
ulus were calculated from measured load and extension.

Maximum modulus, tensile stress, and failure stain of 3D
grafts were analyzed as previously described.?'** Grafts were
mounted between two steel pins, prestretched for three
cycles to 10% strain, then pulled until failure at 0.08 mm/s.

Histological staining

Intact and decellularized leatherleaf fixed in 4% formal-
dehyde (Sigma-Aldrich) for 1h, stored in ethanol, was sent
to VitroVivo Biotech (Rockville, Maryland) for paraffin em-
bedding and hematoxylin and eosin (H&E) staining. Addi-
tional samples were stained in-house with 1% Safranin O or
1% Toluidine Blue. Brightfield microscopy was performed
at 10x, 20x, and 40 x magnification (BioTek).

Scanning electron microscopy

A 10x 10 mm intact, SDS-, SDS/EGTA-, Tergitol/EGTA-,
and Tergitol/SDS-decellularized leatherleaf, spinach, and
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FIG. 1.

SDS (1), SDS/EGTA (2), Tergitol/EGTA (3), and Tergitol/SDS (4) decellularization followed by a 6 h treatment

with clearing solution. EGTA, egtazic acid; SDS, sodium dodecyl sulfate. Color images are available online.
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FIG. 2. DNA content (A) and Elastic Modulus (B) for intact, SDS-, SDS/EGTA-, Tergitol/EGTA-, and Tergitol/SDS-
decellularized leatherleaf, spinach, and parsley. A custom printed stencil (C) was used to cut samples into a dog-bone shape

for tensile testing (D). Color images are available online.

parsley were fixed and rinsed with ascending ethanol con-
centrations (70-100%) for 1h. Samples were dried in a
Samdri-795 critical point dryer (Tousimis), mounted on
aluminum stubs, and coated with gold using an EMS-550
sputter coater. A Quanta FEI-250 scanning electron micro-
scope (SEM) imaged abaxial and adaxial surfaces of leath-
erleaf, spinach, and parsley with and without cell seeding at
200 x and 800 X magnification. Pores were measured manu-
ally at 800 x.

Fabrication of 3D grafts

SDS- and SDS/EGTA-decellularized leatherleaf, spinach,
and parsley cut to 25 X 42 mm were wrapped once around an
acrylic rod 2mm in diameter, using the adaxial side as the
inner surface. A measure of 88.2 uL. of 30%, 40%, 50%, or
60% gelatin heated to 55°C, mixed with 11.76 pLL of 25%
glutaraldehyde (Sigma-Aldrich), was applied evenly along
the leaf’s width (Supplementary Fig. S1). Remaining leaf
was wrapped around the rod, held for 1 min to allow gelatin
to cross-link, and incubated at 37°C overnight. Additional
grafts were constructed with fibrin using 50 pLL of 70 mg/mL
fibrinogen (Sigma-Aldrich) with 50 pL of 20 U/mL throm-
bin (Sigma-Aldrich). Tubes created as a control using 50%
gelatin and 25% glutaraldehyde had identical dimensions
to 3D decellularized leatherleaf grafts.

Assessment of graft thickness and diameter

3D SDS-decellularized leatherleaf grafts were submer-
ged in polydimethylsiloxane at 10:1 parts base to curing
agent. Polydimethylsiloxane was cured for 1h at 72°C.

Grafts were sectioned into seven equal segments. Thick-
ness and inner diameter of each segment were recorded.

Burst pressure testing

3D grafts (leatherleaf, spinach, parsley) and gelatin tubes
were secured to barb adapters using parafilm. One end was
attached to a pressure sensor (Automation Products Group,
Logan, UT). A syringe was used to inject water into the
other end at constant pressure. A slow-motion camera rec-
orded peak pressure before failure. Leatherleaf grafts stored
in cell growth medium were assessed at day 1, 7, 30, 60, or 90.

