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SELF-CONTAINED RESPONSIVE BIOLOGICAL SYSTEMS AND METHODS

CROSS-REFERENCE TO RELATED APPLICATIONS
[001] This application claims the benefit of priority to U.S. Provisional Patent
Application No. 62/868,554 filed June 28, 2019 and U.S. Provisional Patent Application
No. 62/962,323 filed January 17, 2020, each of which is hereby incorporated by

reference in its entirety.
REFERENCE TO A SEQUENCE LISTING

[002] A sequence listing containing SEQ ID NOs: 1-18 is provided herewith in a
computer-readable nucleotide/amino acid .txt file, created on June 26, 2020, size of 4

kilobytes, and is specifically incorporated by reference.

BACKGROUND OF INVENTION
[003] Many in vitro cellular studies are based on cell monolayer cultures and cannot
satisfactorily mimic the complex three-dimensional environments and multi-
component/constituent structure of biological tissue, including organs, tumors, and soft
tissue. The three-dimensional (3D) tumor microenvironment (TME) is heterogeneous in
both cellularity (e.g. epithelial, vascular, immune cells, and fibroblasts) and extracellular
matrix (ECM) composition.! Although many three-dimensional multi-culture systems
have been developed, they still suffer from the fundamental disadvantage of not
reproducing the complete architecture of the modeled biological system. In vivo animal
systems are usually the method of choice, but the important physiological differences
between animals and humans make these approaches often inappropriate or inaccurate
to mimic the human TME. Additionally, the tumor microenvironment (TME) has a high
impact on cancer cell radiation response and, ultimately, patient survival after radiation
treatment. Accordingly, there is a need in the art for cell culture methods and systems
that better reflect the actual 3D properties, both physical and biological, of a biological
tissue. In the context of cancer cell treatment, improved methods of simulating a
biological response of a cellular system that address these issues would be beneficial

for a range of applications.
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SUMMARY OF THE INVENTION
[004] Provided herein are methods and systems that address the above problems by
utilizing a combination of biological tissues, with a first tissue corresponding to a
vascular scaffold formed from a substantially decellularized vascular plant tissue (e.g., a
leaf) and a second tissue corresponding to a mammalian cell that is adhered to the
vascular scaffold. The mammalian cell may correspond to a plurality of cell types. For
example, an endothelial cell that typically lines a blood vessel wall and surrounding cell
tissue, including cancer cells. The methods and systems provided herein are compatible
with a range of tissue cells, depending on the application of interest, such as cellular
components of an organ, cancer cells of a tumor, cells of the vasculature, such as
endothelial cells and smooth muscle cells, and combinations thereof. The cells may
comprise a eukaryotic cell, such as HUVEC cells. Any of the methods and systems
provided herein may further comprise extracellular matrix, such as collagen, enzymes,
and glycoproteins, that provide structural and biochemical support of surrounding cells,

including as a scaffold or matrix.

[005] Any of the methods and systems provided herein are particularly useful and
compatible with dynamic control of the cell culture. For example, the vasculature of the
plant tissue readily accommodates changes in perfusion rate, localized changes (e.g.,
spatially varying) in perfusion, and time-varying changes, such as by changing the flow-
rate through the plant conduits or periodic changes in the perfusate introduced to the

plant conduits. Thus, simulating, in vitro, a biological response of a cellular system.

[006] In one embodiment, a method of producing a vascularized biological system
includes removing at least some DNA-containing material from a vascular plant tissue to
produce a vascularized cellulose scaffold, preparing the vascularized cellulose scaffold
for biological cell attachment, seeding the vascularized cellulose scaffold cultured
biological cells, and growing the cultured biological cells on the vascularized cellulose
scaffold to produce the vascularized biological system. In this manner, cultured, three-
dimensional composite biological systems are formed that more reliably and accurately

recapitulate tissue. In some embodiments, the

[007] In one embodiment, the growing comprises three dimensional proliferation of

the cultured biological cells. In one embodiment, the growing comprises supplying the
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cultured biological cells with a growth medium via vessels of the vascularized cellulose

scaffold.

[008] In one embodiment, the cultured biological cells comprise cancer cells, such as
prostate cancer cells. In one embodiment, the removing step comprises cannulating a
vascular structure of the plant tissue, and injecting a liquid comprising a nonionic

surfactant through the vascular structure.
[009] In some embodiments, the cultured biological cells comprise 3D

[010] A method of simulating a biological response of a cellular system comprises
removing at least some DNA-containing material from a vascular plant tissue to produce
a vascularized cellulose scaffold; seeding the vascularized cellulose scaffold with
cultured biological cells; growing the cultured biological cells on the vascularized
cellulose scaffold to produce a vascularized biological system; subjecting the
vascularized biological system to an external stimulus; and measuring a response of the

vascularized biological system.

[011] In some embodiments, the removing step comprises treating the plant tissue
with a fluid comprising a supercritical fluid. In some embodiments, the removing step
comprises submerging the plant tissue in a fluid comprising supercritical CO2. In some

embodiments, the fluid comprises supercritical COz2, peracetic acid and ethanol.

[012] In one embodiment, the fluid comprises at least 80 wt% supercritical CO2. In
one embodiment, the fluid comprises at least 85 wt% supercritical CO2. In one
embodiment, the fluid comprises at least 90 wt% supercritical COz2. In one embodiment,
the fluid comprises at least 95 wt% supercritical CO2. In one embodiment, the fluid
comprises at least 98 wt% supercritical CO2. In one embodiment, the fluid comprises at
least 99 wt% supercritical COz2. In one embodiment, the ratio of peracetic acid to ethanol
is from 1:500 to 1:10. In one embodiment, the ratio of peracetic acid to ethanol is from
1:100 to 1:10.

[013] In one embodiment, the supercritical fluid comprises at least 95 wt%
supercritical COz2, 0.1 - 3 wt% ethanol, and 0.01 — 0.1 wt% peracetic acid. In one

embodiment, the supercritical fluid comprises at least 98 wt% supercritical CO2, at least
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0.5 - 1.0 wt% ethanol, and at least 0.02 — 0.08 wt% peracetic acid. In one embodiment,
the supercritical fluid comprises about 99 wt% supercritical CO2, about 0.8 wt% ethanol,

and at least 0.05 wt% peracetic acid.

[014] In one embodiment, the removing step occurs at a temperature that is not
greater than 40°C. In one embodiment, the removing step occurs at a temperature from
20°C to 40°C. In one embodiment, the removing step occurs at a temperature from
25°C to 38°C. In one embodiment, the removing step occurs at a temperature from
30°C to 36°C. In one embodiment, the removing step occurs at a temperature from
33°C to 34°C.

[015] In one embodiment, the removing step comprises submerging the plant tissue in
a non-polar solvent to remove a cuticle layer of the plant tissue, and perfusing the plant

tissue with a fluid comprising a surfactant and bleach.

[016] In one embodiment, the removing step comprises cannulation, then injection of

chemical compounds (bleach, SDS, Triton X100, etc.) through the vasculature.

[017] In one embodiment, the plant tissue is placed in a container with or without co-
solvents and this container is placed into a pressure vessel for supercritical fluid
treatment to allow the supercritical fluid to operate all over the leaf. In one embodiment,
this treatment may take place at a temperature less than or equal 37°C and a pressure
between 70 and 210 atm. The plant tissue may comprise the combination of

cannulation, injection of chemical compound(s) and supercritical fluid treatment.

[018] In one embodiment, the method comprises rinsing the vascularized cellulose
scaffold with water. In one embodiment, the method comprises treating the
vascularized cellulose scaffold with collagen and fibronectin. In one embodiment, the

method comprises seeding the vascularized cellulose scaffold with endothelial cells.

[019] In one embodiment, the external stimulus comprises a pharmacological
compound. In one embodiment, the external stimulus comprises ionizing radiation. In
one embodiment, the external stimulus comprises a mechanical tear or puncture. In one
embodiment, the external stimulus comprises a pesticide, a nerve agent, a corrosive

liquid, or combinations thereof.
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[020] In one embodiment, a method of simulating a biological response of a multilayer
cellular system comprises removing at least some DNA-containing material from a first
vascular plant tissue to produce a first vascularized cellulose scaffold; removing at least
some DNA-containing material from a second vascular plant tissue to produce a second
vascularized cellulose scaffold; combining the first and second vascularized cellulose
scaffolds to create a multilayered scaffold; seeding the multilayered scaffold with
cultured biological cells; growing the cultured biological cells on the multilayer scaffold to
produce a multilayered vascularized biological system; subjecting the multilayered
vascularized biological system to an external stimulus; and measuring a response of the
multilayered vascularized biological system. In one embodiment, the seeding step
comprises seeding a first layer of the multilayered scaffold with cultured biological cells
of afirst cell type; and seeding a second layer of the multilayered scaffold with cultured
biological cells of a second cell type. In one embodiment, the multilayered scaffold
comprises a third vascularized cellulose scaffold. In one embodiment, the first cell type
is keratinocytes and the second cell type is dermal fibroblasts. In one embodiment, the
first layer of the multilayered scaffold is derived from a tomato leaf and the second layer
is derived from spinach leaves. In one embodiment, the multilayered vascularized

biological system is a living model of human skin.

[021] In one embodiment, a method of producing a multilayered vascularized
biological system comprises removing at least some DNA-containing material from a
first vascular plant tissue to produce a first vascularized cellulose scaffold; removing at
least some DNA-containing material from a second vascular plant tissue to produce a
second vascularized cellulose scaffold; combining the first and second vascularized
cellulose scaffolds to create a multilayer scaffold; seeding the multilayer scaffold with 3D
structures of cultured biological cells; and growing the 3D structures of cultured
biological cells on the multilayer scaffold to produce the multilayered vascularized
biological system. In one embodiment, the seeding step comprises seeding the first
vascularized cellulose scaffold with a first cell type of 3D structures of cultured biological
cells; and seeding the second vascularized cellulose scaffold with a second cell type of
3D structures of cultured biological cells. In one embodiment, the multilayered

vascularized biological system is a living model of human skin.
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[022] In one embodiment, a method of mimicking a vascular mammalian tissue
includes storing a database of plant tissue characteristics for a plurality of plant tissues,
analyzing a mammalian tissue of interest, selecting a first plant tissue from the database
based on similarities between a first characteristic of the mammalian tissue and a
corresponding first plant tissue characteristic stored in the database, producing a
vascularized cellulose scaffold, wherein the producing includes removing at least some
DNA-containing material from a sample of the first plant tissue, seeding the vascularized
cellulose scaffold with mammalian cells corresponding to the mammalian tissue of
interest, and growing the mammalian cells on the vascularized cellulose scaffold to
produce an analogue vascular mammalian tissue. In one embodiment, the method my
comprise selecting a second plant tissue from the database based on similarities
between a second characteristic of the mammalian tissue and a corresponding second
plant tissue characteristic stored in the database, wherein the producing step comprises:
removing at least some DNA-containing material from a sample of the second plant
tissue; and mechanically combining the first and second plant tissue samples to create a

hybrid vascularized cellulose scaffold.

[023] In one embodiment, the plant tissue characteristics stored in the database
include a vascular structure parameter for each of the plurality of plant tissues, and a
biomechanical structure parameter for each of the plurality of plant tissues. In one
embodiment, the first characteristic is a vascular structure characteristic and the second

characteristic is a biomechanical structure characteristic.

BRIEF DESCRIPTION OF THE DRAWINGS

[024] FIG. 1 shows a time lapse of leaf deceliularization process.
[025] FIG. 2A shows protein levels assayed before and after decellularization.
[026] FIG. 2B shows the protein visualized by coomassie-stained gels.

[027] FIG. 2C shows a quantification of DNA content analyzed via Epoch & Take 3
system (Biotek) after extraction of DNA using DNeasy blood & tissue Kit.

[028] FIG. 2D shows the extracted DNA visualized by agarose gel.
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[029] FIG. 2E is an Atomic Force Microscopy (AFM) image of a fresh leaf.
[030] FIG. 2F is an AFM image of a decellularized leaf.

[031] FIG. 2G is a comparison of Young's modulus between the fresh and

decellularized leaves.

[032] FIG. 3A is picture of a decellularized leaf repopulated with PC3 prostate cancer
cells stained with DAPI, taken via differential interference contrast (left) and

epifluorescence microscopy (right).

[033] FIG. 3B is picture of a decellularized leaf repopulated with MCF7 breast cancer
cells stained with DAPI, taken via differential interference contrast (left) and

epifluorescence microscopy (right).
[034] FIG. 3C is an AFM image of recellularized leaf.

[035] FIG. 3D is a comparison of Young's modulus between fresh, decellularized and

recellularized leaves.
[036] FIG. 4A is a time lapse of the decellularization process over 5 days.

[037] FIG. 4B is a comparison of DNA content in both fresh and decellularized leaves
(n=3).

[038] FIG. 4C is a comparison of protein content in both fresh and decellularized

leaves quantified by micro BCA protein assay (n=3).

[039] FIG. 5A is a visualization of the leaf scaffold and PC3 cells seeded on the leaf
surface using Differential Interference Contrast (DIC) picture, DAPI-fluorescent picture

(blue), F-actin-fluorescent picture (green). Scale bar = 40um.

[040] FIG. 5B shows AFM images showing surface structure of fresh, decellularized

and recellularized leaves.

[041] FIG. 5C is a comparison of the Young's modulus of fresh, decellularized and

recellularized leaves represented as mean + SEM.

[042] FIG. 5D is a visualization of B-catenin (red) by fluorescence microscopy.
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[043] FIG. 5E is fluorescence imaging of PC3 cells immunostained with anti a-tubulin
monoclonal mouse IgG (red) 48 hours after seeding and counterstained with DAPI
(blue) showing the presence of cells in different phase of mitosis: (1) prometaphase; (2)

metaphase; and (3) late anaphase.

[044] FIG. 5F shows proliferation of PC3 cells seeded on decellularized spinach leaf

scaffold assessed by MTT assay over a period of 6 days.
[045] FIG. 5G shows a co-culture of fibroblasts and PC3 cells.

[046] FIG. 5H shows HUVECSs that were injected into parsley stem and allowed to

grow for 5 days.

[047] FIG. 6A shows a volcano plot showing differentially expressed genes at 6 hours

between 0 and 1 Gy-irradiated PC3 cells seeded on the leaf.

[048] FIG. 6B shows representative nuclei of PC3 cells cultured on leaf with y-H2AX
and 53BP1 foci at 30 min, 6 and 24 hours after 2 Gy irradiation.

[049] FIG. 6C shows individual dose response curves of CDKN1A, DDB2 and PCNA

genes after 1 and 2Gy irradiation of PC3 seeded on the leaf surface.

[0560] FIG. 6D shows cell survival curves of PC3 cells cultured on leaf and in cell

culture flasks as assayed by colony-forming ability.

[0561] FIG. 7 is a schematic flow diagram of a method of mimicking a vascular

mammalian tissue.

[0562] FIG. 8A shows an example of an Apium graveolens leaf decellularized via serial

chemical treatment.

[063] FIG. 8B shows an example of a Solanum Lycopersicum leaf decellularized via

serial chemical treatment.

[0564] FIG. 8C shows an example of a Echinodorus grisebachii leaf decellularized via

serial chemical treatment.
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[065] FIG. 8D shows an example of a Petroselinum crispum leaf decellularized via

serial chemical treatment.

[066] FIG. 9A shows 3D surface mapping of fresh spinach leaf by using gel-based

photometric stereo profilometry.

[067] FIG. 9B shows 3D surface mapping of decellularized spinach leaf by using gel-

based photometric stereo profilometry.

[068] FIG. 9C shows 3D surface mapping of recellularized spinach leaf by using gel-

based photometric stereo profilometry.

[0569] FIG. 10A shows a comparison of the Young's modulus of fresh and
decellularized aquatic plant, spinach, A. Borealis and tomato leaves as measured by
AFM.

[060] FIG. 10B shows images of plant material before and after decellularization

treatment.

[061] FIG. 10C shows a comparison of DNA content in different fresh and

decellularized plants (n=3).

[062] FIG. 10D shows a comparison of protein content in different fresh and

decellularized plants quantified by micro BCA protein assay (n=3).

[063] FIG. 10E shows FM images showing surface of plant materials before and after

decellularization treatment.

[064] FIG. 11A shows immunofluorescence images of YAP/TAZ and nuclei (DAPI) in
PC3 and SK-MEL-28 cells seeded on coverslip and spinach scaffold for 3 days.

[065] FIG. 11B shows quantitative RT-PCR analysis in PC3 and SK-MEL-28 cells to
measure YAP and TAZ mRNA levels.

[066] FIG. 11C shows immunoblotting of YAP and TAZ in PC3 and SK-MEL-28 cells

seeded on TCPS and spinach scaffolds.
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[067] FIG. 11D Quantitative RT-PCR for YAP/TAZ target genes (CTGF and ANKRD1)
in PC3 and SK-MEL-28 cells.

[068] FIG. 11E shows how functionalization increases the stiffness of a decellularized
scaffold. Comparison of the Young's modulus of decellularized (D) and functionalized
(C+F) spinach leaf with collagen and fibronectin as measured by AFM. The graph shows
the mean £ SEM (n=3, *p<0.05; Student t-test).

[069] FIG. 11F shows the original uncropped blot of FIG. 11C. Red rectangles

correspond to the cropped sections shown in FIG. 11C.

[070] FIG. 12A shows representative SEM scanning images of PC3 and SK-MEL-28

cells cultured on stiff substrate (coverslip) or spinach leaf scaffold for 3 days.

[071] FIG. 12B is a histogram showing the changes of cell spreading area on stiff and

leaf substrates and represented as mean + SEM (n=3, *p < 0.05; Mann-Whitney test).

[072] FIG. 12C shows immunofluorescence images of F-actin and nuclei (DAPI) in
PC3 and SK-MEL-28 cells seeded on stiff substrate (coverslip) and spinach scaffold.

Scale bars = 15 pm.

[073] FIG. 13A shows immunofluorescence images of Ki-67 and nuclei (DAPI) in PC3

and SK-MEL-28 cells seeded on stiff substrate (coverslip) and spinach scaffold.

[074] FIG. 13B is a histogram showing the percentage of Ki-67-positive cells and
represented as mean £ SEM (n=3, *p < 0.05; Mann-Whitney test).

[075] FIG. 13C shows cell proliferation of PC3 and SK-MEL-28 cells seeded for 7
days on stiff (TCPS) and spinach leaf substrate measured by modified MTT.

[076] FIG. 14A shows immunofluorescence images of MITF and nuclei (DAPI) in SK-

MEL-28 cells seeded on stiff substrate (coverslip) and spinach scaffold.

[077] FIG. 14B is histogram showing the percentage of MITF-positive cells and
represented as mean £ SEM (n=3, *p < 0.05; Student t-test).

[078] FIG. 14C shows a quantitative RT-PCR analysis in SK-MEL-28 cells to measure
MITF and there MITF target genes (SOX10, MLANA and TYR) mRNA levels.
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[079] FIG. 14D shows the effect of WFA treatment on SK-MEL-28 seeded on

decellularized spinach leaves or TCPS assessed by modified MTT.

[080] FIG. 15A is a graph showing differentially expressed genes at 6 hours between
PC3 cells seeded on the leaf and TCPS.

[081] FIG. 15B is a graph showing genes that are differentially expressed between
PC3 cells seeded on the leaf and TCPS at 6 hours after 2Gy-irradiation.

[082] FIG. 15C is a representative nuclei of PC3 cells cultured on leaf with y-H2AX
foci at 1, 6 and 24 hours after 2 Gy irradiation (n=3).

[083] FIG. 15D shows histograms showing the ratio of number of 2Gy-irradiated
yH2AX foci normalized to sham-irradiated samples, in PC3 cells seeded on spinach leaf

or stiff substrate (coverslip).

[084] FIG. 15E shows cell survival curves of PC3 cells cultured on leaf and in TCPS

as assayed by colony-forming ability.

[085] FIG. 16 shows a comparison of the Young’'s modulus of different decellularized

plant scaffolds with TCPS and coverslips used in standard cell culture.

[086] FIG. 17A shows immunofluorescence images of PC3 nuclei (DAPI) seeded on

spinach scaffold (brightfield).

[087] FIG. 17B shows 3D surface mapping of fresh, decellularized and recellularized

spinach leaf by using gel-based photometric stereo profilometry.

[088] FIG. 17C is a visualization of B-catenin (red) by fluorescence microscopy. Nuclei

have been counterstained with DAPI (blue).

[089] FIG. 17D shows immunofluorescence images of a-tubulin and nuclei (DAPI) of
PC3 cells seeded on spinach scaffold showing the presence of cells in different phase of

mitosis such as prometaphase (1), metaphase (2) and late anaphase (3).
[090] FIG. 18 is a cutaway showing natural leaf architecture.

[091] FIG. 19A shows a spinach leaf treated with sfCO2 and 75%EtOH.
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[092] FIG. 19B shows a spinach leaf treated with sfCO2 and 5% SDS in 75% EtOH.

[093] FIG. 19C shows a spinach leaf treated with sfCO2 and 10% Bleach in 75%
EtOH.

[094] FIG. 19D shows a spinach leaf treated with sfCO2 and PAA 1% in 75% EtOH.
[095] FIG. 19E shows a spinach leaf treated with sfCO2 and PAA 2% in 75% EtOH.
[096] FIG. 19F shows a spinach leaf treated with sfCO2 and PAA 3% in 75% EtOH.

[097] FIG. 20A shows images of plant material before and after decellularization

treatment.

[098] FIG. 20B shows a comparison of DNA content in different fresh and

decellularized plants.
[099] FIG. 20C shows a comparison of the YM of decellularized plants.

[0100] FIG. 20D shows a representation of the decellularized scaffolds’ YM with the

published stiffness values of different human tissue.

[0101] FIG. 21A shows a cross-section of one embodiment of a multilayered
vascularized biological system with (1) stiff spinach leaves mimicking the stratum
corneum; (2) tomato leaves seeded with keratinocytes mimicking the lower layers of
epidermis; (3) soft spinach leaves seeded with dermal fibroblasts mimicking the dermis
and (4) soft layer of A. Borealis mimicking the subcutaneous layer, wherein the

multilayered vascularized biological system has been stained with Hematoxylin/Eosin.

[0102] FIG. 21B shows a cross-section of the multilayered vascularized biological

system stained with DAPI instead of Hematoxylin/Eosin.

[0103] FIG. 22 shows Fibroblasts and keratinocytes seeded on decellularized plant

scaffolds and stained for F-actin (green) and B-catenin (green).

[0104] FIG. 23 is a Live-Dead assay showing fibroblast cells on spinach scaffold after 2

and 4 weeks of culture. Green/Red staining show Alive/Dead cells.
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[0105] FIG. 24A shows the vasculature of decellularized spinach leaf enhanced with

dyed water injection

[0106] FIG. 24B shows HUVECs cells seeded on spinach scaffold and stained for F-

actin (green) and VE-cadherin (red)

[0107] FIG. 24C shows HUVECs seeded in spinach vasculature and stained for F-actin

(green), nuclei are counterstained with DAPI (blue).

[0108] FIG. 25A shows immunofluorescence (IF) images of YAP/TAZ (red) and nuclei
(DAPI).

[0109] FIG. 25B is a graph indicating the percentage of cells with nuclear YAP/TAZ.
[0110] FIG. 25C shows data normalized to expression on stiff substrate.

[0111] FIG. 25D shows the expression level compared to stiff substrate. gRT-PCR for
YAP/TAZ target genes.

[0112] FIG. 25E shows data normalized to expression on stiff substrate.
[0113] FIG. 26A shows immunofluorescence images of organoids over 6 days.
[0114] FIG. 26B shows cell viability of DMSO-treated organoids irradiated at day 1.

[0115] FIG. 26C shows cell viability of everolimus -treated organoids irradiated at day
1.

[0116] FIG. 27A shows Glioblastoma (Glast) biomarker mRNA level measured by qRT-

PCR from DMSO- and everolimus-treated organoids at day 10 after irradiation.

[0117] FIG. 27B shows SOX2 biomarker mRNA level measured by gqRT-PCR from

DMSO- and everolimus-treated organoids at day 10 after irradiation.

[0118] FIG. 27C shows Nestin biomarker mRNA level measured by gRT-PCR from

DMSO- and everolimus-treated organoids at day 10 after irradiation.

[0119] FIG. 28A shows graphs of volume growth of sham- and 4 Gy-irradiated

spheroids over 2 days after AP treatment.
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[0120] FIG. 28B shows graphs of volume growth of sham- and 4 Gy-irradiated

spheroids over 2 days after EA treatment.

[0121] FIG. 29 is a schematic diagram of the top view of the experiment layout used for
the sample irradiations. The red arrows indict the cone of neutrons incident on the

sample stack. The diagram is not to scale.

[0122] FIG. 30 is a plot of the differential cross section for the 2H(d,n)3He neutron
source reaction as a function of the laboratory angle of the neutrons emitted relative to
the deuteron beam axis shown in FIGs. 20A-20D. The data are from, Journal Nucl. Sci.
& Eng. 67, 190 (1978). The shaded region indicates the angular coverage of the

samples positioned as shown in FIGs. 20A-20D during irradiation.
[0123] FIG. 31A shows a spinach leaf before (fresh) and after sfCO2 decellularization.

[0124] FIG. 31B shows DNA content of chemically and sfCO2 decellularized spinach

leaves compared to fresh leaves (n=3, *p<0.05 vs fresh by student t-test).

[0125] FIG. 31C shows protein content of chemically and sfCO2 decellularized spinach

leaves compared to fresh leaves (n=3, *p<0.05 vs fresh by student t-test).

[0126] FIG. 32 shows the effect of WFA treatment on cells seeded on different

substrates assessed by MTT.

[0127] FIG. 33 RFP-transfected dermal fibroblasts spheroids have been exposed to
different concentrations of everolimus 24h before 4Gy-irradiation and their growth

monitored for 8 days.
[0128] FIG. 34 Decellularized leaf under stretch deformation.
[0129] FIG. 35 Comparison of the YM of decellularized plants.

[0130] FIG. 36 shows mass transport through the multilayered vascularized biological
system. The upper layer mimicking stratum corneium was soaked in ponceau red
solution for 10 minutes then transferred to the skin-on-leaf system. After 2 hours
incubation the system was disassembled and the stain of each layer was visually

compared.
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DETAILED DESCRIPTION OF THE INVENTION

[0131] In the following description, numerous specific details of the devices, device
components and methods of the present invention are set forth in order to provide a
thorough explanation of the precise nature of the invention. It will be apparent, however,
to those of skill in the art that the invention can be practiced without these specific

details.

[0132] As used herein, “biological system” is used broadly herein and refers to an in
vitro biological unit of an organism that is useful in a variety of applications, including
modelling and testing systems. A biological system may correspond to an organ, or a
portion thereof, including cellular components thereof. For example, a biological system
may be a lung, liver, intestine, heart, brain, etc., or cells thereof, including cells
associated with blood vessels (e.g., endothelial cells, smooth muscle cells, and the like),
neuronal cells, etc. A biological system may be a collection of one or more organs,
tissue and/or biological fluid (e.g., blood, plasma, interstitial fluid, etc.) organized to
perform one or more biological functions. For example, a biological system may be the
respiratory system, digestive system, cardiovascular system, endocrine system, etc. A
biological system may include a biological abnormality such as cancer. Accordingly, a
“vascularized” biological system refers to a network of conduits within the biological
system that is capable, at least in part, of transporting required oxygen and nutrients to
the biological cells and removing waste product from the biological cell. The exchange
may be similar to how exchange occurs in blood vessels, such as by diffusion. The
systems are, of course, compatible with bulk media control, where the cultured cells are

immersed in a cell culture fluid that can be replaced or supplemented as desired.

[0133] “Three dimensional structures” or “3D structures” of cultured biological cells
refers to a collection of cultured cells joined together via cell adhesion wherein the
collection of cells is many cells across in all three spatial dimensions. A 3D structure of
cultured biological cells may be at least 10 cells across in all three spatial dimensions.
A 3D structure of cultured biological cells may be at least 100 cells across in all three
spatial dimensions. Accordingly, as used herein a monolayer of cultured cells is not
considered a 3D structure of cultured biological cells. In some embodiments, a 3D
structure of cultured biological cells is a tissue, an organ, or a cancer mass. A 3D

structure of cultured biological cells can include any eukaryotic cells that are able to self-
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organize in order to form a 3D structure that influences the spatial organization of the
cell surface receptors engaged in interactions with surrounding cells, and may also
induce physical constraints on the cells. These spatial and physical aspects in 3D
cellular structures affect the signal transduction from the outside to the inside of cells,
and ultimately influence gene expression and cellular behavior in a manner closer to
that of the in vivo environment than a standard cellular monolayer culture. The systems
and methods provided herein are compatible with a range of biological cell sources,
including cells that have not been cultured, so long as the seeded cells are capable of
subsequent cell culture after being introduced to the decellularized plant tissue vascular

scaffold.

” 13

[0134] In the context of “mimicking a vascular mammalian tissue”, “mimicking” refers to
in vitro reproduction or simulation of one or more functions of a mammalian tissue.
Mimicking a vascular mammalian tissue may include in vitro simulation or reproduction
of the vascular structure of the mammalian tissue. Mimicking may refer to statistical
matching between the in vitro 3-D system provided herein and a corresponding
biological tissue that is being modelled. For example, the matching may correspond to

matching of the vasculature, geometry, shape, and/or cell type.

[0135] Depending on the tissue being modeled, the constituents of the in vitro system
may include one or more of: mammalian cells, a plurality of mammalian cell types,
extracellular tissue, vessels, bacterial cells, cell culture media, perfusion media, and the
like.

[0136] Devices and methods for simulating a physiological system of soft tissue are
described. Features may include mimicking a vasculature system, for determining
dynamic responses when exposed to external stimuli, for example, a pharmacological
compound, ionizing radiations, toxic chemicals such as pesticides, nerve agents,
corrosive liquids and so on. In a specific embodiment, the system may act as a 3D
biomimetic phantom using several biological materials assembled into a scaffolding
organ-like structure of tissue equivalent for determining the effects of radiation doses.
The system architecture allows for a dynamic interrogation mimicking blood circulation,

for example. The system may also have different controllable and localized mechanical
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properties tuning the materials from soft to hard regions that can influence biological

responses.

[0137] In one embodiment, a method comprises selecting a three-dimensional
biological system from a first species, and preferably from a plant, whose three-
dimensional structure is arranged into tubular composite sub-structures (e.g. fibers)
embedded into matrix materials to form a patterned network that can be populated with
other biological components from a second species to form an environment suitable for
self-monitoring multiple responses when said biological system is induced by a stimuli,

for example a chemical, biological or radiation exposure.

[0138] The method may comprise the steps of: (1) connecting the tubular sub-
structures to a fluid source by inserting a fluidic device (e.g. capillary tube, needle) and
placing a thermal or chemical shrink materials encapsulation for creating a tight
environment. The fluid source may be comprised of liquid solutions with chemicals from
the family of detergent, surfactant, solvent, acid, base or mixture thereof,
sub/supercritical fluids (e.g. CO2), biochemicals from the family of biological fluids (e.g.
blood, saliva, urine, sweat, enzymes, cells, nucleic acids, proteins, metabolites,
vitamins, effusions and the like.) or gases (e.g. air, CO2 and the like). The fluid may be
delivered by gravity-driven motion, thermal or pressure activation by mechanical,
electromechanical, or magnetic transducers moving fluid through said biological
component to modify its composition and preferably removing cells, proteins, nucleic
acids and other genetic materials while mostly preserving the scaffold structure and
morphology of said component; (2) selecting cells from a second species and preparing
culture conditions and components to be transferred onto said biological system to
modify its composition by performing cell culture growth and progression through said
scaffold to build a biological environment which can be sustained to build new
constructs (e.g. tissue, organs and the like) that can enter a communication with other
biological or molecular compounds circulated through said tubular sub-structure

network, or by other environmental exposure and/or induction.

[0139] Example 1: Leaf decelivlarization and subsequent receliularization with

cancer celis.
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[0140] A new 3D culture model was established by using a spinach leaf scaffold.
Spinach leaves are perfused with serial chemical treatments to remove all plant cells.
Once decellularized, a predominantly cellulose, human cell compatible scaffolding
remains which can be used to attach lung cells and allow them {o grow in a spatially
relevant environment. A time lapse of the method is shown in FIG. 1. Spinach leaves
are first cannulated with a 26 gauge needle and surrounded with heat shrink tubing.
Leaves are washed in hexanes and rinsed with PBS to remove the cuticle. Cannulated
leaves are then perfused with a 1% SDS solution for 3 days followed by a treatment with
10% sodium chioride bleach and 0.1% Triton X-100 for 2 days at room temperature. The

decellularized leaf is then washed for 2 days using deionized water.

[0141] As shown in FIG. 1, leaves show dark green opaque color prior to
decellularization at day 0. Rapidly, the leaf becomes slightly translucent. At the end of
treatment, the leaf loses all its color and becomes completely white and transparent. To
assess the decellularization efficiency, protein and DNA content was measured before
and after treatment as well as Young's modulus by using atomic force microscopy

(AFM) to determine the leaf's rigidity.

[0142] FIGs. 2A-2G shows an assessment of decellularization efficiency. FIG. 2A
shows protein levels assayed before and after decellularization. FIG. 2B shows the
protein visualized by coomassie-stained gels. DNA content was quantified through
Epoch & Take 3 system (Biotek) after extraction of DNA using DNeasy blood & tissue kit
(FIG. 2C) and visualized by agarose gel (FIG. 2D). Image of a fresh (FIG. 2E) and
decellularized leaf (FIG. 2F) by using Atomic Force Microscopy (AFM). Comparison of

Young's modulus between fresh and decellularized leaves measured by AFM (FIG. 2G).

[0143] Thus, decellularized leaves contained significantly less protein (1.2 vs. 14.4 ug
protein/mg, s) and significantly less DNA (1.3 vs. 57.2 ng DNNmg, Figure 2CD)
demonstrating that the chemical treatment eliminated nearly all of the plant protein and
DNA. Thus, vegetal cells were efficiently removed via the treatment. Additionally, AFM
pictures show a different structure between fresh and decellularized leaves where
stomata and veins appear clearly in the decellularized leaf suggesting plant cells were

completely removed (FiGs. 2E-2F). Fresh leaves have a higher average Young's
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moduius (132 MPa) than decellularized lsaves (12 MPa) demonstrating that rigidity of

decellularized leaves significantly decreased due to cell removal.

[0144] Subsequent to decellularization, prostate cancer cell line (PC3) and breast
cancer cell line (MCF7) were seeded on the external surface of decellularized leaves
after 24 hr. treatment with fibronectin, EDTA or cell culture medium. Recellularized
leaves with PC3 prostate cancer cells can be seen in FIG. 3A and MCF7 breast cancer
cells can be seen in FIG. 3B. Pictures have been taken through an optical microscope
with fluorescence microscopy where cells have been treated with DAPI staining. Image
of recellularized leaf by using Atomic Force Microscopy (AFM) is shown in FIG. 3C.
Comparison of Young's modulus between fresh, decellularized and recellularized leaves
measured by AFM is shown in FIG. 3D.

[0145] Unexpectedly, even without specific treatment, human cells were able to attach
to the decellularized leaves, as shown in FIGs. 3A-3B. DAPI staining showed that the
cells adhered at different depths within the scaffold thus presenting a true 3D structure.
As show in FIGs. 3C-3D, measurement of Young's modulus by AFM three days after
cell seeding showed that recellularized leaves are more rigid than decellularized leaves
even if they do not show same rigidity as fresh leaves (98 MPa vs. 12 MPa vs. 132

MPa, respectively) confirming that human cells are firmly attached to the scaffold.