2D seeding: recellularization of plant leaves

Cell culture. Primary rat aortic ECs from Cell Applica-
tions (San Diego, CA), expanded in Heracell 150i CO,
incubators (Thermo Scientific) with 5% CO,, were used up to
passage seven. Cells were fed with Rat EC Growth Medium
(Cell Applications) supplemented with 2% fetal calf serum,
endothelial growth supplement, epidermal growth factor, basic
fibroblast growth factor, heparin, and hydrocortisone.

2D seeding. Decellularized leaves were coated with
20 pg/mL fibronectin (Sigma-Aldrich) for 1h. Select con-
ditions remained uncoated. ECs seeded at 625,000/cm?* were
incubated for 2h before feeding. As a control, ECs were
seeded onto cross-linked gelatin with and without fibro-
nectin at 625,000/cm?®. After 5 days, recellularized samples
were rinsed in PBS, fixed in 4% formaldehyde, and stained
with diamidino-2-phenylindole (DAPI) nuclear stain for
5 min.
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Blinded counters manually recorded nuclei in three con-
fluent regions on each sheet (n=9) using fluorescence
microscopy (Zeiss Axio Vert.Al) at 5. Additional samples
were trypsinized, and cells were counted 2, 24, or 48 h after
seeding.

Scratch assays were performed on ECs in fibronectin
coated six well plates using 1000 pL. pipette tips. In one
well, 50% gelatin and 25% glutaraldehyde were mixed.
Images taken immediately after scratches and 24h later
were used to measure gap distances in ImageJ and determine
cell migration rate.

Recellularization of 3D grafts

Acellular 3D grafts were filled with fibronectin (20 pg/mL)
with barb adapters attached at both ends and incubated for
1 h. A measure of 1.5x 10° ECs/mL was injected into each
graft until capacity. Seeded grafts were incubated at 37°C in
cell culture media and rotated 90° every 15 min for 3 h. Cells
were gravity fed for 5 days, then evaluated using DAPI
staining and imaging as previously described. Remaining
samples were trypsinized to count adhered cells.

Statistical analysis

Anderson—Darling tests determined if data were nor-
mally distributed, and two-tailed Student’s paired t-tests

FIG. 3. Representative
images of intact, SDS-, SDS/
EGTA-, Tergitol/EGTA-,
and Tergitol/SDS-
decellularized leatherleaf
viburnum (A), spinach (B),
and parsley (C). Color
images are available online.
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determined statistical significance (p-value <0.05) through
Microsoft Excel. Data are expressed as mean* standard
deviation. All sample sizes (n=3) describe biological rep-
licates unless stated otherwise.

Results
Assessment of decellularization

Decellularized leatherleaf was opaque, whitish, and rough.
Decellularization reduced leatherleaf thickness from 0.4 %
0.03 to 0.32+£0.05mm (p=0.04). Decellularized spinach
and parsley were smooth and translucent (Fig. 3), and thick-
ness decreased from 0.7+0.22 to 0.06£0.01 (p=0.02) and
0.34£0.15 to 0.17+£0.05mm (p=0.09), respectively. All
decellularized leaves were less stiff than intact samples,
except for spinach treated with Tergitol (Fig. 2B). DNA
quantification (Fig. 2A), histology (Fig. 4A), and DAPI
staining (Fig. 4B) confirmed cell removal. DNA content
(ng/mg tissue) was 234.3+78.9, 2.3+£2.6, 5.9+4.6, 2.5+
1.9, and 4.1+1.7 for intact, SDS-, SDS/EGTA-, Tergitol/
EGTA-, and Tergitol/SDS-decellularized leatherleaf, res-
pectively. Decellularization removed over 97% (p=0.018),
92% (p=0.08), and 87% (p<0.01) of DNA for leatherleaf,
spinach, and parsley, respectively. Residual DNA in leath-
erleaf (<50ng DNA/mg tissue) represented satisfactory
DNA removal.
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FIG. 4. Representative H&E staining for visualization of structure of intact (A) and SDS- (B) and SDS/EGTA-
decellularized (C) leatherleaf cross-section at 40 x magnification. Representative images of DAPI nuclear counterstain on
the adaxial surface of leatherleaf before (D) and after decellularization with SDS (E) and SDS/EGTA (F). DAPI, diamidino-
2-phenylindole; H&E, hematoxylin and eosin. Color images are available online.