[0146] Viability and proliferation of PC3 cancer cells seeded on the leaf was assessed
by using a tetrazolium (MTT) colorimetric assay. Absorbance increases along the 6 days
of cell culture suggesting that cells are alive and able to proliferative on the spinach
scaffold, shown in FIG. 4A (Time Lapse of decellularization process over 5 days. The
first two days leaf is treated with 1% SDS solution and then treatment is switched to a
10% sodium chlorite/ 0.1% Triton-X 100 solution until spinach leaf becomes completely
translucent). FIG. 4B is a comparison of DNA content in both fresh and decellularized
leaves (n=3). FIG. 4C is a comparison of protein content in both fresh and decellularized

leaves quantified by micro BCA protein assay (n=3).

[0147] Second, to evaluate if cells are alsc able to respond {0 external stimuli, cells
seeded on the leaf were rradiated and a y-HZ2AX assay was performed by using
fluorescence microscopy. Results showed that fluorescence level in cell nuclei

increases for one hour post-iradiation compared to the non-irradiated control, shown in
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FIG. 4B. This demonstrates that y-H2AX is recruited for radiation-induced DNA damage
repair and therefore celiular response o radiation is active in celis seeded on leaves.
Finally, gene expression level of eight well known radiation response genes were
compared before and after 5 Gy irradiation in MCF7 cells seeded eitheron aieaforin a
standard 20 cell culture dish. Unexpectedly, resulis showed that gene expression after
irradiation is different between celis cultured onto the spinach leaf versus standard cell
cuiture, shown in FIG. 4C. Without wishing to be bound by theory, this may be explained
by the structure of the leaf allowing cells to grow in three-dimensional configuration
under relevant biological mechanical siress. Thus, viable cancer cells, responsive to

stimuli, can populate the leaf scaffoid.

[0148] Example 2:vascularized cellulose scaffolds to mimic TME and provide a

new in vitro model to investigate human prostate cancer tumor response to IR.

[0149] The use of decellularized plant leaves as a vascularized scaffold to be
repopulated by human cells was assessed. Results show that decellularization of
spinach leaves can provide a robust cellulose scaffold with mechanical properties
allowing for attachment of prostate cancer cells, stroma cells (fibroblasts) and
endothelial cells. Cancer cells may survive and proliferate for up to one week.
Unexpectedly, they also respond to radiation-induced DNA damage as shown by
expression level of DNA damage-involved genes and proteins. Moreover, clonogenic
survival shows that cancer cells radiosensitivity is not modified by the attachment on the
plant scaffold. Thus, in one embodiment, plant-based scaffolds as disclosed herein may

be used to mimic TME and study radiation response

[0150] Baby spinach leaves were cannulated through their petiole, with a 26-gauge
needle wrapped with a heat shrink tubing, and then washed three times in hexanes to
remove cuticle. In a humidified environment, leaves were then perfused with 1% sodium
dodecyl sulfate (SDS) solution for 2 days, followed by 2 days of perfusion with 0.1%
TritonX-100, 10% sodium chlorite solution and finally rinsed for 2 days with deionized
water. As soon as 24 hours after the start of treatment, the leaves began to lose
chlorophyll to become finally fully translucent at Day 5 (FIG. 4A). To assess the
efficiency of the decellularization process, protein and DNA content was then quantified.

Decellularized leaves contained significantly less DNA (FIG. 4B) and protein (FIG. 4C)
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compared to fresh leaves suggesting that decellularization treatment was effective to
remove all vegetal content. Following the same approach, we also managed to
decellularize other types of plant, allowing us to create different scaffolds, which could
be used for various tumor models according to their specific venation patterns, size,

shape, and mechanical properties. See, e.g, FIGs. 8A-8D.

Recellularization of cellulose scaffold

[01561] Adherence of human prostate cancer cells (PC3) on the decellularized scaffold
was accessed. Leaf structures were first functionalized with a combination of collagen
and fibronectin treatment in order to better mimic TME and presence of ECM. After 24h
incubation, fluorescence microscopy imaging shows that PC3 are present on the leaf
surface are shown in FIG. 5A. (Visualization of the leaf scaffold and PC3 cells seeded
on the leaf surface using Differential Interference Contrast (DIC) picture, DAPI-
fluorescent picture (blue), F-actin-fluorescent picture (green). Scale bar = 40um.) Long
and well-formed actin fibers are visible showing that cells adhere and spread correctly
on the functionalized cellulose scaffold. Atomic force microscopy (AFM)-based imaging
and force mapping were then used to confirm cell attachment. First, images contouring
leaf surface show that plant structures such as stoma and veins are more visible on the
decellularized leaf compared to fresh leaf suggesting that vegetal cells are actually
removed from the native sample and confirming the high efficiency of decellularization
process is shown in FIG. 5B (AFM images showing surface structure of fresh,
decellularized and recellularized leaves. Image size 110 x 110 um. White arrows
indicate stoma.) Second, the surface of recellularized leaf shows a distinct relief
compared to the decellularized leaf suggesting that cells bound to the cellulose scaffold,
and repopulated it. A larger scale optical 3D leaf topography and texture imaging using
a GelSight tactile sensor'" was performed. The photometric results showed identical
results to AFM scans (i.e. apparent vasculature on decellularized leaf masked by

presence of plant cells on fresh leaf) as shown in FIGs. 9A-9C.

[0152] Finally, measurement of Young's modulus by using force-distance curves-based
AFM showed that the recellularized scaffold is more rigid than the decellularized scaffold
(88.65 £ 4.3 vs. 2.81 £ 0.03 MPa) although it is still less robust than the native leaf

(139.36 £ 5.00 MPa) as shown in FIG. 5C (Comparison of the Young's modulus of fresh,
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decellularized and recellularized leaves represented as mean + SEM.) All together,

these results demonstrate that PC3 cells may attach onto the functionalized scaffold.

[0153] It has been discovered that a tissue-like layer may be formed via the
repopulated cellulose scaffold. Fluorescence imaging showed that cells on the scaffold
may create cell-cell junctions, such as adherens junctions, when visualized by the
expression of B-catenin displayed in FIG. 5D (visualization of B-catenin (red) by
fluorescence microscopy. Nuclei have been counterstained with DAPI (blue). Scale bar
= 25um.) Accordingly, cells can develop as a fully differentiated and polarized tissue-like
monolayer. Moreover, well-formed mitotic spindles are visible in PC3 cells showing
different phases of mitosis and thus demonstrating that cells are alive and able to divide
on the leaf scaffold as shown in FIG. 5E (PC3 cells were immunostained with anti a-
tubulin monoclonal mouse IgG (red) 48 hours after seeding and counterstained with
DAPI (blue). Fluorescence imaging showed the presence of cells in different phase of
mitosis such as prometaphase (1), metaphase (2) and late anaphase (3) Scale bar =
10um.) This has been confirmed using a cell proliferation assay showing that PC3 cells
proliferate up to 6 days as shown in FIG. 5F (Proliferation of PC3 cells seeded on
decellularized spinach leaf scaffold assessed by MTT assay over a period of 6 days.
Data are represented as mean + SEM of 3 independent experiments with 4 replicates
each.). Unexpectedly , a co-culture of epithelial and fibroblasts cells was developed, as
shown on FIG. 5G (Co-culture of fibroblasts and PC3 cells. Cells were immunostained
with anti-vimentin polyclonal rabbit IgG (green) and anti pan-cytokeratin monoclonal
mouse IgG (red) and counterstained with DAPI (blue). Scale bar = 50um.), where
vimentin staining is mainly present in fibroblast cells while pan-cytokeratin staining was

only present in PC3 cells.

[0154] It has also been discovered that human cells may be attached to the inner
surfaces of the vasculature of the scaffold. Human umbilical vein endothelial cells
(HUVECSs) were injected into a parsley stem and allowed to proliferate for 5 days.
Fluorescence microscopy showed that they were able to colonize and attach the inner
part of the stem is shown in FIG. 5H (HUVECs were injected into parsley stem and
allowed to grow for 5 days. Parsley stem was then immunostained, cut in half and
imaged with fluorescence microscopy (F-actin, green; nucleus, DAPI). Scale bar =

100um unless specified.).
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[0155] Thus in one embodiment, the decellularized vascularized scaffold may be

repopulated by the appropriate human cells to mimic a human tissue.

Radiation response of cells seeded on cellulose scaffold

[0156] Response of the cells growing on the scaffold external IR was then assessed..
First, expression of 84 genes involved in DNA damage signaling pathways after 1Gy
irradiation was assessed. FIG. 6A is a volcano plot showing differentially expressed
genes at 6 hours between 0 and 1 Gy-irradiated PC3 cells seeded on the leaf. A total of
85 genes values have been measured (including black, red and green dots). 26 genes
have |log2expression change| > 1.5 and p-value < 0.05 (up-/downregulated genes,
red/green dots respectively). Results showed that 13 genes were significantly
upregulated (fold change > 1.5) and 13 genes downregulated (fold change <0.66)
suggesting that cells seeded on the leaf surface responded to radiation stress. To
confirm, the kinetics of radiation-induced DNA double-strand breaks (DSBs) repair was
evaluated by measuring foci formation of two markers of DSBs (y-H2AX and 53BP1).
The number of y-H2AX and 53BP1 foci per nucleus was visualized in PC3 cells at 30

min, 6 and 24 hours after 2 Gy irradiation.

[01567] FIG. 6B shows representative nuclei of PC3 cells cultured on leaf with y-H2AX
and 53BP1 foci at 30 min, 6 and 24 hours after 2 Gy irradiation. Scale bar = 8 ym. As
shown in FIG. 6B, IR significantly increased the number of y-H2AX and 53BP1 foci 30
minutes post-irradiation compared with sham-irradiated cells. From 6 hours, foci number
decreased and came back to baseline level at 24 hours, confirming that cells were
damaged by irradiation and were able to initiate and perform DNA damage repair. The
dose dependency of the cellular response was investigated. FIG. 6C shows individual
dose response curves of CDKN1A, DDB2 and PCNA genes after 1 and 2Gy irradiation
of PC3 seeded on the leaf surface. Data indicate mean + SEM. Expression of 3 well-
established radiation dosimetry genes (CDKN1A, DDB2 and PCNA) was measured 6
hours after 1 and 2Gy irradiation. Results showed increasing gene expression with
increasing dose (FIG. 6C). Thus, it is believed that the cell response to IR is a function
of the dose, and does not act as a dichotomous on/off response. Finally, a clonogenic
assay was performed on PC3 cells that proliferated for three days either in culture flask
or on a leaf in order to assess if the leaf scaffold could affect cell radiosensitivity. FIG.

6D shows cell survival curves of PC3 cells cultured on leaf and in cell culture flasks as
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assayed by colony-forming ability. Colonies with more than 50 cells were scored. Data
represent mean + SEM of three independent experiments. As shown in FIG. 6D, the
survival fraction of cells cultured on the leaf is the same as the one of cells cultured in
flaks, suggesting that radiosensitivity of PC3 cells is similar between the two cell culture

conditions.

[0158] Thus in one embodiment, vascularized cellulose scaffolds disclosed herein are
used to mimic TME and provide a new in vifro model to investigate tumor response to
IR.

[0159] In one embodiment, vegetal structures may be decellularized by chemical
treatment and their resulting cellulose scaffold may be repopulated with human cells
both on the surface and in the inner plant vasculature. In one aspect, the seeded human
cells are able to form cell junctions and proliferate, and are metabolically active and
functional, as demonstrated by their response to external ionizing radiation. In one
embodiment, diversity in leaf structures offer a large choice of different scaffolds with
different properties to possibly match some of the human tumor phenotypes. In one
embodiment, the leaf nerves provide a scaffold to mimic different types of vasculature
architecture. In one embodiment, the TME may be recapitulated via co-culture of blood
vessels-like structures in close proximity with stroma and cancer cells seeded on the
surface, as present in in vivo tumor. Current bioengineering techniques, such as
microfabricated devices and 3D printing, are unable to create patent perfusion vessels
and functional microvasculature inferior to a few microns in diameter and therefore do
not reproduce the 100-200 um oxygen diffusion limit normally encountered within human

tissue?.

[0160] Second, malignant transformation is also accompanied by specific changes in
cellular and extra-cellular mechanical properties which regulate a wide range of cellular
responses critical to tumorigenesis. Accordingly, in one embodiment, biophysical
characteristics including matrix stiffness, pore size, viscoelasticity, crosslinking proteins
and density, fiber network configuration, and/or cancer cell stiffness may be simulated
via proper selection of plant species. Each plant species being unique and displaying
different strength and hardness of leaves, cellulose scaffolds provide matrix with

different stiffness, elasticity and cell adhesion to better recapitulate the mechanical
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properties encountered in different types of tumors or at different stages of disease
progression. Thus, plant-based scaffolds and methods disclosed herein may be used to

mimic complex cellular and molecular interactions, such as response to IR.

Decellularization of plant tissues

[0161] To initiate decellularization, a spinach leaf was cannulated through the petiole
(base of the stem) with a 26-gauge needle and secured with heat shrink tape tubing.
The wax cuticle protecting the leaf was removed with 3 cycles of alternating washes with
hexanes and phosphate-buffered saline (PBS). The prepared leaves were connected to
the gravity bags filled up with the different solutions. Decellularization by chemical
treatment started with perfusion of a solution of 1% sodium dodecyl sulfate (SDS) in
deionized (DI) water for 2 days, followed by a solution of 10% sodium chlorite and 0.1%
Triton-X 100 in DI water for 2 days. The leaves were then flushed with DI water for an
additional 48 hours. Leaves were stored in DI water at 4 degrees Celsius (°C) until

ready to use.

DNA/Protein quantification

[0162] Leaves were first placed in centrifuge tubes and then were disrupted after
freezing in liquid nitrogen by using a pestle. Resulting powder were transferred to a
microcentrifuge tube for DNA and protein quantification. DNA content of fresh and
decellularized leaves was extracted using PureLink Genomic DNA Mini Kit (Invitrogen)
following manufacturer recommendation, while proteins were extracted by
radioimmunoprecipitation assay (RIPA) (Pierce RIPA buffer, ThermoFisher Scientific).
DNA content was quantified by reading absorbance at 260 nm and protein content was
quantified using microBCA protein assay kit (ThermoFisher Scientific). Both absorbance

were read by using Epoch microplate spectrophotometer (BioTek Instruments).

Human cell culture and seeding

[0163] PCS3 and fibroblasts were cultured in RPMI 1640 medium containing 10% fetal
bovine serum (FBS) and 1% Penicillin/Streptomycin (P/S) and HUVECs in Endothelial
Cell Growth Medium (Cell Applications, Inc., Cat. No. 211-500). Before recellularization,
leaf and stem scaffolds were first sterilized using UV Stratalinker 2400 (Stratagene) for
30 minutes. For PC3 and fibroblasts, leaf structures were functionalized with collagen

and fibronectin proteins. Briefly, scaffolds were incubated in 50 ug/ml of collagen |
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(A1048301, Thermo Scientific) in 20 mM acetic acid solution for 4 hours, followed by two
washes in PBS and a final wash in complete medium. Leaves were then incubated in 10
ug/ml fibronectin (FO895, Sigma-Aldrich) for 24 hours followed by three washes in
complete medium. Finally, treated leaves were cut into small pieces and fit to the bottom
of untreated multiple well plates. Inserts were placed in the well, on the top of the leaf, to
contain the cells and facilitate cellular attachment. For HUVECSs, one million cells were
concentrated in 100 uL Endothelial Cell Growth Medium and mixed with equal ratios of
Geltrex gel (Geltrex™ LDEV-Free Reduced Growth Factor Basement Membrane Matrix,
Cat. No. A1413202, ThermoFisher Scientific) before seeding inside of the decellularized
parsley stem. Geltrex coating concentration was determined by calculating the surface
area inside of the parsley stem. Once seeded, cells were incubated for 30 minutes at
37°C to allow for substrate formation followed by an additional 2 hours before perfusing
fresh medium to promote cell attachment. Cells were allowed to attach for different

times, depending on the assay, at 37°C with 5% CO2 atmosphere.

Atomic force microscopy (AFM)-based imaging and force mapping

[0164] The AFM instrument used was Nanosurf LensAFM (Nanosurf, Swizterland)
coupled with an upright Nikon Eclipse E800 optical microscope (Nikon, Japan). The
cantilevers (Veeco) were 405-495 um long, 45-55 ym wide, and 1.5-2.5 um thick. Their
spring constant was 0.1-0.2 N/m and their resonant frequency in an aqueous solution
was 10-16 kHz. All AFM observations were performed at room temperature (24-26 °C).
The images were acquired with 512 points by 512 lines. The scanning range was 110
pm x 1100 um and the scan time per line was 2 seconds. For force measurement, the
viscoelastic properties of the cells were determined using force spectroscopy mode. In
this mode, the AFM probe was moved in the vertical direction towards the cell surface,
indented into the leaf surface and retracted away from the leaf surface right after the tip
reached the targeted indentation force. The force curves were performed at three
different areas of the same leaf for three different leaves with 8 x 8 force curves per area
using the indentation force of 20 nN and the approaching velocity of approximately 2
pm/s. The scanning range was 27.5 um x 27.5 um. All images and force distance
curves were processed with the Nanosurf easyScan 2 3.8.0 software and the Young's

modulus was extracted using AtomicJ 1.7.2 software?’.
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3D surface mapping

[0165] Topographical images were directly taken from fresh, decellularized and
recellularized leaves using a tactile sensor pad imaged with a GelSight, Inc. Benchtop
System. The deformable gel elastomer pad (Medium-Firm, 20180524-001) was pressed
onto each leaf. Six photographs were acquired by a standard DSLR camera (Canon
Rebel T3i) with 18 megapixels resolved with a 5X lens (Canon MP-E 65mm 1-5X Macro
Lens). Each image is taken from a different angle illuminated with LED lighting. The
images represent a 4.5mm X 3.0mm area and are combined with GelSight software

(GSCapture) to generate a textural map of the leaf surface.

MTT cell viability assay

[0166] A modified MTT experiment was developed from CellTiter 96 NonRadioactive
Cell Proliferation Assay kit (Promega). Treated leaves were cut into 1 x 1 cm sized
pieces and fit to the bottom of an untreated 48-well plate. 0.75 x 0.75 cm inserts were
placed in the well on the top of the leaf, cells were plated at 10,000 cells/insert and
incubated at 37°C with 5% CO2 atmosphere. After 24 hours, the inserts were removed
and leaves with attached cells were re-plated into non-treated 96-well plates. The
medium was refreshed every 72 hours. Tetrazolium component was added at day 1, 3,
5 and 6 and absorbance of formazan product was measured at 570nm by using Epoch

microplate spectrophotometer (Biotek Instruments).

Irradiation

[0167] All irradiation was performed using a cabinet X-ray machine (X-RAD 320,
Precision X-Ray Inc., North Branford, CT) at 320 kVp and 12.5 mA with a 2 mm Al filter.
Dose-rate was 3 Gy/min. The source-to-axis distance was 42 cm. The beam was
calibrated using a UNIDOS E PTW T10010 electrometer and TN30013 ionization

chamber, with measurement done in air, fora 15 cm x 15 cm field size.

Immunofluorescence staining and microscopy

[0168] Functionalized leaves were cut into 2 x 2 cm sized pieces and plated on an
untreated 12-well plate with 1.75 x 1.75 cm inserts. Cells were seeded at 100,000
cells/insert and incubate for 24 hours. Cells were then fixed with 4% paraformaldehyde
(PFA) in PBS for 15 min and permeabilized with 0.1% Triton X-100/PBS for 5 min. For

y-H2AX and 53BP1 foci formation assay, cell were fixed and permeabilized 30 minutes,
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6 and 24 hours after 2 Gy-irradiation. Then, cells were blocked for 30 minutes at room
temperature in 1% bovin serum albumin (BSA)/PBS and immunostained with antibodies
diluted in 1% BSA/PBS to yH2AX Ser139 (JBW301; Upstate Cell Signaling; 1/800),
53BP1 (ab21083, Abcam, 1/500), vimentin (ab92547, Abcam, 1/100), pan-cytokeratin
(ab7753, Abcam, 1/100), followed by Cy3-conjugated anti-mouse IgG (115-165-062,
Jackson ImmunoResearch, 1/1000) and Alexa Fluor 647-conjugated anti-rabbit 1gG
(111-605-045, Jackson ImmunoResearch, 1/500) or Alexa Fluo 647-conjugated
Phalloidin (#A22287, Life Technologies, 1/40) and counterstained with DAPI. Images
were obtained using a Zeiss Axio Imager M2 epifluorescent microscope and were
acquired with a Zeiss AxioCam MRm camera using ZEN 4.5 software at the Biomedical

Imaging Core Facility at the UA College of Medicine — Phoenix.

Gene expression assay

[0169] Treated leaves (2 x 2 cm pieces) were seeded with 500,000 cells /mL in an
untreated 12-well plates and incubated for 72 hours. Then, cells were exposed to
irradiation at either 1 Gy or 2 Gy. Six hours after irradiation, PC3 cells on the leaf were
lysed and RNA was extracted using RNAspin Mini kit (GE Healthcare, 25-0500-71)
according to the manufacturer's recommendation. RNA quantification was performed
using Epoch microplate spectrophotometer (BioTek Instruments). RNA was stored at -
80°C until further use. RT-gPCR was then performed using RT2 Profiler PCR Array
Human DNA Damage Signaling Pathway (Qiagen, #330231). Three hundred
nanograms of total RNA were first used to generate cDNA using RT2 First Strand Kit
according to manufacturer’s instructions. Briefly, the reaction was first incubated at 42°C
for 5 minutes to eliminate residual genomic DNA and then placed one minute on ice.
After addition of the reverse transcription mix, reaction was then placed at 42°C for 15
additional minutes and stopped by incubation at 95°C for 5 minutes before proceeding
to PCR. RT2 Profiler Array PCR reactions were carried out on a 96-well plate format
using a Stratagene Mx30005P (Agilent Technologies, Inc). The cDNA was added to the
plate along with the RT Mastermix containing 2X RT2 SYBR Green. Cycling parameters
were 10 min at 95 °C for initial denaturation, followed by 40 cycles of denaturation at
95°C for 15 seconds and annealing and extension at 60°C for 1 minute. Melting curves
were automatically generated, ranging step-wise from 60 to 95°C. Data were collected

by MxPro gPCR Software (Agilent). Values were normalized with actin, beta (ACTB);
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beta-2-microglobulin (B2M); glyceraldehyde-3-phosphate dehydrogenase (GAPDH);
hypoxanthine phosphoribosyltransferase 1 (HPRT1) and ribosomal protein, large, PO
(RPLPOQ) and analyzed according to delta Ct method.?® Genes were considered to be
significantly expressed if the associated p-values were less than 0.05 and log2-based
expression change was greater than 1.5 or less than 0.66. The p-values for gene

expression changes were calculated using Student’s t-tests method.

Colony formation assay

[0170] Cell survival was evaluated by colony formation assay. Cells were cultured both
on leaf or in culture flasks for 3 days. Then, cells were harvested by trypsin, counted,
seeded in triplicate into 6-well plates at appropriate cell densities and immediately
irradiated. Then, cells were cultured for 14 days, and they were fixed with 6.0%
glutaraldehyde and stained with 0.5% crystal violet. Colonies with more than 50 cells
were counted and surviving fractions were calculated on the basis of the plating

efficiencies of corresponding non-irradiated cells.

Statistical analysis

[0171] All statistical tests and graphs were performed with GraphPad Prism version
7.00 for Windows (GraphPad Software Inc., La Jolla, CA). ImageJ software was used to
quantify yH2AX and 53BP1 foci. All results are presented as mean + SEM. Statistical
comparisons were made by using Student’s t-test. All differences were considered

statistically significant when p < 0.05.
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[0202] Example 3: supercritical fluid decellularization methods for plant-derived

cellulose scaffolds.

[0203] It has been discovered that decellularization of plant material via supercritical
fluid may be faster and able to better preserve tissue structure and mechanical
properties than conventional methods that use detergents, such as sodium dodecyl
sulfate (SDS) and Triton X-100. In particular, it has been discovered that supercritical
CO2 (sfCO2) with peracetic acid (PAA) and ethanol may be particularly useful in
decellularizing plant material quickly and efficiently while also preserving the cellulosic

structure.

[0204] Different sfCOz2 co-solvents were evaluated FIGs. 19A-19F show the results of
leaf decellularization via various sfCO2 co-solvents. Spinach leaves were visually
inspected after being treated with supercritical CO2 with various weak base co-solvents.
Ethanol and combinations of peracetic acid (PAA) were the most effective at removing
plant material (FIGs. 19D-19F) while bleach was the least effective (FIG. 19C) at
removing plant contents such as chlorophyll. The sfCO2 decellularization method was
initiated by soaking the plant material in a hexane bath for 5 minutes to remove the wax

cuticle, followed by two washes with PBS. Each individual leaf was placed in its own
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vented 15-ml conical tube and 5mL of co-solvent was added directly to each tube. The
lids were fastened onto the tubes, yet left loose to allow more opportunity for the fluid to
penetrate the tube. A maximum of three tubes were placed into the 600mL pressure
vessel of a NovaGenesis500 (Novasterilis, New York) and sealed with 25-foot pounds of
torque. The leaves were exposed to scCO:2 at 2500 psi, 33°C for three hours. Time
clock was initiated when the pressure and temperature equalized. FIG. 19A shows a
spinach leaf after being treated with supercritical CO2 and 75%EtOH. FIG. 19B shows a
spinach leaf after being treated with supercritical CO2 and 5% SDS in 75% EtOH. FIG.
19C shows a spinach leaf after being treated with supercritical CO2 and 10% Bleach in
75% EtOH. FIG. 19D shows a spinach leaf after being treated with supercritical CO2 and
1% PAA in 75% EtOH. FIG. 19E shows a spinach leaf after being treated with
supercritical CO2 and 2% PAA in 75% EtOH. FIG. 19F shows a spinach leaf after being
treated with supercritical CO2 and 3% PAA in 75% EtOH.

[0205] Treatment time may range between 1 and 3 hours at 1500-2500 psi and 33-
34°C. Particularly useful methods of decellularization include using 5 ml of co-solvent
containing 75% EtOH and 3% PAA at 2500 psi, 33°C for three hours. This method

efficiently decellularizes vegetal materials, as shown in FIGs. 31A-31C.
[0206] Example 4: Mimicking of a Biological Tissue.

[0207] Referring to FIG. 7, an exemplary method of mimicking a biological tissue is
schematically illustrated by a flow-chart. In the method, a First Tissue Species database
includes a Phenotype Information Database, a Physico/Chemical/Materials information
database and a Genetic Information database. Genetic Information database may

include genetic information related to the plurality of different plant species.

[0208] In some embodiments, the information stored in the Phenotype Information
Database of the First Tissue Species database may include information corresponding
to the vascular morphology of each of the plurality of plant species. In one example, the
vascular morphology information may include vascular density (e.g., number of vessels
per unit area for a 2D representation or number of vessels per unit volume for a 3D
representation), vascular branching (e.g., a mathematical formula that approximates the
branching morphology, such as shape, angle, density, spacing, etc.), vascular capacity

(e.g., friction losses of fluid flowing inside the leaf vasculature), among others, that
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characterizes the vasculature of a plant tissue of the database. Representative plants
include any of a range of plants that may have a geometry and scaffold useful for

mimicking mammalian tissue.

[0209] In some embodiments, the information stored in the Physico/Chemical/Materials
information database of the First Tissue Species database may include information
corresponding to biomechanical properties of each of the plurality of plant species. In
one example, the biomechanical properties may include elastic modulus (i.e., Young’s
modulus), ultimate tensile strength, among others, that characterizes the biomechanical

properties of a plant tissue of the database.

[0210] In some embodiments, the information stored in the Genetic Information
database of the First Tissue Species database may include genetic information related
to the plurality of different plant species. In one example, the information stored in the
Genetic Information database may include DNA or RNA, for example DNA sequence

information that characterizes the genetic information of a plant tissue of the database.

[0211] The Second Tissue Species database may include a Phenotype Information
Database, a Physico/Chemical/Materials information database and a Genetic
Information database related to a plurality of different mammalian tissue types (e.g.,
different human organs). In one embodiment, the First Tissue Species database stores
information related to tissue of a plurality of different human organs. The information
stored in the Phenotype Information Database may include morphology properties
related to the plurality of different human organs. The information in the
Physico/Chemical/Materials information database may include biomechanical and/or
chemical properties related to the plurality of different human organs. The Genetic
Information database may include genetic information related to the plurality of different

human organs.

[0212] In some embodiments, the information stored in the Phenotype Information
Database of the Second Tissue Species database may include information
corresponding to the vascular morphology of each of the plurality of human organs. In
one example, the vascular morphology information may include vascular density (e.g.,
number of vessels per unit area for a 2D representation of tissue of a human heart or

number of vessels per unit volume for a 3D representation of tissue of a human heart),
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vascular branching (e.g., a mathematical formula that approximates the branching
morphology of tissue of a human heart), vascular capacity (e.g., friction losses of fluid
flowing inside the tissue of a human heart) among others, that characterizes the

vasculature of a human tissue of the database.

[0213] In some embodiments, the information stored in the Physico/Chemical/Materials
information database of the Second Tissue Species database may include information
corresponding to biomechanical properties of each of the human tissue types. In one
example, the biomechanical properties may include elastic modulus (i.e., Young's
modulus), ultimate tensile strength, among others, that characterizes the biomechanical

properties of a human tissue of the database.

[0214] In some embodiments, the information stored in the Genetic Information
database of the Second Tissue Species database may include genetic information
related to the plurality of different human tissues. In one example, the information
stored in the Genetic Information database may include DNA or RNA, for example DNA
sequence information among others, that characterizes the genetic information of a

human tissue of the database.

[0215] In the method, a human tissue type may be selected. As shown in FIG. 7, a
Comparator may compare the information stored in the First database to the information
stored in the Second database to statistically identify a plant tissue of best fit for the
selected human tissue. Next, the selected plant tissue is provided and undergoes a
liquid-gas extraction of sub-components to produce an engineered structure, such as a
decellularized vascularized cellulose scaffold. Next, components of the selected human
tissue are incorporated into the engineered structure, for example human cells may be
seeded onto the vascularized cellulose scaffold to produce an analogue vascular
mammalian (human) tissue. Next, the analogue vascular mammalian tissue may be

exposed to environmental stimulus, such as radiation or one or more drugs.

[0216] Example 5. Development of biomechanically tunable plant-based scaffolds

to study cell-substrate interactions.

[0217] In vitro cell culture models of the prior art do not accurately recapitulate the

mechanical characteristics, in particular stiffness, of in vivo tissue. Thus, plant-based
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scaffolds with different stiffness may be used to reproduce the broad range of
mechanical properties of human tissue. Several plant species were decellularized and
the resulting scaffolds displayed different stiffness starting from few kPa, much softer
than traditional tissue culture polystyrene (TCPS). Melanoma SK-MEL-28 and prostate
PC3 cells were then seeded on spinach scaffolds to compare mechanoregulation with
cells seeded on TCPS. Results showed that YAP/TAZ signaling was inactivated, cellular
morphology altered and proliferation rate decreased when cells were cultured on leaf
scaffold. Unexpectedly, cell culture on soft vegetal scaffold also affected cellular
response to external stress. Thus, SK-MEL-28 cells phenotype is modified leading to a
drug resistance while PC3 cells showed altered gene expression and radiation

response.

[0218] Thus, decellularized plant-based scaffolds may reproduce the broad range of
human tissue stiffness, and thus be used to as an alternative to standard cell culture to
better mimic mechanical properties of different disease or healthy tissue environment.
The activation of mechanotransduction pathways of cells seeded on the leaf was
compared to cells seeded in standard plastic cell culture flasks. In one aspect, these
scaffolds may be used as new cellular models for drug screening and treatment
response. In one aspect the selection of the particular plant-based scaffold may impact
cellular response to external stimuli such as drug response in melanoma cells or

radiation response in prostate cancer cells compared to standard cell culture models.

[0219] Plant material, including baby spinach leaves (Spinacia oleracea), cherry tomato
plant leaf (Solanum lycopersicum), aquatic plant (Echinodorus grisebachii) and A.
borealis (Kalanchoe fedtschenkoi variegati) were acquired. To initiate decellularization,
spinach, tomato and aquatic leaves were cannulated through the petiole (base of the
stem) with a 26-gauge needle and secured with heat shrink tubing. A. Borealis was not
cannulated but directly soaked in the different solutions on an orbital shaker. The wax
cuticle protecting the leaf was removed with 3 cycles of alternating washes with hexanes
and phosphate-buffered saline (PBS). The prepared leaves were connected to gravity
bags filled with the different solutions. Decellularization by chemical treatment started
with perfusion of a solution of 1% sodium dodecyl sulfate (SDS) in deionized (DI) water

for 2 days, followed by a solution of 10% sodium chlorite and 0.1% Triton-X 100 in DI
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water for 2 days. The leaves were then flushed with DI water for an additional 48 hours.

Leaves were stored in DI water at 4 degrees Celsius (°C) until ready for use.
[0220] DNA/Protein quantification

[0221] Leaves were first placed in centrifuge tubes and then were disrupted after
freezing in liquid nitrogen by using a pestle. Resulting powder was transferred to a
microcentrifuge tube for DNA and protein quantification. DNA content of fresh and
decellularized leaves was extracted using DNeasy Plant Mini Kit (Qiagen) following
manufacturer recommendation, while proteins were extracted by
radioimmunoprecipitation assay (RIPA) (Pierce RIPA buffer, ThermoFisher Scientific) for
30 min on ice. DNA content was quantified by reading absorbance at 260 nm and
protein content was quantified using microBCA protein assay kit (ThermoFisher
Scientific). Both absorbances were measured using Epoch microplate

spectrophotometer (BioTek Instruments).
[0222] Human cell culture and seeding on leaf scaffold

[0223] Prostate cancer cells (PC3) and melanoma cells (SK-MEL-28) were obtained
from ATCC (CRL-1435 and HTB-72, respectively). PC3 cells were cultured in Roswell
Park Memorial Institute 1640 medium and SK-MEL-28 in Minimum Essential Medium,
both supplemented with 10% fetal bovine serum (FBS) and 1% Penicillin/Streptomycin
(P/S). Prior to recellularization, spinach leaf scaffolds were first sterilized using a UV
Stratalinker 2400 (Stratagene) for 30 minutes. Leaf structures were then functionalized
with collagen and fibronectin proteins. Briefly, scaffolds were incubated in 50 ug/ml of
collagen | (A1048301, Thermo Scientific) in 20 mM acetic acid solution for 4 hours,
followed by two washes in PBS and a final wash in complete medium. Leaves were then
incubated in 10 ug/ml fibronectin (FO895, Sigma-Aldrich) for 24 hours followed by three
washes in complete medium. Finally, treated leaves were cut into small pieces and fit to
the bottom of untreated multiple well plates. Inserts were placed in the well, on the top of
the leaf, to contain the cells and facilitate cellular attachment. Cell attachment was
promoted for different periods of time, depending on the assay, at 37°C with 5% CO2

atmosphere.