Elastic modulus was 3.8+0.2, 4.0+1.4,3.9£0.3, 2.7+0.9,
and 2.8£0.2 MPa for intact, SDS-, SDS/EGTA-, Tergitol/
EGTA-, and Tergitol/SDS-decellularized leatherleaf, res-
pectively. Tergitol/SDS-decellularization reduced -elastic
modulus of leatherleaf (by 26%, p<0.01), unlike other
decellularization conditions. Elastic modulus of spinach was
1.15+£0.22, 1.62+0.58, 0.54£0.77, 4.05+1.33, and 2.34+
1.09 MPa for intact, SDS-, SDS/EGTA-, Tergitol/EGTA-,
and Tergitol/SDS-decellularization, respectively. Parsley was
4.4710.16, 3.59+1.47, 2.284+0.62, 1.21+0.17, and 0.21 £
0.29 MPa, respectively. Elastic modulus of cross-linked
gelatin was 0.3+0.1 MPa, and failure strain was 0.1 £0.02.

Leatherleaf microstructures were qualitatively evaluated
through SEM imaging and histology. Intact leaves had an
upper and lower epidermis containing mesophyll and vas-
cular bundles (Fig. 4A). Decellularization with SDS and
SDS/EGTA (Fig. 4B, C) removed all cellular components
from the cellulose structure as confirmed with DAPI stain-
ing (Fig. 4D-F). Pores remained visible after decellular-
ization. Safranin O staining revealed red lignified cell walls
in leatherleaf that remained after decellularization with
SDS and SDS/EGTA (Supplementary Fig. S2). Chromo-
somes and cell nuclei stained dark red were removed.
Toluidine staining showed greenish-blue xylem that was not
visible after decellularization. However, parenchyma and
cell walls stained dark purple were conserved.

SEM imaging revealed multibranched trichomes on abaxial
surfaces of leatherleaf before and after all decellularization
conditions (Fig. 5), giving a fuzzy texture. Decellularization
had no effect on trichome density, but Tergitol and EGTA

damaged them. Spinach and parsley had no trichomes. Lea-
therleaf, spinach, and parsley contained pores evenly distrib-
uted over abaxial surfaces of each leaf (Fig. 6). SDS/EGTA
decreased leatherleaf pore size from 15.8+2.2 to 129+
1.2um (p<0.001), but SDS had no effect. SDS and SDS/
EGTA decreased parsley pore size from 19.8+3.0 to 15+ 1.8
(p=0.001) and 15.7+£1.0pm (p=0.001), respectively.
Spinach pores increased after SDS and SDS/EGTA-
decellularization, from 14+1.2 to 184+1.1 (p<0.001)
and to 17.5+ 1.4 um (p=0.001), respectively (Supplementary
Fig. S3). Tightly packed cell walls on adaxial surfaces rem-
ained after decellularization, providing a smooth texture.

Assessment of 3D grafts

Burst pressure testing. Burst pressures of 3D grafts
were 18.1114.8, 11.0+8.2, 17.0£7.9, and 12.1+5.0 psi
for decellularized leatherleaf with 30%, 40%, 50%, or 60%
gelatin and 25% glutaraldehyde (Fig. 7). Burst pressures of
3D grafts constructed from decellularized spinach or pars-
ley combined with 50% gelatin were lower compared
with leatherleaf grafts, with values of 0.1£0.1 (p<0.05)
and 0.3+0.3 psi (p<0.05), respectively. Pure cross-linked
gelatin tubes had burst pressure of 2+ 1.4 psi, 88% lower
compared with leatherleaf grafts (p<0.05). Increasing
concentrations of gelatin decreased cross-linking times
(between 5-20s). Additional leatherleaf grafts were incu-
bated in media at 37°C for up to 90 days. Burst pressures
were 17.1£7.9, 13.7+£4.3, 13.1£2.5, 13.4+£3.9, and 13.9+
1.9 psi at day 1, 7, 30, 60, and 90, respectively. No changes
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FIG. 5. Representative 200 x magnification SEM images of the adaxial and abaxial surfaces of leatherleaf before (A, F)
and after decellularization with SDS (B, G), SDS/EGTA (C, H), Tergitol/EGTA (D, I), Tergitol/SDS (E, J). Representative
images of leatherleaf seeded with ECs (K-R). ECs are indicated by red arrows on the abaxial and adaxial surfaces with
800 x magnification. ECs, endothelial cells; SEM, scanning electron microscope. Color images are available online.

in burst pressure occurred over time (p>0.2). SDS-
decellularized 3D grafts containing fibrin measured burst
pressures below 0.1 psi.