[0224] Atomic force microscopy (AFM)-based imaging and force mapping
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[0225] AFM instrument was Nanosurf LensAFM (Nanosurf, Swizterland) coupled with
an upright Nikon Eclipse E800 optical microscope (Nikon, Japan). The SCM-PIC
cantilevers (Bruker) were 405-495 um long, 45-55 um wide, and 1.5-2.5 um thick. Their
spring constant was 0.1-0.2 N/m and their resonant frequency in an aqueous solution
was 10-16 kHz. All AFM observations were performed at room temperature (24-26 °C).
The images were acquired with 512 points by 512 lines. The scanning range was 87.5
pm x 87.5 um and the scan time per line was 2 seconds. For force measurement, the
viscoelastic properties of the cells were determined using force spectroscopy mode. In
this mode, the AFM probe was moved in the vertical direction towards the cell surface,
indented into the leaf surface and retracted away from the leaf surface right after the tip
reached the targeted indentation force. The force curves were performed at three
different areas of the same leaf for three different leaves with 8 x 8 force curves per area
using the indentation force of 20 nN and the approaching velocity of approximately 2
pm/s. The scanning range was 27.5 um x 27.5 um. The force-distance curves of stiff
substrate were acquired by using a PPP-FMR9-SPL1 cantilevers (Bruker) that are
225um long, 28um wide with a spring constant of 2 N/m and a frequency of 75kHz. All
images and force distance curves were processed with the Nanosurf easyScan 2 3.8.0
software and the Young’'s modulus was extracted using AtomicJ 1.7.2 software,

assuming a Poisson’s ratio of 0.5 [12].
[0226] 3D surface mapping

[0227] Topographical images were directly taken from fresh, decellularized and
recellularized leaves using a tactile sensor pad imaged with a GelSight, Inc. Benchtop
System. The deformable gel elastomer pad (Medium-Firm, 20180524-001) was pressed
onto each leaf. Six photographs were acquired by a standard DSLR camera (Canon
Rebel T3i) with 18 megapixels resolved with a 5X lens (Canon MP-E 65mm 1-5X Macro
Lens). Each image is taken from a different angle illuminated with LED lighting. The
images represent a 4.5mm X 3.0mm area and are combined with GelSight software

(GSCapture) to generate a textural map of the leaf surface.
[0228] MTT cell viability assay

[0229] A modified MTT experiment was developed from CellTiter 96 NonRadioactive

Cell Proliferation Assay kit (Promega). Treated leaves were cut into 1 x 1 cm sized
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pieces and fit to the bottom of an untreated 48-well plate. 0.75 x 0.75 cm inserts were
placed in the well on the top of the leaf, cells were plated at 10,000 cells/insert and
incubated at 37°C with 5% CO2 atmosphere. After 24 hours, the inserts were removed
and leaves with attached cells were cut and re-plated into non-treated 96-well plates. In
parallel, cells were also directly seeded into a treated 96-well plate at a concentration of
5000 cells/well. The medium was refreshed every 72 hours. Tetrazolium component
was added at day 1, 3, 5 and 7 and absorbance of formazan product was measured at
570nm by using Epoch microplate spectrophotometer (Biotek Instruments). For the drug
response assay, withaferin A (WFA) was added at concentrations ranging from 0.156 to
40 uM and incubated for 72 hours prior to the addition of the formazan product. DMSO
(0.8%) served as vehicle and control. The concentration of drugs that resulted in 50% of
cell death (ICso0) was determined from dose-response curve by using PRISM 7.0
(GraphPad100 Software, San Diego, CA, USA). Experiments were repeated three

times, and data represented as the mean of quadruplicate wells + SEM.
[0230] Immunoblotting

[0231] For protein extraction, recellularized leaf scaffolds and cells in TCPS at 80%
confluency were first washed three times with PBS to remove excess of cell culture
medium. The leaf scaffold was then immerged in RIPA buffer for 30min on ice with
regular vortex steps while RIPA was directly added into the TCPS for 15 min on ice
before cell scrapping. Cell lysates were then centrifuged at maximal speed,
supernatants were collected and protein contents were quantified using microBCA
protein assay kit (ThermoFisher Scientific). Absorbance was read using an Epoch
microplate spectrophotometer (BioTek Instruments). Samples (5 ug total protein) were
mixed with Laemmli sample buffer (Bio-Rad) and heated at 95°C for 5 minutes. Samples
were then loaded on graded pre-cast polyacrylamide gels (4 - 20% mini PROTEAN TGX
gels, Bio-Rad), separated based on size by electrophoresis (90V for 2 hours) and
transferred (300mA for 90min) to PVDF membranes (Bio-Rad). Membranes were then
blocked with PBS plus 0.1% Tween-20 containing 5% dried non-fat milk at room
temperature for one hour. Blots were then incubated at 4°C overnight with primary
antibodies against Yorkie-homologues / yes-associated protein — 1 (YAP) (sc101199;
Santa Cruz; 1/200) and transcriptional coactivator with PDZ-binding motif (TAZ) (#4883;
Cell Signaling; 1/1000). Glyceraldehyde 3-phosphate dehydrogenase (GAPDH)
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(sc365062; Santa Cruz; 1/200). was used as the control. After five washes (5min/each)
in PBS plus Tween-20, membranes were incubated with anti-mouse HRP-conjugated
antibody (1/10,000; Jackson ImmunoResearch Laboratories) or anti-rabbit HRP-
conjugated antibody (1/5,000; Jackson ImmunoResearch Laboratories) at room
temperature for one hour. After five additional washes, membranes were developed with
ECL substrate (Clarity Western, Bio-Rad) and imaged using a GBox Chemi doc system
(XX6, Syngene). Band intensities were quantified by using ImageJ and differences

between experimental conditions were analyzed using the Mann-Whitney test.
[0232] Real-Time Quantitative Reverse Transcription PCR (qQRT-PCR)

[0233] Treated leaves (2 x 2 cm pieces) were seeded with 500,000 cells /mL in an
untreated 12-well plate and incubated for 72 hours. In parallel, cells were also grown in
TCPS until 80% confluency. Cells on the leaf or in TCPS were lysed and RNA was
extracted using RNAspin Mini kit (GE Healthcare, 25-0500-71) according to the
manufacturer's recommendation. RNA quantification was performed using Epoch
microplate spectrophotometer (BioTek Instruments). RNA was stored at -80°C until
further use. One microgram of total RNA was first used to generate cDNA using a
QuantiTect Reverse Transcriptase kit (Qiagen, #205310) according to manufacturer’s
instructions. Briefly, the reaction was first incubated at 42°C for 2 minutes to eliminate
residual genomic DNA and then placed immediately on ice. After addition of the reverse
transcription mix, reaction was then placed at 42°C for 15 additional minutes and
stopped by incubation at 95°C for 3 minutes before proceeding to PCR. QuantiFast
SYBR Green PCR reactions (Qiagen, #204054) were carried out on a 96-well plate
format using a Stratagene Mx30005P (Agilent Technologies, Inc). The cDNA was added
to the plate along with the RT Mastermix containing 2X QuantiFast SYBR Green PCR
Master Mix, RNase-free water and primers (1 uM): ANKRD1 (F:
AGAACTGTGCTGGGAAGACG (SEQ ID NO:1); R: GCCATGCCTTCAAAATGCCA
(SEQ ID NO:2)), CTGF (F: AGGAGTGGGTGTGTGACGA (SEQ ID NO:3); R:
CCAGGCAGTTGGCTCTAATC (SEQ ID NO:4)), GAPDH (F:
CTCCTGCACCACCAACTGCT (SEQ ID NO:5); R: GGGCCATCCACAGTCTTCTG
(SEQ ID NO:6)) MITF (F: GTTGCCTGTCTCGGGAAACT (SEQ ID NO:7); R:
TACACGCTGTGAGCTCCCTT (SEQ ID NO:8)), MLANA (F:
GGGAGTCTTACTGCTCATCGG (SEQ ID NO:9); R: TCAAACCCTTCTTGTGGGCA
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(SEQ ID NO:10)), SOX10 (F: GGAGGCTGCTGAACGAAAGT (SEQ ID NO:11); R:
GGGCGCTCTTGTAGTGGG (SEQ ID NO:12)), TAZ (F:
GGACCAAGTACATGAACCACC (SEQ ID NO:13); R: TGCAGGACTGGTGATTGGAC
(SEQ ID NO:14)), TYR (F: CGAGTCGGATCTGGTCATGG (SEQ ID NO:15); R:
GACACAGCAAGCTCACAAGC (SEQ ID NO:16)) and YAP (F:
CCCTCGTTTTGCCATGAACC (SEQ ID NO:17); R: GTTGCTGCTGGTTGGAGTTG
(SEQ ID NO:18)). Cycling parameters were 5 min at 95 °C for initial activation, followed
by 40 cycles of denaturation at 95°C for 10 seconds and combined annealing and
extension at 60°C for 30 seconds. Melting curves were automatically generated, ranging
step-wise from 60 to 95°C. Data were collected by MxPro gPCR Software (Agilent).
Values were normalized with glyceraldehyde-3-phosphate dehydrogenase (GAPDH)

and analyzed according to delta Ct method [13].
[0234] Scanning Electron Microscopy (SEM)

[0235] Functionalized leaves were cut into 1 x 1 cm sized pieces and plated on an
untreated 24-well plate with 0.75 x 0.75 cm inserts. Cells were seeded at 50,000
cells/insert and incubated for 72 hours. In parallel, cells were also seeded on coverslip
at a concentration of 12 000 cells/cm2 for 72 hours. Cells were fixed with 2.5%
glutaraldehyde in 1X PBS overnight at 4°C. Samples were dehydrated in increasing
concentrations of ethanol (50, 70, 85, 95, 95, 100, 100) for one hour each and left
overnight in 100% ethanol at 4°C. Samples were left to dry on pin stub mounts (12.7 x
8mm, Ted Pella) and sputter coated with gold (10nm) prior imaging to the Eyring
Materials Center at Arizona State University with a SEM-FEG XL30 (FEI).

[0236] Irradiation

[0237] All irradiation was performed using a cabinet X-ray machine (X-RAD 320,
Precision X-Ray Inc., North Branford, CT) at 320 kVp and 12.5 mA with a 2 mm Al filter.
Dose-rate was 3 Gy/min. The source-to-axis distance was 42 cm. The beam was
calibrated using a UNIDOS E PTW T10010 electrometer and TN30013 ionization

chamber, with measurement done in air, fora 15 cm x 15 cm field size.

[0238] Immunofluorescence staining and microscopy
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[0239] Functionalized leaves were cut into 2 x 2 cm sized pieces and plated on an
untreated 12-well plate with 1.75 x 1.75 cm inserts. Cells were seeded at 100,000
cells/insert and incubated for 72 hours. In parallel, cells were also seeded on coverslip
at a concentration of 12 000 cells/cm? for 72 hours. Cells were then fixed with 4%
paraformaldehyde (PFA) in PBS for 15 min and permeabilized with 0.1% Triton X-
100/PBS for 5 min. For y-H2AX foci formation assay, cells were fixed and permeabilized
at 1, 6 and 24 hours after 2 Gy-irradiation. Then, cells were blocked for 30 minutes at
room temperature in 1% bovin serum albumin (BSA)/PBS and immunostained with
antibodies diluted in 1% BSA/PBS to yH2AX Ser139 (JBW301; Upstate Cell Signaling;
1/800), alpha-tubulin (sc5286; Santa Cruz; 1/150), beta-catenin (sc7963; Santa Cruz,
1/100), YAP (sc-101199; Santa Cruz; 1/50) and Ki-67 (ab15580; AbCam; 1/1000)
followed by Cy3-conjugated anti-mouse 1gG (115-165-062, Jackson ImmunoResearch,
1/1000) and Alexa Fluor 647-conjugated anti-rabbit IgG (111-605-045, Jackson
ImmunoResearch, 1/500) or Alexa Fluo 647-conjugated Phalloidin (#A22287, Life
Technologies, 1/40) and counterstained with DAPI. Images were obtained using a Zeiss
Axio Imager M2 epifluorescent microscope and were acquired with a Zeiss AxioCam
MRm camera using ZEN 4.5 software at the Biomedical Imaging Core Facility at the UA

College of Medicine — Phoenix.
[0240] DNA damage signaling pathway assay

[0241] Treated leaves (2 x 2 cm pieces) were seeded with 500,000 cells /mL in an
untreated 12-well plate and incubated for 72 hours. In parallel, cells were also grown in
TCPS until 80% confluency. Then, cells were exposed to irradiation at 2 Gy. Six hours
after irradiation, PC3 cells in TCPS were harvested and lyzed, while cells on the leaf
were directly lyzed on the scaffold. RNA was extracted using RNAspin Mini kit (GE
Healthcare, 25-0500-71) according to the manufacturer's recommendation. RNA
quantification was performed using Epoch microplate spectrophotometer (BioTek
Instruments). RNA was stored at -80°C until further use. gqRT-PCR was then performed
using RT2 Profiler PCR Array Human DNA Damage Signaling Pathway (Qiagen,
#330231). Three hundred nanograms of total RNA were first used to generate cDNA
using RT? First Strand Kit according to manufacturer’s instructions. Briefly, the reaction
was first incubated at 42°C for 5 minutes to eliminate residual genomic DNA and then

placed one minute on ice. After addition of the reverse transcription mix, reaction was
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then placed at 42°C for 15 additional minutes and stopped by incubation at 95°C for 5
minutes before proceeding to PCR. RT? Profiler Array PCR reactions were carried out
on a 96-well plate format using a Stratagene Mx30005P (Agilent Technologies, Inc). The
cDNA was added to the plate along with the RT Mastermix containing 2X RT2 SYBR
Green. Cycling parameters were 10 min at 95 °C for initial denaturation, followed by 40
cycles of denaturation at 95°C for 15 seconds and annealing and extension at 60°C for
1 minute. Melting curves were automatically generated, ranging step-wise from 60 to
95°C. Data were collected by MxPro gPCR Software (Agilent). Values were normalized
with actin, beta (ACTB); beta-2-microglobulin (B2M); glyceraldehyde-3-phosphate
dehydrogenase (GAPDH); hypoxanthine phosphoribosyltransferase 1 (HPRT1) and
ribosomal protein, large, PO (RPLPO) and analyzed according to delta Ct method [13].
Gene expression were considered to be significantly modified if the associated p-values

were less than 0.05 and fold changes (FC) was greater than 1.5 or less than 0.66.
[0242] Clonogenic assay

[0243] Cells were cultured both on spinach leaf or in TCPS for 3 days. Then, cells were
harvested by trypsin, counted, seeded in triplicate into 6-well plates at appropriate cell
densities and immediately irradiated at O, 2, 4 and 6 Gy. Then, cells were cultured for 14
days, and they were fixed with 6.0% glutaraldehyde and stained with 0.5% crystal violet.
Colonies with more than 50 cells were counted and surviving fractions were calculated

on the basis of the plating efficiencies of corresponding non-irradiated cells.
[0244] Statistical analysis

[0245] All statistical tests and graphs were performed with GraphPad Prism version
7.00 for Windows (GraphPad Software Inc., La Jolla, CA). ImageJ software was used to
quantify yH2AX and 53BP1 foci, immunoblot bands intensities and cell spreading areas.
All results are presented as mean + SEM. Statistical comparisons were made by using
Student’s t-test or Mann-Whitney test if data distribution did not pass normality test. All

differences were considered statistically significant when p < 0.05.
[0246] Decellularized vegetal scaffolds display a broad range of stiffness

[0247] Vegetal structures with different Young Modulus (YM) as measured by atomic

force microscopy (AFM) were decellularized by serial chemical treatment. Among the
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native plants, the aquatic plant Echinodorus grisebachii leaves presented the highest
YM (3417 MPa) and tomato (Solanum lycopersicum) leaves the lowest YM (41121 kPa),
while A. Borealis (Kalanchoe fedtschenkoi Variegata “Aurora Borealis”) and spinach
(Spinacia oleracea) leaves had intermediate YM (147+55 kPa and 17+8 MPa
respectively) (FIG. 10A). After 7 days of treatment, all vegetal structures lost chlorophyll
and appeared fully translucent (FIG. 10B) suggesting that plant material have been
successfully removed from the native structure. To assess the efficiency of this
decellularization process, protein and DNA content was then quantified. Decellularized
leaves contained significantly less DNA (FIG. 10C) and protein (FIG. 10D) compared to
fresh leaves, below the minimal requirement to consider a tissue as decellularized [14].
In addition, AFM-based imaging showed that plant structures, such as stoma and veins,
are more visible on the decellularized leaf compared to fresh leaf (FIG. 10E). Altogether,
these data suggest that decellularization treatment was effective to remove all vegetal
content. AFM-based force mapping performed on resulting scaffolds showed that YM of
decellularized structures were all lower than native structures confirming that plant
structures were soften by chemical decellularization treatment (FIG. 10A). Interestingly,
after decellularization, vegetal structures still displayed a broad range of stiffness, with
YM of 794+131, 158144, 1317 and 4+0.6 kPa for aquatic, spinach, A. Borealis and
tomato leaves respectively. This suggests that resulting scaffolds may provide more
appropriate matrixes to reproduce the mechanical properties of different human tissue
than standard tissue culture polystyrene (TCPS) flasks or coverslips which displayed
much higher YM (FIG. 16). To better characterize the biomechanical patterning of the
cells seeded on vegetal scaffolds, mechanosensitive pathways of the cells seeded on

the scaffolds were compared to those of cells seeded on stiff substrate.

[0248] YAP/TAZ signaling pathway is inactivated in cells cultured on spinach leaf

decellularized scaffolds

[0249] To assess this mechanical response, prostate cancer cell line (PC3) were first
seeded on decellularized spinach leaves. Since mechanical and biochemical properties
of the ECM regulate cell morphology, adhesion, proliferation, communication and tissue
formation [15-17], leaf structures were first functionalized with a combination of collagen
and fibronectin treatment in order to improve cell attachment and better mimic the

presence of ECM. After 24h incubation, fluorescence microscopy imaging showed that
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PC3 cells are present on the leaf surface (FIG. 17A). Larger scale optical 3D leaf
topography and texture imaging was performed by using a GelSight tactile sensor [18].
The photometric results showed an apparent vasculature on decellularized leaf masked
by presence of plant cells on fresh leaf and, in a lesser degree, by human cells on the
recellularized scaffolds (FIG. 17B). In addition, fluorescence imaging showed that cells
were able to create cell-cell junctions, such as adherens junctions, when visualized by
the expression of B-catenin (FIG. 17C). Finally, well-formed mitotic spindles were visible
in cells showing different phases of mitosis and thus demonstrating that cells are alive
and able to divide on the leaf scaffold (FIG. 17D). All together, these results
demonstrate that cells were able to attach onto the functionalized scaffold and were able

to proliferate and form a tissue-like layer.

[0250] Since the recent identification of the Yorkie-homologues YAP (Yes-associated
protein) and TAZ (transcriptional coactivator with PDZ-binding motif, also known as
WWTR1) as nuclear sensors of mechanical signals exerted by substrate rigidity [19], a
new model is emerging in which multiple types of mechanical inputs in a variety of
cellular settings rely on the regulation of these two transcriptional regulators [20].
Therefore, endogenous YAP/TAZ subcellular localization was assessed by
immunofluorescence in PC3 and SK-MEL-28 cells seeded on spinach leaf and stiff
substrate. Results showed that YAP/TAZ were clearly nuclear on stiff substrate but
became predominantly cytoplasmic on cells cultured on spinach leaf scaffold as shown
in FIG. 11A (Immunofluorescence images of YAP/TAZ and nuclei (DAPI) in PC3 and
SK-MEL-28 cells seeded on coverslip and spinach scaffold for 3 days. Scale bars = 15
pum. Graphs indicate the percentage of cells with nuclear YAP/TAZ (n=3, *p<0.05;
Student t-test)). In addition, MRNA expression of YAP was significantly decreased in
PC3 and SK-MEL-28 cell lines (p=0.031 and p=0.0001 respectively) when cultured on
spinach scaffolds while mMRNA TAZ expression was not modified as shown in FIG. 11B
(Quantitative RT-PCR analysis in PC3 and SK-MEL-28 cells to measure YAP and TAZ
MRNA levels. Cells were grown on TCPS or spinach scaffold for 3 days. Data were
normalized to expression on TCPS and indicated as mean + SEM (n=3, *p<0.05;
Student t-test). YAP and TAZ proteins were also under-expressed in both cell lines
when cultured on spinach scaffolds compared to stiff substrate as shown in FIG. 11C
(Immunoblotting of YAP and TAZ in PC3 and SK-MEL-28 cells seeded on TCPS and
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spinach scaffolds). Finally, the measurement of the expression of two YAP/TAZ
regulated genes, ANKRD1 and CTGF, showed that ANKRD1 was significantly
downregulated in PC3 cells and CTGF was significantly downregulated in both cell lines
seeded on leaf scaffold compared to stiff substrate as shown in FIG. 11D (Quantitative
RT-PCR for YAP/TAZ target genes (CTGF and ANKRD1) in PC3 and SK-MEL-28 cells.
Cells were grown on TCPS or spinach scaffold for 3 days. Data were normalized to
expression on TCPS and indicated as mean £ SEM (n=3, *p<0.05; Student t-test)). FIG.
11E shows Functionalization increases stiffness of decellularized scaffold. Comparison
of the Young's modulus of decellularized (D) and functionalized (C+F) spinach leaf with
collagen and fibronectin as measured by AFM. The graph shows the mean + SEM (n=3,
*p<0.05; Student t-test). FIG. 11F shows original uncropped western blot image. Red
rectangles correspond to the cropped sections shown in FIG. 11C. Altogether, these
results suggested that YAP/TAZ pathway is not functional in cells cultured on leaf

scaffold
[0251] Cell culture on leaf scaffold induces cell morphology changes

[0252] Because of low stiffness and YAP/TAZ inactivation, the tunability of cellular
morphology of cells seeded on spinach scaffolds was investigated. Scanning electron
microscopy revealed that both PC3 and SK-MEL-28 cells seeded on stiff substrate
displayed an extended shape, with longer cell cilia, and a broader cell body compared to
cells seeded on leaf scaffold that presented a round shape (FIG. 12A). The cell
spreading area was quantified and shown to be 92.4 and 81% reduction for PC3 and
SK-MEL-28 cells respectively when they are cultured on leaf scaffold compared to the
stiff substrate (FIG. 12B). In addition, F-actin immunofluorescence confirmed this
observation by revealing that cells maintain their round morphology with diffuse actin on
leaf scaffold, whereas cells seeded on plastic substrate displayed a polygonal

morphology with numerous F-actin stress fibers (FIG. 12C).
[0253] Proliferation rate is decreased for cells seeded on leaf scaffold

[0254] The proliferation activity of PC3 and SK-MEL-28 cells on stiff and leaf substrates
was then assessed by measuring Ki-67 staining. Immunofluorescence showed that Ki-
67 expression was upregulated in cells cultured for 72 hours on stiff substrate compared

to leaf scaffold (FIG. 13A). The number of Ki-67-positive cells was significantly lower for
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PC3 and SK-MEL-28 cells (p<0.0001 and p=0.003, respectively) when they are cultured
on spinach leaf scaffold (FIG. 13B), suggesting a potential higher proliferation rate of
cells seeded on stiff substrate. To confirm this hypothesis, a modified MTT assay was
then performed to assess proliferation of PC3 and SK-MEL-28 seeded on the leaf
compared to a stiff substrate. Results showed that after 7 days, the normalized
absorbance for PC3 and SK-MEL-28 cells grown on the stiff substrate is respectively
3.5-fold and 3-fold higher compared to the values for cells grown on the spinach leaf
scaffold (FIG. 13C). Together these results showed that the cells growing on leaf

scaffold have a lower proliferation rate than cells growing on a stiff substrate.
[0255] Cell culture on leaf scaffold changes melanoma SK-MEL-28 cells phenotype

[0256] Microphthalmia-associated Transcription Factor (MITF) is a lineage-determining
transcription factor critical for regulation of the melanocytic lineage during development
and implicated as both a melanoma tumor suppressor and oncogene [21,22]. MITF is
required for proliferation and has been identified as a factor prone to amplification
[23,24]. Two phenotypically distinct populations of melanoma cells were described
related to MITF levels: high-MITF population is associated with differentiation and
proliferation, whereas low-MITF cells, although they proliferate slowly, are endowed with
the invasive and EMT-like characteristics [25]. MITF is amplified in SKMel-28 cells [26]
and, therefore, it was investigated whether its expression could be altered by the leaf
scaffold. Immunofluorescence showed that MITF expression was upregulated in cells
cultured on stiff substrate compared to leaf scaffold (FIG. 14A). The number of MITF-
positive cells was significantly lower (p<0.016) for cells cultured on spinach leaf scaffold
(FIG. 14B). Gene expression was then analyzed by gqRT-PCR for MITF and three
genes of the MITF-high expression signature (SOX10, MLANA and TYR) [27]. Results
showed that MITF, and its target genes SOX10 and MLANA were significantly down-
regulated when cells were cultured on decellularized spinach leaves compared to stiff
substrate, suggesting that the leaf scaffold altered MITF and its associated pathways
(FIG. 14C). Since MITF signature can impact drug response [28,29], response of SK-
MEL-28 to withaferin A (WFA) was investigated. WFA is a natural compound from the
withanolide family that induces apoptosis in human melanoma cell lines [30] and

decreases uveal melanoma tumor growth in vivo [31]. Dose-response curves extracted
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from MTT assay showed that SK-MEL-28 cells seeded on stiff substrate were more
sensitive to WFA (ICs0=1.1 pM) than cells on leaf scaffold (IC50=5.2 uM).

[0257] Response of PC3 cells to radiation differs between cells seeded on plastic and

leaf substrate

[0258] In addition to SK-MEL-28 drug response, PC3 cells were irradiated to assess
whether cell culture on leaf scaffold could also modify radiation response. First, the
expression of 84 genes involved in DNA damage signaling pathways were investigated
in PC3 cells seeded for 3 days on leaf scaffold or TCPS. Results showed that 34 of 84
genes are differentially expressed (1.5<FC<0.66) between the two conditions, with 11
upregulated and 23 downregulated genes in PC3 cells cultured on spinach leaf scaffold
compared to cells cultured in TCPS (FIG. 15A). Unexpectedly, the comparison of genes
differentially expressed after 2Gy-irradiation revealed that 11 genes (CDKN1A, DDITS3,
PPP1R15A, GADD45G, ATR, GADD45A, XPA, NTHL1, MAPK12, FANCA and BBC3)
are up-regulated and 6 genes (RAD1, CRY1, MSH2, ATRX, MCPH1 and RAD21) are
down-regulated when cells were irradiated on spinach leaf scaffold (FIG. 16B). p53
signaling pathway is enriched by the upregulated genes while cell cycle is enriched by
the downregulated genes, suggesting a potential switch in radiation-induced DNA
damage signaling between leaf scaffold and stiff substrate. To investigate if
radiosensitivity could be affected DNA double-strand breaks (DSBs) were assessed by
monitoring the formation of yH2AX foci. As shown on FIG. 15C, the number of yH2AX
foci increased 1 h after 2 Gy-irradiation compared to sham-irradiated in both cells
seeded on spinach scaffold or stiff substrate. At 6 h post-irradiation, the number of foci
started to decrease to return to normal level at 24 h. Interestingly, the kinetic of DBSs
restoration is similar between cells seeded on spinach scaffold or stiff substrate
suggesting that DNA damage is effectively repaired in both conditions (FIG. 15D). This
was confirmed by clonogenic assay that showed that survival fraction of irradiated PC3
cells seeded on spinach leaf scaffold decreased following the same trend as cells
seeded on stiff substrate demonstrating that PC3 radiosensitivity is similar between both
conditions (FIG. 15E).
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[0320] Example 6: skin-on-leaf multilayered vascularized biological system to

study LET radiation effects.

[0321] Research has demonstrated that the biological response to space radiation is
unique due to a non-homogeneous, multi-energetic dose distribution (1). While the
effect of such high-linear energy transfer (LET) radiation might be mitigated with
effective shielding, an exposed human would be expected to receive skin doses 5-10-
times higher than those experienced by internal organs during deep-space missions,
because of its superficial location and susceptibility to absorption in the low energy
spectra of protons and nuclei (2). Unfortunately, although the description of radiation-

induced skin damage is relatively well documented, the late toxicity profiles and the
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underlying mechanisms are still poorly understood and prevent the development of
efficient countermeasure approaches. The skin is a complex organ, especially from a
biomechanical perspective, and there is a need to use more developed in vitro human
models to overcome these challenges. Accordingly, decellularized plant leaves to
provide three-dimensional (3D) biocompatible scaffold and create a “skin-on-leaf”
multilayered vascularized biological system reproducing the different skin layers
according to their mechanical properties and cellular components. The unique feature of
these scaffolds allows vascularization of the model, thus interrogating the role of

endothelial cells in radiation-induced skin injuries.

[0322] The “skin-on-leaf” may be exposed to X-ray (as reference) and high LET
neutrons. The response of keratinocytes and dermal fibroblasts in the different layers as

well as endothelial cells may be assessed.

[0323] The radiation response may be assessed with a rapamycin drug analog
(everolimus) injected in the dermis vascular system. Testing of drug efficacy against
high LET radiation may be conducted using neutron irradiation as well as acute and

protracted galactic cosmic radiation (GCR).

[0324] Needle-generated stress may be induced on the skin-on-leaf and
mechanotransduction signals may be investigated to assess whether such contacts can

improve skin and stem cells resistance to space-relevant radiation.

[0325] Different plant materials were decellularized to assess their stiffness and
evaluate if they could match the range of human tissue stiffness. Plants, including baby
spinach leaves, hybrid cherry tomato plant, aquatic plant, A. borealis and lucky bamboo,
were decellularized by serial chemical treatment. After 7 days, all vegetal structures lost
chlorophyll and appeared fully translucent (FIG. 20A). Decellularized leaves contained
significantly less DNA (FIG. 20B) than fresh leaves, suggesting that plant material have
been successfully removed from the native structure. Using AFM-based force mapping,
we measured stiffness of decellularized scaffolds and found that they displayed a broad
range of stiffness, with Young’s modulus (YM) from 1.7+0.3 (A. Borealis) to 176711260
kPa (bamboo) (FIG. 20C), thus matching stiffness of main human tissues (FIG. 20D)
(14-18).
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[0326] Recellularization of decellularized plant-based scaffolds and “skin-on-leaf”

model

[0327] From a mechanical point of view, human skin appears as a layered composite
containing the stiff thin cover layer presented by the stratum corneum (YM = 100 kPa),
below which are the more compliant layers of viable epidermis (YM = 25 kPa) and
dermis (YM = 75 kPa) and further below the much softer adjacent layer of subcutaneous
white adipose tissue (YM = 8 kPa) (19,20). Although the correlation of YM with
intramural and extraneous factors such as Langer’s lines, skin’s thickness, ageing and
hydration make difficult to consider these numbers as universal values, they show the
high anisotropy of the skin and suggest that its mechanics is complex. Using these bulk
YM values, the multi-layer (stratified) skin model was created by using cellulose
scaffolds from decellularized spinach to form the stiffest, top most layer (stratum
corneum) of the epidermis, tomato leaves to form the epidermis, spinach leaves to form
the dermis and A. Borealis to form the softest subcutaneous layer (FIGs. 21A-21B). In
this model, after functionalization of scaffolds with collagen and fibronectin, human
normal epidermal keratinocytes were seeded on tomato leaves and human normal
fibroblasts on spinach leaves to provide the cellular components of epidermis and
dermis respectively. Fluorescence microscopy imaging confirmed that cells were
present on the leaf surface (F-actin) and able to create tight junctions, as visualized by
the expression of B-catenin (FIG. 22). All together, these results demonstrate that cells
were able to attach onto the functionalized leaf scaffolds and were able to proliferate
and form a tissue-like layer. In addition, these cells can survive up to four weeks in the
system (FIG. 23).

[0328] Vascularization of plant-based decellularized scaffolds and role of endothelial

cells in skin cells response to IR

[0329] In addition to their mechanical properties, one of the main advantages of the
plant-based scaffolds is their natural vasculature. Once decellularized, the leaf veins
remain and offer a network nearly identical to animal capillaries systems (FIG. 24A). In a
similar manner to keratinocyte and fibroblast cells, human endothelial cells (HUVECS)
can also be attached on leaf scaffold where they are able to connect and form cell

junction (FIG. 24B). Interestingly, endothelial cells may be seeded within the veins to
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recreate a vascular network (FIG. 24C). Radiation damage to skin includes erythema,
pigmentation, and dry and moist desquamation in the early phase (< 4 weeks) and
atrophy and fibrosis (or necrosis) in the later phase (> 6 weeks) (22). However, radiation
also damages the vasculature of the dermis, progressively changing superficial blood
vessel structure, and often leading to a prominent, enlarged, and tortuous
microvasculature near the skin surface (telangiectasia) (23). As radiation-damaged
endothelial cells are not replaced within the tuft after irradiation (24,25), microvessel
ends progressively retract and surviving endothelial cells enlarge to cover the affected
area. This results in partial loss of adjacent basal and dermal cells. At some points in
time, vessel continuity is broken by continued endothelial cell loss, manifesting
telangiectasia under a thinned epidermis as an area of reddish discoloration with many

dilated blood vessels.
[0330] Mechanotransduction pathways activity of cells seeded on plant-based scaffolds

[0331] Yorkie-homologues YAP (Yes-associated protein) and TAZ (transcriptional
coactivator with PDZ-binding motif, also known as WWTR1) pathways, were evaluated
as a master regulator of mechanotransduction response. Cells were seeded on vegetal
scaffolds and compared to stiff substrates. Endogenous YAP/TAZ subcellular
localization was assessed via immunofluorescence of melanoma SK-MEL-28 cells
seeded on spinach leaf and stiff substrate. Results showed that YAP/TAZ were clearly
nuclear on stiff substrate but became predominantly cytoplasmic on cells cultured on
spinach leaf scaffold (FIGs. 25A-25B). In addition, mMRNA expression of YAP was
significantly decreased in cells (p=0.0001) when cultured on spinach scaffolds while
MRNA TAZ expression was not altered (FIG. 25C). YAP and TAZ proteins were also
under-expressed in both cell lines when cultured on spinach scaffolds compared to stiff
substrate (FIG. 25D). Finally, the measurement of the expression of two YAP/TAZ
regulated genes, ANKRD1 and CTGF, showed that both are downregulated in cells are
seeded on leaf scaffold (FIG. 25E). Thus, YAP/TAZ mechanotransduction pathways of
cells seeded on leaf model is downregulated compared to standard cell culture.
Proliferation activity is decreased when YAP is cytoplasmic and highlight the importance
of having a multi-layer model to recapitulate the profile of the mechanotransduction

pathways of the skin.
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[0332] Radiation response of human cells seeded on plant-based decellularized
scaffolds

[0333] The radiation response of prostate cancer cells (PC3) seeded on plant-based
scaffolds was compared to conventional cell culture substrates such as TCPS flasks or
glass coverslips. The expression of 84 genes involved in DNA damage signaling
pathways was investigated. Results showed that 34 of 84 genes are differentially
expressed (1.5<FC<0.66) between the two conditions, with 11 upregulated and 23
downregulated genes in PC3 cells cultured on spinach leaf scaffold compared to cells
cultured in TCPS (FIG. 15A). Interestingly, the comparison of genes differentially
expressed after 2Gy-irradiation revealed that 11 genes (CDKN1A, DDIT3, PPP1R15A,
GADDA45G, ATR, GADD45A, XPA, NTHL1, MAPK12, FANCA and BBC3) are up-
regulated and 6 genes (RAD1, CRY1, MSH2, ATRX, MCPH1 and RAD21) are down-
regulated when cells were irradiated on spinach leaf scaffold (FIG. 15B). p53 signaling
pathway is enriched by the upregulated genes while cell cycle is enriched by the
downregulated genes, suggesting a potential switch in radiation-induced DNA damage
signaling between leaf scaffold and stiff substrate. DNA double-strand breaks (DSBs)
were investigaged by monitoring the formation of yH2AX foci. As shown on FIG. 15C,
the number of yH2AX foci increased 1 h after 2 Gy-irradiation compared to sham-
irradiated in both cells seeded on spinach scaffold or stiff substrate. At 6 h post-
irradiation, the number of foci started to decrease to return to normal level at 24 h.
Interestingly, the kinetic of DBSs restoration is similar between cells seeded on spinach
scaffold or stiff substrate suggesting that, although it may be by different pathways, DNA
damage is repaired as efficiently on leaf scaffold as in standard plate model (FIG. 15D).
Although these experiments were only performed on cancer cells, they showed that
radiation response can be measured on cells seeded on leaf scaffold and that the
molecular pathways involved in this response differ from standard cell culture models,
showing that leaf scaffolds offer a compatible model to study the effect of radiation in

complex mechanical environments.
[0334] Pharmaceutical countermeasure approach

[0335] Rapamycin is a small molecule inhibitor of mammalian target of rapamycin

(mTOR). mTOR coordinates eukaryotic cell growth and metabolism with environmental



10

15

20

25

30

WO 2020/264385 PCT/US2020/039941
61

inputs including nutrients and growth factors. Extensive research over the past two
decades has established a central role for mTOR in regulating many fundamental cell
processes, from protein synthesis to autophagy, and deregulated mTOR signaling is
implicated in the progression of cancer and diabetes, as well as the aging process (32).
As such, rapamycin has several analogs including everolimus that are already FDA-

approved as cancer therapeutics for human use (33).