Measurement of graft dimensions. Average wall thick-
ness for leatherleaf grafts was 1.09%.05mm with no dif-
ference in thickness along the length of each graft (p>0.21)
or between grafts (p>0.17). Average inner diameter was
2.08£.05mm, and no difference was observed along the
length of each graft (p>0.19) or between grafts (p>0.39).

Tensile testing. Maximum modulus of 3D grafts con-
structed from SDS-decellularized leatherleaf and gelatin
was 1.3%£0.1 MPa. Maximum tensile stress at failure was
5.5+ 1.1 MPa, and failure strain was 4.1+0.7.

Recellularization of 2D sheets

Decellularized leatherleaf coated with fibronectin was
seeded with ECs to assess recellularization potential. Cells

adhered within 2h and increased in number by 19.8%
(p=0.03) and 55.7% (p<0.01) after 24 and 48h when
trypsinized and counted (Fig. 8H). Rate of proliferation was
lower compared with ECs cultured on polystyrene. SDS-
and SDS/EDTA-decellularized leatherleaf seeded with
ECs and stained with DAPI after 5 days (Fig. 8A, B) had
1296 and 1450 cells/mm?, respectively. Adhered cells were
distributed unevenly when seeded on uncoated leatherleaf.
While SDS-decellularized leatherleaf without fibronectin
reduced cell density by 62% (p<0.05), cells adhered suc-
cessfully to uncoated SDS/EGTA-decellularized leatherleaf
(p>0.05) (Fig. 8). Compared to leatherleaf, cells seeded
onto pure cross-linked gelatin had lower densities of 633
and 817 cells/mm” (p<0.05) with and without fibronectin
coatings, respectively (Fig. 8C, F).

To evaluate effects of trichomes on cell seeding, both
sides of leatherleaf samples were coated with fibronectin
and seeded with ECs. SEM revealed cell adhesion to
adaxial surfaces of SDS-, SDS/EGTA-, and Tergitol/SDS-
decellularized leatherleaf (Fig. SK-N), but lower cell
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FIG. 6. Representative SEM images at 800 X magnification illustrating pores present on the abaxial surface of leatherleaf
(A), spinach (B), and parsley (C) before decellularization, after decellularization with SDS, and after decellularization with

SDS/EGTA.

densities on abaxial surfaces (containing trichomes) for all
conditions (Fig. 50-R). Cross-linked gelatin reduced EC
migration rate by 73% (p <0.01) in scratch assays (Fig. 8I),
compared to untreated controls.

Recellularization of 3D grafts

3D grafts fabricated using SDS- or SDS/EGTA-
decellularized leatherleaf, 50% gelatin, and glutaraldehyde
were recellularized with ECs. DAPI staining revealed cell
adhesion to the lumen, and no gelatin was present on these
surfaces (Fig. 9A). Manual counting of cell nuclei by
DAPI staining showed similar cell densities at day 5 for
SDS- and SDS/EGTA-decellularized leatherleaf (1174 vs.
1192 cells/mm?, p=0.06). Evaluation of cell density by
trypsinization at day 7 resulted in values of 840 cells/mm?
for both conditions. By day 14, cell density on SDS-
decellularized leatherleaf increased to 1157 cells/mmz,
compared to 1847 cells/mm? for SDS/EGTA-decellularized
leaves (Fig. 9B). H&E staining confirmed cell adhesion to
decellularized leatherleaf sheets and 3D grafts (Fig. 9C, D).