[0336] Interestingly, some studies have also shown that rapamycin exerts a profoundly
protective effect on normal cells upon exposure to IR. In mice, several studies showed
the protecting effect of pharmacological mTOR inhibition with rapamycin to IR. A recent
study demonstrated that transient inhibition of mMTORC1 signaling by rapamycin
treatment consistently accelerated liver recovery from irradiation, which was evidenced
by decreasing sinusoidal congestion and increasing ALB expression after irradiation
(34). The protective role of rapamycin on irradiated livers might be mediated by
decreasing cellular apoptosis and increasing autophagy. Delivery of rapamycin also
reduces radiation-induced pulmonary fibrosis and significantly prolonged survival after
lethal thoracic irradiation (35). Treatment with rapamycin resulted in inhibition of
radiation-induced signaling downstream of mTOR and reduced expression of pro-
fibrotic, pro-inflammatory, and senescence associated cytokines in irradiated lungs.
mTOR inhibition increases the clonogenic capacity of primary human oral keratinocytes
and their resident self-renewing cells by preventing stem cell senescence and radiation-
induced mucositis development (36). This protective effect of rapamycin is mediated by
the increase in expression of mitochondrial superoxide dismutase (MnSOD), and the
consequent inhibition of ROS formation and oxidative stress. mTOR inhibition also
protects from the loss of proliferative basal epithelial stem cells upon IR in vivo, thereby
preserving the integrity of the oral mucosa and protecting from radiation-induced
mucositis. Finally, rapamycin pretreatment also mitigates hematopoietic system from
radiation injury in both mice bone marrow and extramedullary hematopoietic organs by
improving genomic stability and increasing survival of hematopoietic stem and

progenitor cells (37).

[0337] Thus, the effect of a rapamycin analog, everolimus, on human cells was
investigated using an in vitro organoids model. GFP-tagged glioblastoma U87 cells were

cultured in presence of RFP-tagged neural progenitor cells (NPCs), differentiated from
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dermal fibroblasts reprogrammed to induced pluripotent stem cells, to form organoids.
The organoids were exposed to 10 nM everolimus for 24 hours before 2 Gy-irradiation.
Results showed that for everolimus-treated organoids, GFP fluorescence intensity
decreases over one week while RFP fluorescence signal increases compared to
vehicle-treated organoids after irradiation (FIGs. 26A-26C), suggesting that U87 cells
die upon radiation treatment whereas NPCs can survive and even proliferate. This has
been confirmed by qRT-PCR where Glast mRNA level (glioblastoma biomarker)
decreases whereas SOX2 and Nestin mRNA levels (NPCs biomarkers) increase in

irradiated organoids pre-treatment with everolimus (FIGs. 27A-27C).
[0338] Non-pharmaceutical/non-nutritional radiation countermeasure approach

[0339] Complementary and alternative medicine, including acupuncture (AP), is gaining
more and more interest. Several prospective trials in radiotherapy already investigated
the effect of AP, mainly for the reduction of radiation-induced toxicity (38). Data are still
controversial, some studies reporting benefits of true AP versus sham AP or standard
treatment (39-41) while other showed no significance between true and sham AP
(42,43). However, all of them showed significant improvement of AP over no treatment.
Thus, without wishing to be bound by theory, it is believed that needle-generated stress

could have an important effect on normal tissue response to external injuries.

[0340] How AP acts at cellular level is still poorly understood but multiples recent
evidences suggest that the mechanoregulation response of the tissue could be of
importance. Indeed, in studying AP, an important and frequently overlooked procedure
is the manual needle manipulation performed by acupuncturists after needle insertion
(44). The needle manipulations are typically a series of rapid bidirectional rotation or up-
and-down piston movements. Spatially mapped and quantified by ultrasound, the needle
stimulus is visualized to wind the tissue and cause tissue displacements of up to 100 um
(45). This deformation causes a mechanical signal that is sensed by nearby cells and
convert into electrochemical activity and a biological response called
mechanotransduction (46). Majority of the acupoint locations (80%) are found to be
within connective tissue planes (47) and not along nervous channels as previously
hypothesized (48). This leads to extracellular matrix rearrangements resulting in lower

mechanical stress states of surrounding tissues (49). Using rat subcutaneous tissue
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explants, a study found that AP needle rotation caused fibroblasts to become aligned
with collagen fibers and change shape from a rounded appearance to a more spindle-
like shape (46). Increased cytoplasmic staining for polymerized F-actin can also be seen
in fibroblasts one minute after needle rotation compared with needle insertion only.
These observations suggest that the mechanical signal created by AP needle
manipulation can induce intracellular cytoskeletal rearrangements in fibroblasts and
possibly in other cells present within connective tissue, such as capillary endothelial
cells. Cytoskeletal reorganization in response to mechanical load signals is known to
induce cell contraction, migration, and protein synthesis as well as others potential
effects, including autocrine and paracrine cellular effects (50,51). For instance,
cytoskeleton also reorganizes after irradiation in endothelial cells (52) or mesenchymal
stem cells (53) where it is involved in the increase of vascular permeability or
senescence induction leading to radiation-induced irreversible damages. Autocrine and
paracrine functions in bystander effects are well described and of importance for the

transmission of radiation-induced damaging signals (54).

[0341] As direct evidence of the influence of mechanical stress on radiosensitivity, a
study recently demonstrated that mechanical scratching occurring before IR decreases
radiation-induced cell damage and increases cell repair in normal skin fibroblasts in vitro
and in vivo (55). At the molecular level, this mechanical stress interrupts focal adhesion
complexes and cell-cell cadherin interactions, transducing mechanical signals via
activation of the phosphatidylinositol 3-kinase (PI3K), Akt, and glycogen synthase
kinase 3 beta (GSK-3B) pathways. Although the mechanical injury applied to the cells in
this study highlights for the first time that mechanical stress can protect skin cells from

radiation.

[0342] Thus, spheroids were generated with dermal fibroblasts + melanoma cell line
that have been exposed to 4 Gy X-ray after being stimulated either by multiple standard
AP needle punctures or by single electro-stimulated (EA) needle puncture. Results
showed that after 2 weeks monitoring spheroid growth, volume of irradiated spheroids
exposed to multiple puncture stimulation is higher than irradiated spheroids, suggesting
that the needle-induced stress may have had a radioprotectant effect (FIG. 28A). In the
non-irradiated group, AP-treated spheroids display the same volume as control

spheroids, suggesting that AP treatment did not induce side effects. For the electro-
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stimulated spheroids, spheroids pre-treated with relevant physiological 50 mA current
(and not with a 10 pA level) before irradiation present a higher volume after 15 days
than non-treated spheroids (FIG. 28B). However, non-irradiated spheroids treated with
50 mA were smaller than non-treated spheroids suggesting that EA may slightly

damage the spheroid.

[0343] Human skin is a complex living material, composed of several heterogeneous
layers, each of them having different elasticity, stiffness, thickness, etc. Since these
biomechanical properties regulate numerous biological processes through mechano-
transduction mechanisms, including response to external stress (i.e. IR or drug
exposure), there is a need to use a more comprehensive model reproducing both
biochemical and mechanical complexity of human skin to evaluate the radiation effect.
Thus, the response of skin cells, including keratinocytes and the deep layer of
fibroblasts, as well as the epithelia-endothelial interaction, to IR was investigated by
using a unique vascularized skin-on-leaf system that can recapitulate the mechanical
properties of the multi-layer organization of the human skin. This system may be
irradiated with low-LET photon (control) and high LET neutrons and radiation effects
may be assessed by measuring inflammation response, DNA damages and cell
integrity. In one embodiment, the multilayered vascularized biological system can be
used to measure radiation effect on human skin and can provide a reliable platform for

the assessment of skin countermeasure approaches.

[0344] Plant material useful for a multilayered vascularized biological system may
include baby spinach leaves (Spinacia oleracea), hybrid cherry tomato plant leaves
(Solanum lycopersicum), aquatic plant leaves (Echinodorus grisebachii) and A. borealis
leaves (Kalanchoe fedtschenkoi variegati). To initiate decellularization, plant materials
may be treated with serial chemical treatments including 5-min treatment with hexane to
remove cuticle wax, followed by a solution of 1% sodium dodecyl sulfate (SDS) in
deionized (DI) water for 48 hours, and a solution of 10% sodium chlorite and 0.1%
Triton-X 100 in DI water for 48 hours. Finally, the leaves may be rinsed with DI water for
an additional 2 days and then stored at 4°C until use. Before starting biological
experimental procedure, decellularized scaffolds may be individually selected in function
of their stiffness as measured by AFM. AFM measurements may be performed at liquid

interface with a Nanosurf Flex-Bio AFM System (Nanosurf, Switzerland) and gold
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coated cantilevers with nominal spring constant < 0.1 N/m. Young’s modulus may be
extracted from the generated force curves using AtomicJ 1.7.2 software or equivalent
software. The stiffest scaffolds may be used as the upper layer of epidermis (stratum
corneum) and may not be recellularized. In a similar way, the softest may be used as
the subcutaneous layer and may not be seeded with cells as well. Scaffold with
intermediate stiffness may be used for epidermis (15-40 kPa) and dermis (50-90 kPa)
with basal layers of each having the higher YM to better represent in vivo environment

and YAP nuclear localization.

[0345] Prior to recellularization, each scaffold may be sterilized using a UV Stratalinker
2400 (Stratagene) for 30 minutes. Leaf scaffolds may be then functionalized by
incubation in 50 ug/ml of collagen I in 20 mM acetic acid solution for 1 hour, followed by
two washes in PBS and a final wash in complete medium. Finally, decellularized leaves
may be cut into 1.5 cm x 1.5 cm pieces to fit to the bottom of a non-treated 24-well
tissue culture plate. 1.0 cm x 1.0 cm inserts may be placed in the well on the top of the
leaf to confine the cells and facilitate cellular attachment. Normal fibroblasts may be
directly isolated from skin punch biopsy (from male and female healthy donors,
matching average astronaut age) and seeded on 10 dermis layers. Some of them may
be reprogrammed to iPSC by transfection of reprogramming transcription factors. The
induced pluripotent stem cells may then differentiate into keratinocytes that may be
seeded on five epidermis layers. Those human iPSC-derived SKPs (hiPSC-SKPs) show
a similar gene expression signature to SKPs isolated from human skin dermis. Each
seeded layer may be incubated alone for 24-48 hours to allow cell attachment and
monolayer formation. Next, the full system may be assembled by superposing each
layers to reach a thickness of ~0.5mm, which represents the average thickness of
human skin (69). AFM measurement may be performed again on several skin-on-leaf

systems to monitor the overall stiffness and thickness.

[0346] First, the system may be irradiated by using X-Ray as reference irradiation
according to the NASA guidance in Human Explorations Research Opportunities
(HERO). X-ray irradiation may be performed with X-RAD 320 cabinet (Precision X-Ray
Inc.) at 320KeV with a heavy 1.5mm Al/0.75mm Sn/0.25mm Cu filter. The beam may be
calibrated using a UNIDOS E PTW T10010 electrometer and TN30013 ionization

chamber. Doses (0.5 and 1 Gy) may be delivered at a dose-rate < 0.5 Gy/min.
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[0347] After irradiation, the system may be “peeled” off and each layer may be
collected at various time, including short (£ 3 days) and long-time points (= 7 days). For
the initial characterization, DNA damages from the different layers may be assessed by
YH2AX/53BP1 foci assay at 1h, 24h, day 3 and day 5 post-irradiation. Analysis may be
complemented by the measurement of DNA damage protein levels ((p)ATM, (p)DNA-
Pkes, Rad51, XRCC4, Ku70/Ku80, etc.) by western-blot (WB). Comparison between
each layer may be made to highlight any “depth” effect due to the superposition of the
layers and the three-dimensional conformation of the system. In addition, cell integrity,
as measured by cell adhesion (E-Cadherin, integrin), tight junctions (occluding, ZO-1) or
cytoskeleton modification (F-actin, Tau), may be assessed for short (1 and 3 days) and
long timing points (5, 7 days, 2 and 4 weeks) by immunofluorescence (IF) or WB.
Cellular death by apoptosis (TUNEL assay) and senescence (B-Galactosidase staining)
may also be assessed for timing point >3 days. For a full view on the system, three skin-
on-leaf of each condition (sham-irradiated vs. irradiated, for each time points) may be
embedded with paraffin and sliced into 20 um sections for IF staining. /n vitro
radiosensitivity of dermal fibroblasts is determined not only by processes directly
involved in DNA-damage recognition and repair, but also by intracellular signaling
cascades, which may lead to differentiation processes. For example, despite the
presence of DNA damage in dermal fibroblasts weeks after the end of radiation
treatment, there is no relationship between this damage and wound healing
complications following surgery post-irradiation, suggesting that factors other than the
radiosensitivity of the skin fibroblasts likely also play a role in radiation-induced skin
injuries and wound healing (71). Therefore, in addition to “tissue” collection, supernatant
may be regularly collected (1h, 6h, 12h, day 1, 2, 3, 4, 5, 7, 14, 21 and 28) for reactive
oxygen species (ROS) assay and cytokine profiles measurement. Total ROS as well as
H202 and superoxide ion level may be measured. To assess the presence of any
cytokine storm, levels may be measured using a multiplex human inflammatory cytokine
ELISA Kit (Anogen, Canada) that includes IL-1a, IL-13, IL-6, IL-8, GM-CSF, INF-y,
MCAF, and TNF-a. If necessary, cell lysis could also be collected to measure

intracellular level of ROS and cytokines by flow cytometry.

[0348] Finally, emphasis may be given to the role of endothelial cells in radiation-

induced skin injuries. For this, human primary dermal microvascular endothelial cells
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(HDMEC, PromoCell) that are Mayebrand Factor (vWF), CD31, Dil-Ac-LDL uptake
positive, may be seeded into the vasculature of three additional dermis layers that may
be added within the skin-on-leaf system. Biological outcomes similar to those previously
described may be measured including DNA damages, skin cell integrity and death,
inflammation response (ROS and cytokine assays). In addition, damages to endothelial
cells may also be assessed. Mechanisms of action predominantly involve induction of a
pro-inflammatory state by genotoxic stress, oxidative stress and damage-associated
molecular patterns (DAMP) release that lead to pro-inflammatory state, procoagulatory
and prothrombotic phenotype, mitochondrial dysfunction, and endothelial cell retraction
and death (72). As such, in addition to bioassays previously described, endothelial
adhesion molecules ICAM-1, VCAM-1, E-selectin and VE-cadherin expression levels,
HMGB1 release, NO production and Ca?* concentrations may be assessed in the

vascular layers.

[0349] Once the system would have been characterized with X-Ray control, neutron
irradiation may commence. The experiment layout for the sample irradiations is shown
in FIG. 29. The neutrons are produced using the 2H(d, n)3He reaction by bombarding a
3.16-cm long gas cell that is pressurized to 7.8 atm. with research-grade deuterium gas.
The gas is contained in the cell by a 6.35 um thick Havar foil, and the deuteron beam is
stopped in a 0.5 mm thick tantalum disk at the end of the cell. The incident deuteron
beam energy is set to produce 10-MeV neutrons at the center of the gas cell. The
angular distribution of the neutrons emitted from the source reaction for 10-MeV
neutrons is shown in FIG. 30. The shaded region indicates the angular coverage of the
samples during irradiation. The neutron flux decreases by 30% between the samples
located in the center of the stack to those at the outer edge. The average dose of the
samples in the center position may be about 15% higher than the dose in samples
positioned in the ring around the center. The variation in the dose delivered to the
samples in ring is estimated to be less than 5%. After 50% of the target dose has been
delivered to the samples at the front of the stack, the stack may be rotated by 180° to
even out the dose throughout the sample during the second half of the irradiation. The
neutron beam flux may be monitored continuously during the irradiation by the two 2-in

diameter x 2-in thick liquid scintillation detectors.
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[0350] To minimize background neutrons in the beam, each irradiation set may start
with a new tantalum beam stop and a new Havar foil beam entrance window in the
neutron production gas cell. This feature may be achieved by having foil inserts and
tantalum beam stops fabricated solely for use in this project. The energy spectrum of
the neutron beam may be measured at the beginning and end of each irradiation set.
The spectrum may be used to calculate the absorbed radiation dose from the measured
neutron beam flux. The dose rate is calculated using the equation: D,,(E) =

(B(E)E X Nig;y) where Dn is the dose rate (Gy/hr), @(E) is the neutron flux on the sample
(neutrons/cm?/hr), E is neutron energy, Ni is the number of nuclei of type i in the sample
per unit of mass (kg), ai is the scattering cross section of the it nucleus for neutrons of
energy E, and fis the mean fractional energy transferred from a neutron to an atom
during a collision. The f was computed using a Monte-Carlo simulation. The equation
was evaluated using the elemental composition of synthetic human tissue (by mass:
71.4% oxygen, 14.9% carbon, 10.0% hydrogen, 3.4% nitrogen, 0.2% sodium and 0.1%
chlorine) (73). The neutron-scattering cross sections, i, are taken from (74). For 10-
MeV neutrons using the setup shown in FIG. 29, the calculated exposure field at the
front of the center sample is 0.1635 mGy/hr/nA. With 3.0 pA of deuteron beam on
target, the estimated dosage rate at the front and center of the sample stack may be
491 mGy/hr. Along the beam axis at the middle of the stack the dose is about

(491 mGy/hr) x (25.0/30.5)? x 0.75 = 247 mGy/hr. The dose is reduced because of the
increased distance from the neutron source (25.0 to 30.5 cm) and because of the
attenuation of the neutrons in the sample and disk materials (the transmission of 10-

MeV neutrons through five samples is 0.75).