Discussion

Small-caliber engineered blood vessels should exhibit
suitable tensile and rupture strength properties, with a lumi-
nal surface to reduce blood coagulation and maintain
patency.”®> While decellularized plants are being extensively
studied for tissue engineering, we present a novel method
for generation of small-caliber vascular grafts using plant-
derived scaffolds and cross-linked gelatin. SDS, EGTA,
bleach, and Triton X-100 removed DNA from leatherleaf,
while preserving mechanical properties of extracellular
matrix. Combining decellularized leatherleaf with cross-
linked gelatin improved mechanical properties and endo-
thelialization, compared to cross-linked gelatin alone.

DNA removal in decellularized leatherleaf was confirmed
by DNA quantification and H&E and DAPI staining, with
comparable results to other studies.”® Pores were visible
after decellularization with and without DAPI staining due
to autofluorescence generated at those wavelengths.?*
Incomplete DNA removal and reduced mechanical proper-
ties in decellularized spinach and parsley were primary
factors in choosing leatherleaf for subsequent cell seeding
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experiments. Leatherleaf is larger, enabling more applica-
tions than spinach and parsley.

SEM revealed multibranched trichomes and pores on ab-
axial surfaces of leatherleaf, which increased water absorption.
Conversely, smooth adaxial surfaces had reduced water
absorption. Decellularization had no discernible effect on
these structures. Previous SEM imaging of SDS-decellularized
spinach reveals no topographical changes on its surface;’
however, trichome damage was reported for decellularized
olive leaves.”® This was paired with higher cytotoxicity and
reduced elastic modulus, possibly due to increased time in
clearing solution and shorter water rinses, compared to our
protocol. This highlights the importance of clearing solution
and water rinse timing during decellularization.

SDS- and SDS/EGTA-decellularization with an orbital
shaker had little effect on mechanical properties of leath-

il

% Gelatin

0 i i ' i I
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erleaf, while Tergitol-decellularization reduced elastic mod-
ulus. Therefore, SDS- and SDS/EGTA-decellularization
were chosen for subsequent experiments. Perfusion decel-
lularization has been successful with spinach and parsley
due to their vascular network, while soaking methods have
been used for bulky structures such as apple and onion.”'
Clearing solution was essential for our decellularization,
giving each leaf its translucent appearance as previously
reported.”® However, exposure to clearing solution exceed-
ing 6h led to decreased mechanical properties. Many pro-
tocols use clearing solutions to decellularize plant leaves for
24-48h with higher concentrations of SDS, which redu-
ces mechanical properties.”'®

In this study, deionized water rinsing was essential for
removing residual detergents. Furthermore, prolonged ex-
posure to ethanol during sterilization increased stiffness



PLANT-BASED VASCULAR GRAFTS

G 100 H o
1400 I 1200 <
o 1200 § 2; 1000
E 1000 : E o8
= 800 ; S 600 o
& 600 ; S 400 M
400 i 200
200 0

SDS SDS/EGTA

405

50um

* ok I &
I 5 12
g2 T 10 I

== g ®

m leatherleaf & ¢

polystyrene '8 4
g

20 2 1

24 48 =

Time (hours)

0 i

control Gel/GA

FIG. 8. Representative 10 x magnification images of ECs seeded on SDS- (A) and SDS/EGTA-decellularized leatherleaf
viburnum (B), and cross-linked gelatin (C) with fibronectin coating and without fibronectin coating (D-F) and stained with
DAPI nuclear counterstain. EC count from DAPI stained images (G) and by cell passaging (H). Scratch assay for untreated
and gelatin/glutaraldehyde coated ECs (I). *p <0.05, **p<0.01 and error bars represent SD. SD, standard deviation. Color

images are available online.

potentially due to molecular rearrangement as previously
shown for silk and nanocomposite biomaterials.”’*® Pre-
viously, SDS or clearing solution alone failed to decellularize
spinach, indicating that both anionic and nonionic detergents
may be needed.’” Supercritical carbon dioxide was reported to
remove DNA from spinach quickly, but it reduced ultimate
tensile strength compared to chemical treatments.”’ Decel-
lularizing plant root with DNAase removed DNA in
30 min,*” but it costs more than SDS ($410/g tissue vs. $3/g).
Cost and mechanical properties will be important to consider
when scaling up and commercializing these methods.
Standardized decellularization of plants is necessary for
clinical testing and FDA approvals. Different growing con-
ditions produced leatherleaf varying slightly in thickness
and mechanical properties. Minor adjustments to decellu-
larization times compensated for these differences, produc-
ing scaffolds with consistent DNA removal and mechanical
properties. In addition, leatherleaf can be collected year-
round during hot and cold months with similar decellular-
ization quality. Variations in leatherleaf thickness before
decellularization did not affect wall thickness of each 3D
graft. Wall thickness and inner diameter remained uniform

along the length of each graft which will help maintain even
stress distribution under perfusion. Similar to ePTFE and
Dacron, plant cellulose won’t degrade in vivo, preventing
debris formation which could cause adverse reactions.”' How-
ever, studies show that cellulase or oxidizing agent sodium
periodate can enhance cellulose degradation to promote
regeneration in vivo.>*?

Maintenance of vascular graft integrity is essential to
proper function upon implantation. 3D decellularized
leatherleaf combined with cross-linked gelatin had a maxi-
mum modulus comparable to native vessel and other tissue
engineered grafts, higher maximum tensile stress and failure
strain, and maintained burst pressures for 90 days in vitro.**
Others reported that glutaraldehyde cross-linked gelatin can
provide good mechanical proyerties and thermal resistance
with minimal cytotoxicity.'*~> Thousands of bioprosthetic
implants successfully utilized glutaraldehyde cross-linking
clinically over the last two decades despite reports on its
cytotoxicity.>® Pure cross-linked gelatin exhibited higher
elasticity, but lower maximum stress, failure strain, and
burst pressure than our 2D and 3D decellularized plant
grafts. Increasing gelatin concentration improved mechanical
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FIG. 9. EC count from DAPI stained images 5 days after seeding in 3D grafts (A) and by cell passaging 7 and 14 days
after seeding (B). Representative H&E staining for visualization of 2D (C) and 3D (D) seeding of ECs onto decellularized
leatherleaf. Error bars represent SD. The red arrows indicate the ECs and the lumen. Error bars represent standard deviation.

Color images are available online.

performance of 3D leatherleaf scaffolds but decreased cross-
linking time.

Burst pressures were measured in 3D spinach/parsley
grafts and gelatin tubes to better assess contributions of
gelatin to overall mechanical strength of each graft. While
gelatin was applied to each graft using identical methods,
spinach/parsley grafts and gelatin tubes had lower burst
pressures than 3D leatherleaf grafts. This suggests
that decellularized leatherleaf and gelatin both contribute
significantly to mechanical properties of our 3D grafts.
Twenty-five percent glutaraldehyde increased mechanical
strength and decreased cross-linking times, compared to 1%
(data not shown). Combining gelatin with glutaraldehyde in
our 3D scaffolds resulted in final glutaraldehyde concen-
trations of 3%, which was reported to provide an elastic
modulus of 30 MPa with minimal cytotoxicity '*. Reducing
final concentrations of glutaraldehyde below 1% decrea-
sed mechanical properties. Fifty percent gelatin with 25%
glutaraldehyde was selected for subsequent testing, as it
possessed a balance between mechanical strength and cross-
linking time.

Pat drying decellularized leaves before rolling were not
necessary and reduced mechanical strength. This enables
incubation of scaffolds in media with cells, before rolling
3D grafts, and incorporation of cells within inner layers in
the future. Furthermore, a rod of any size can be used during
the rolling process to generate vessels of desired diameter.
We found that strength of cell-substrate bonds alone was
unable to provide adequate burst pressures in plant-derived
3D grafts, which prompted initial testing of effects of cross-
linked gelatin and fibrin on mechanical strength and cell
seeding. 3D leatherleaf grafts using fibrin tissue adhesive
did not sustain adequate mechanical properties. Overall,
burst pressure and tensile strength of decellularized leath-
erleaf combined with cross-linked gelatin were comparable
to other natural grafts.>*’