[0351] Biological outcome measured after neutron exposure may be identical to those
measured for X-Ray irradiation and that may have demonstrated interest for
characterizing our platform. One advantage of the skin-on-leaf system is to reproduce
more accurately the mechanical constraints of the skin. Therefore, the
mechanotransduction response to irradiation may be investigated. Recent studies
showed that YAP and TAZ regulate skin wound healing by modulating the expression of
TGF-B1 signaling pathway components such as Smad-2, p21, and Smad-7, and integrin
signaling to control skin homeostasis, suggesting that YAP and TAZ localization to the

nucleus is required for skin wound healing (31,75). Therefore, YAP/TAZ may be
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investigated through the different layers. WB will be used to assess protein expression
from Hippo signaling pathway (including TEAD, LATS and 14-3-3) and IF to for
subcellular localization of YAP/TAZ. YAP/TAZ activity will be assessed by measuring
YAP target genes (CYR61, CTGF, AREG, MYC, Gli2, and AXL) using gRT-PCR (76).

[0352] Finally, multi-enzyme shotgun proteomics strategies developed by the National
Cancer Institute's Clinical Proteomic Tumor Analysis Consortium (CPTAC) (77,78) may
be used to identify protein changes after high LET irradiation within epidermis and
dermis cells. At short- (day 1) and long-term (day 7) post-irradiation, keratinocyte,
fibroblast and endothelial cells may be lyzed and fractionated by off-line high-pH
chromatography (HpH) before subsequent LC-MS/MS analysis. Expression changes of

proteins of interest may be confirmed using WB or ELISA-based method.

[03563] Of course, additional or alternative plants could be used to tune mechanical
properties of the skin-on-leaf system. Mechanical properties of skin are also very
heterogenous and vary with age, gender, ethnicity, anatomical location, hydration level,
etc. However, the relative stiffness between each layer is reproducible and often match
the same pattern, therefore the system may be assembled according to the following

order of stiffness subcutaneous < epidermis < dermis < stratum corneum.

[0354] Measuring the efficacy of a pharmaceutical drug to protect both skin and

vascular cells against high LET radiation exposure

[03565] Response of SK-MEL-28 cells to withaferin A (WFA), a natural compound from
the withanolide family that induces apoptosis in human melanoma cell lines (96) and
decreases uveal melanoma tumor growth in vivo (97) was assessed and showed that
SK-MEL-28 cells seeded on stiff substrate (TCPS) were more sensitive to WFA
(ICs0=1.1 uM) than cells on leaf scaffold (IC50=5.2 M) (FIG. 32), suggesting that the leaf
model could better reproduce in vivo response. In addition, we previously showed that
everolimus could protect neural progenitor stems from IR. We also assessed its effect
on skin cells and demonstrated that the growth of irradiated dermal fibroblasts spheroids
pre-treated with everolimus increased compared to the non-pretreated spheroids (FIG.

33), also suggesting a radioprotective of everolimus on skin cells.
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[0356] Investigation of acupuncture-based mechanical stress as a new radiation

countermeasure approach.

[0357] Without wishing to be bound by theory, it is believed that mechanical-induced
stress of acupuncture triggers a radioprotective effect, regulated by the modification of
cell adhesion contacts that activates mechanotransduction pathways and cytoskeletal
rearrangements. Accordingly, the skin on a leaf structure may be used to investigate
Acupuncture-based mechanical stress as a radiation countermeasure. The unique
malleable and elastic characteristics of the sink on a leaf model allows an AP needle to
be plunged deep into the dermis layer to mechanically stress the fibroblasts. The model
may be then irradiated and inflammation response, as well as skin integrity and vascular
functions, may be investigated to determine if such treatment resulted in less damage

after irradiation compared to the control.
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[0462] Example 7: Multilayered vascularized biological system to study

melanoma.

[0463] Melanoma is the malignancy of the pigment-producing melanocytes in the skin
and characterized by its highly aggressive nature to metastasize to distant organs. Its
prognosis remains poor, with a five-year survival rate of 16% for patients with distant
metastases’, and its incidence continues to rise year-over-year, with almost 97,000 new

cases in the United States projected for 20192. As such, melanoma is a significant



10

15

20

25

30

WO 2020/264385 PCT/US2020/039941
83

health issue and there is an urgent need to better understand underlying mechanisms of
disease, to develop and test new therapeutics drugs for preventing progression.
Currently, this is limited by the lack of reliable human in vitro models that are not able to
mimic the complex human melanoma microenvironment by reproducing heterogeneity in
both cellularity (epithelial, vascular, immune cells, and fibroblasts) and extracellular
matrix (ECM) composition®. Despite important progress in organ-on-chip technologies,
tissue engineering, bioengineered platforms and 3D printing, current models have many
limitations including high inflammatory response, non-reproducible physical properties,
poor fluid diffusion and low angiogenesis capability. Because of their unique
architectural, biomechanical and biochemical properties, plant-based cellulose scaffolds
can provide a promising alternative to overcome these challenges. In this application we

will investigate the following aims:

[0464] In one embodiment, the stratified “skin-on-leaf” platform disclosed herein may

recapitulate the damage patterns of UVA and UVB irradiation on human skin.

[0465] Different plant materials were decellularized to recreate a multi-layer skin model
by using cellulose scaffolds from (1) stiff spinach leaves from the (stiffest) upper part
(stratum corneum) of the epidermis, (2) tomato leaves from the epidermis, (3) soft
spinach leaves for the dermis and (4) A. Borealis for the (softest) subcutaneous layer
(FIG. 35) to reach a thickness of ~0.5mm, which represents the average thickness of
human skin'. In this model, human normal epidermal keratinocytes were seeded on
tomato leaves and human normal fibroblasts on spinach leaves to provide the cellular
components of epidermis and dermis respectively. Fluorescence microscopy imaging
confirmed that cells were present on the leaf surface (F-actin), able to create tight
junctions, as visualized by the expression of 3-catenin, and survive up to four weeks in
the system. Thus, this model reproduces the stratified skin structure by integrating its
specific mechanical constraints and cellular components, making this system adapted
for the study of complex response such as the effect of external stress on skin or for the

screening and test of new therapeutic drugs.

[0466] Plant material may be decellularized by serial chemical treatments including 5-
min treatment with hexane to remove cuticle wax, followed by a solution of 1% sodium

dodecyl sulfate in deionized (DI) water for 48 hours, and a solution of 10% sodium
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chlorite and 0.1% Triton-X 100 in DI water for 48 hours. Finally, the leaves may be
rinsed with DI water for an additional 2 days and then stored at 4°C until use. Before
starting biological experimental procedure, decellularized scaffolds may be individually
selected in function of their stiffness as measured by AFM. Prior to recellularization,
each scaffold may be sterilized using a UV Stratalinker 2400 (Stratagene) for 30
minutes. Finally, decellularized leaves may be cut into small pieces to fit to the bottom of
a non-treated 24-well tissue culture plate. Normal dermal fibroblasts (BJ ATCC, CRL-
2522) may be seeded on 10 dermis layers. BRAF wild type (Sk-mel-2) or mutant (Sk-
mel-28) melanoma cells may be seeded on five epidermis layers. Each seeded layer
may be incubated alone for 24-48 hours to allow cell attachment and monolayer
formation. Next, the full system may be assembled by superposing each layer to reach a
thickness of ~0.5mm. All cell lines share the same cell culture medium (EMEM
supplemented with 10% fetal bovine serum). System may be then exposed to a
concentration (pre-determined by dose-response relationship using conventional assay
on standard cell culture model) of FDA-approved drugs PLX4032 (BRAFi) and
Dacarbazine as well as DMSO (control) for 72h. Cell proliferation and viability of
melanoma cells may be assessed by immunofluorescence (Ki67, PCNA, TUNEL assay)
and MTT assay. Fluorescence/colorimetric intensity values and counts may be used to
interpret data. Results may compare the responses between BRAF wildtype and mutant
melanoma cells and the different drugs. In addition, outcomes may also be compared to
cells seeded in standard cell culture flasks and exposed to the drugs following the same
protocol. To assess significance when comparing two groups, the Bartlett test may be
first used to test if the values present significant homogeneous or heterogeneous
variances between groups. Then, significance of two-group comparisons may be
calculated using the Mann—-Whitney nonparametric test (for heterogenous variances) or
2-tailed Student'’s t-test (homogeneous). P values of <0.05 may be considered

significant.

[0467] The skin-on-leaf system will be assembled as described above, and then be
exposed to UVA or UVB radiation. Dose may be pre-determined by assessment of the
misrepair of UV-induced cyclobutane pyrimidine dimers (CPD) that are the most
predominant, pre-mutagenic DNA-lesions produced by both UVB and UVA irradiation of

human skin cells?®. Then, specific UV type damages may be assessed on each layers of
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the skin-on-leaf system, both in melanocyte and fibroblast cells. UVA is known to induce
DNA damage indirectly through photooxidative mechanisms, Therefore, specific effect
of UVA may be assessed by the detection of nuclear 8-Oxo-7,8-dihydro-2'-
deoxyguanosine (8-oxodGuo) and 8-oxyguanine DNA glycosylase 1 (OGG1)?’. In
addition, phosphorylation of AKT at Thr308, that is induced only by UVA but not by UVB,
may also be assessed. Conversely, phosphorylation of JNK1/2 at Thr138/Tyr185 or
STAT3 at Ser727, specific of UVB damages, may be assessed on both cell type. In
addition, by using the unique fluid transport properties of the leaf system, we may
assess the efficiency of sunscreen by exposing the upper layer to the active compounds
(i.e. zinc oxide). The skin-on-leaf system has been shown to provide a diffusion gradient
from the exposed upper layer to the different layers, thus mimicking skin absorption
(FIG. 37). System with and without sunscreen pre-treatment may be then exposed to
UV irradiation and same outcome as previously described may be collected. Signal may
be interpreted as fluorescence intensity value, normalized to non-irradiated samples,
and analyzed between the different groups (UVA vs. UVB; no-treatment vs. sunscreen

treatment) following the same statistical approach as detailed in Aim#1.
[0468] References associated with Example 7
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STATEMENTS REGARDING INCORPORATION BY REFERENCE
AND VARIATIONS

[0496] All references throughout this application, for example patent documents
including issued or granted patents or equivalents; patent application publications; and
non-patent literature documents or other source material, are hereby incorporated by
reference herein in their entireties, as though individually incorporated by reference, to
the extent each reference is at least partially not inconsistent with the disclosure in this
application (for example, a reference that is partially inconsistent is incorporated by
reference except for the partially inconsistent portion of the reference). Appendix A is

hereby incorporated by reference in its entirety.

[0497] The terms and expressions which have been employed herein are used as
terms of description and not of limitation, and there is no intention in the use of such
terms and expressions of excluding any equivalents of the features shown and
described or portions thereof, but it is recognized that various modifications are possible
within the scope of the invention claimed. Thus, it should be understood that although
the present invention has been specifically disclosed by preferred embodiments,
exemplary embodiments and optional features, modification and variation of the
concepts herein disclosed may be resorted to by those skilled in the art, and that such
modifications and variations are considered to be within the scope of this invention as
defined by the appended claims. The specific embodiments provided herein are
examples of useful embodiments of the present invention and it will be apparent to one
skilled in the art that the present invention may be carried out using a large number of
variations of the devices, device components, methods steps set forth in the present
description. As will be obvious to one of skill in the art, methods and devices useful for
the present methods can include a large number of optional composition and processing

elements and steps.

[0498] When a group of substituents is disclosed herein, it is understood that all
individual members of that group and all subgroup, are disclosed separately. When a
Markush group or other grouping is used herein, all individual members of the group and
all combinations and subcombinations possible of the group are intended to be

individually included in the disclosure.
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[0499] Every formulation or combination of components described or exemplified

herein can be used to practice the invention, unless otherwise stated.

[0500] Whenever a range is given in the specification, for example, a temperature
range, a time range, or a composition or concentration range, all intermediate ranges
and subranges, as well as all individual values included in the ranges given are intended
to be included in the disclosure. It will be understood that any subranges or individual
values in a range or subrange that are included in the description herein can be

excluded from the claims herein.

[0501] All patents and publications mentioned in the specification are indicative of the
levels of skill of those skilled in the art to which the invention pertains. References cited
herein are incorporated by reference herein in their entirety to indicate the state of the
art as of their publication or filing date and it is intended that this information can be
employed herein, if needed, to exclude specific embodiments that are in the prior art.
For example, when composition of matter are claimed, it should be understood that
compounds known and available in the art prior to Applicant's invention, including
compounds for which an enabling disclosure is provided in the references cited herein,

are not intended to be included in the composition of matter claims herein.

[0502] As used herein, “comprising” is synonymous with "including," "containing," or
"characterized by," and is inclusive or open-ended and does not exclude additional,
unrecited elements or method steps. As used herein, "consisting of"' excludes any
element, step, or ingredient not specified in the claim element. As used herein,
"consisting essentially of' does not exclude materials or steps that do not materially
affect the basic and novel characteristics of the claim. In each instance herein any of
the terms "comprising", "consisting essentially of" and "consisting of' may be replaced
with either of the other two terms. The invention illustratively described herein suitably
may be practiced in the absence of any element or elements, limitation or limitations

which is not specifically disclosed herein.

[05603] One of ordinary skill in the art will appreciate that starting materials, biological
materials, reagents, synthetic methods, purification methods, analytical methods, assay
methods, and biological methods other than those specifically exemplified can be

employed in the practice of the invention without resort to undue experimentation. All
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art-known functional equivalents, of any such materials and methods are intended to be
included in this invention. The terms and expressions which have been employed are
used as terms of description and not of limitation, and there is no intention that in the
use of such terms and expressions of excluding any equivalents of the features shown
and described or portions thereof, but it is recognized that various modifications are
possible within the scope of the invention claimed. Thus, it should be understood that
although the present invention has been specifically disclosed by preferred
embodiments and optional features, modification and variation of the concepts herein
disclosed may be resorted to by those skilled in the art, and that such modifications and
variations are considered to be within the scope of this invention as defined by the

appended claims.
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CLAIMS

We claim:

. A method of simulating a biological response of a cellular system, the method

comprising:

removing at least some DNA-containing material from a vascular plant
tissue to produce a vascularized cellulose scaffold;

seeding the vascularized cellulose scaffold with cultured biological cells;

growing the cultured biological cells on the vascularized cellulose scaffold
to produce a vascularized biological system;

subjecting the vascularized biological system to an external stimulus; and

measuring a response of the vascularized biological system.

. The method of any of the preceding claims, wherein the removing step comprises

submerging the plant tissue in a fluid comprising supercritical COx.

. The method of claim 2, wherein the fluid comprises peracetic acid and ethanol.

. The method of claim 3, wherein the fluid comprises at least 80 wt% supercritical

CO2; and wherein the ratio of peracetic acid to ethanol is from 1:100 to 1:10.

. The method of any of claims 1-4, wherein the external stimulus comprises a

pharmacological compound.

. The method of any of claims 1-4, wherein the external stimulus comprises

ionizing radiation.

. The method of any of claims 1-4, wherein the external stimulus comprises a

mechanical tear or puncture.

The method of any of claims 1-4, wherein the external stimulus comprises a

pesticide, a nerve agent, a corrosive liquid, or combinations thereof.
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9. The method of any of claims 1-8, wherein the cultured biological cells comprise

human cancer cells.

10. The method of claim 9, wherein the vascularized biological system recapitulates

a tumor microenvironment.

11. The method of any of claims 1-10, wherein the removing step occurs at a

temperature that is less than or equal to 40°C.

12. The method of any of claims 1-11, wherein the removing step occurs at a

temperature from 25°C to 38°C.

13. The method of any of claims 1-12, wherein the growing comprises supplying the
cultured biological cells with a growth medium via vessels of the vascularized

cellulose scaffold.

14. The method of any of claims 1-13, wherein the seeding step comprises seeding

the vascularized cellulose scaffold with endothelial cells.

15. A method of simulating a biological response of a multilayer cellular system, the

method comprising:

removing at least some DNA-containing material from a first vascular plant
tissue to produce a first vascularized cellulose scaffold;

removing at least some DNA-containing material from a second vascular
plant tissue to produce a second vascularized cellulose scaffold;

combining the first and second vascularized cellulose scaffolds to create a
multilayered scaffold,;

seeding the multilayered scaffold with cultured biological cells;

growing the cultured biological cells on the multilayer scaffold to produce a
multilayered vascularized biological system;

subjecting the multilayered vascularized biological system to an external

stimulus; and
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measuring a response of the multilayered vascularized biological system.

16. The method of claim 15, wherein the seeding step comprises:
seeding a first layer of the multilayered scaffold with cultured biological
cells of a first cell type; and
seeding a second layer of the multilayered scaffold with cultured biological

cells of a second cell type.

17.The method of any of claims 15-16, wherein the multilayered scaffold comprises

a third vascularized cellulose scaffold.

18. The method of claim 16, wherein the first cell type is keratinocytes and the

second cell type is dermal fibroblasts.

19. The method of claim 18, wherein the first layer of the multilayered scaffold is

derived from a tomato leaf and the second layer is derived from spinach leaves.

20. The method of any of claims 15-19, wherein the multilayered vascularized

biological system is a living model of human skin.
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