Before implantation, endothelialization of vascular scaf-
folds is necessary. ECs were successfully seeded on SDS-
and SDS/EGTA-decellularized leatherleaf with and without
fibronectin coating, resulting in similar viable cell densities
after 5 days. Studies showed that fibronectin was preferred
for decellularized plant tissues to mimic extracellular matrix
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and promote EC attachment.”**>° ECs seeded into vascu-
lature of SDS-decellularized spinach remained viable 48 h
after incubation.” Our cell densities were similar when eval-
uated by DAPI staining and cell passaging and compara-
ble to densities reported for cardiomyocytes seeded onto
decellularized spinach.*® Studies reported stem cells and
myoblasts adhering to decellularized Camellia japonica
leaves, celery, and spinach without protein coatings or
surface modifications.**™** We found that ECs adhered
to decellularized leatherleaf without any coating, but less
evenly compared to fibronectin coated leatherleaf.

Plant cells possess cell-matrix adhesion complexes simi-
lar to animal cells*® and vitronectin-like proteins immuno-
logically related to the substrate-adhesion molecule in
several species of plants.* In addition, adhesive proteins are
naturally found in fetal bovine serum. Atomic force mi-
croscopy previously revealed that decellularized spinach has
appropriate surface roughness for trapping cells and high
specific surface area to promote attachment.

Our ECs adhered to adaxial surfaces at greater densities,
compared to abaxial surfaces. Damage to trichomes result-
ing from Tergitol and EGTA had no visible effect on tri-
chome density or cell adhesion. Adaxial surfaces of
leatherleaf are likely more conducive to endothelialization
because they provide a smoother surface. While both sur-
faces are suitable for cell attachment, the adaxial surface
was more appropriate for endothelialization, as it achieved a
more complete monolayer. For this reason, the adaxial side
was chosen as the inner surface of our 3D grafts.

ECs proliferated rapidly within 48h after seeding on
SDS-decellularized leatherleaf, although slower than when
cultured on polystyrene. Others reported reduced rate of cell
proliferation on decellularized plant leaves, compared to
stiff substrates.*®> Our cell density and rate of cell mi-
gration were lower on cross-linked gelatin, compared to
decellularized leatherleaf, which could pose challenges
when incorporating smooth muscle cells into inner layers in
future studies. Others reported reduced rate of migration for
tumor cells cultured on glutaraldehyde cross-linked gelatin
micropatterns.*’

Pore size and distribution are important for cell adhesion
and migration. Before and after decellularization, pores on
leatherleaf, spinach, and parsley (15-20 um) were compa-
rable to previous reports for parsley and vanilla.'? These
structures control gas and water exchange in plants and are
larger in sweet pepper, carrot, and apple (250-800 pum).'?
While larger pores ranging from 200 to 250 pm are suitable
for cell infiltration,*® small pore size presents no problem
for endothelializing engineered blood vessels.*’ Ideal pore
size was reported to be 10—45um to support endothelial
coverage and reduce fibrous tissue infiltration. ECs were
unable to bridge pores exceeding cell-sized diameters.*®

In summary, we constructed mechanically stable vascu-
lar grafts capable of recellularization using detergent-
decellularized plant leaves and cross-linked gelatin.
Cellulose is a desirable material for vascular grafts due to
its mechanical strength, flexibility, blood compatibility, and
small pore size. We adequately removed plant DNA, while
maintaining tensile strength of these scaffolds. Our 3D
grafts possessed uniform wall thickness, suitable burst
pressure, and tensile strength. Subcutaneously implanted
decellularized apple previously demonstrated mild immune
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response that disappeared after 8 weeks.® In future studies,
plant-derived grafts will be preconditioned with fluid shear
stress in vitro and assessed for blood compatibility, patency,
suture retention, and mechanical strength in vivo. Inflam-
matory response will be measured in vitro using transwell
migration of macrophages or T cells. Complement activa-
tion can then be assessed by flow rate, time, and area in vitro
as previously described.*” We believe that our approach will
provide new and exciting applications for decellularized
plants in vascular replacement and repair.
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