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a b s t r a c t

This work demonstrates the application of a 3D culture systemdCells-in-Gels-in-Paper (CiGiP)din
evaluating the metabolic response of lung cancer cells to ionizing radiation. The 3D tissue-like con-
structdprepared by stacking multiple sheets of paper containing cell-embedded hydrogelsdgenerates a
gradient of oxygen and nutrients that decreases monotonically in the stack. Separating the layers of the
stack after exposure enabled analysis of the cellular response to radiation as a function of oxygen and
nutrient availability; this availability is dictated by the distance between the cells and the source of
oxygenated medium. As the distance between the cells and source of oxygenated media increased, cells
show increased levels of hypoxia-inducible factor 1-alpha, decreased proliferation, and reduced sensi-
tivity to ionizing radiation. Each of these cellular responses are characteristic of cancer cells observed in
solid tumors. With this setup we were able to differentiate three isogenic variants of A549 cells based on
their metabolic radiosensitivity; these three variants have known differences in their metastatic behavior
in vivo. This system can, therefore, capture some aspects of radiosensitivity of populations of cancer cells
related to mass-transport phenomenon, carry out systematic studies of radiation response in vitro that
decouple effects from migration and proliferation of cells, and regulate the exposure of oxygen to sub-
populations of cells in a tissue-like construct either before or after irradiation.

© 2016 Elsevier Ltd. All rights reserved.
1. Introduction

In the United States and many developed countries, the overall
5-year survival rate of a patient with lung cancer is estimated to be
between 15 and 20% [1,2]. One-third of lung cancer patients are
diagnosed at an advanced stage, and radiation therapy remains a
preferred strategy for targeting these tumorigenic cells, which
possess compromised DNA repair machinery and often proliferate
at higher rates than normal cells [3e5]. Cells exposed to ionizing
nd Chemical Biology, Harvard
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.K. Eustace), gwhitesides@
radiation ultimately die from damage to DNA: directly in the form
of induced single- or double-strand breaks, or indirectly by newly
generated free radicals reacting with the DNA [6e15]. Cells can
respond to ionizing radiation in multiple ways: (i) repairing the
damage directly; (ii) undergoing cell cycle-arrest, which can lead to
irreversible arrest (called senescence); or (iii) inducing pro-
grammed cell death (apoptosis), and (iv) cell death following the
proliferation of damaged cells, or so-called “mitotic catastrophe”
[9,16e20].

Oxygen plays a significant role in radiation therapy and is
believed to act as a radio-sensitizer, leading to the production of
free radical species that ultimately damage DNA [21]. To support
the metabolic needs of cells, they should be no more than
150e200 mm away from a capillary to receive adequate concen-
trations of oxygen and other molecules (e.g., glucose, autocrine
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factors) [22e25]. Solid tumors are poorly vascularized and result in
subpopulations of cells experiencing levels of decreased oxygen
tension. Cells experiencing oxygen tensions of less than 10 mmHg
are hypoxic; a phenotype that is often associated with poor clinical
outcomes, tumor recurrence, and diminished sensitivity to
chemotherapy and radiotherapy [26e33]. Elucidating the mecha-
nisms by which cancer cells survive radiation therapy is a key to
discovering novel therapies to improve patient outcome and pre-
vent tumor recurrence.

Current in vitro models in radiobiology evaluate cellular
response based on changes in either metabolism or proliferation
following exposure to radiation. Thesemodels utilize cells grown as
a monolayer on a solid surface or in a 3D format such as a spheroid
or cells embedded in hydrogel slabs. While 2D cultures are easy to
setup and maintain, they fail to mimic many aspects of a tissue
because the cells lack the 3D contacts formed between adjacent
cells andwith extracellular matrix, and the 3D structural features of
tissue that limit the mass transport of molecules within the culture
environment [34,35]. These factors are crucial to the response of
cells to chemo- and radio-therapy [36]. Spheroids provide a more
realistic 3D microenvironment for cells than monolayer cultures,
and due to their diffusion-limited environment are often used as
models to study the localization of oxygen, other nutrients, or drugs
in solid tumors [37e40]. The analysis of spheroids can be chal-
lenging because: (i) dissociation of the intact spheroid into a sus-
pension of single cells prevents spatial analysis of the heterogeneity
in the spheroid, (ii) histology requires fixation of cells, thus pre-
venting further culture of these cells, and (iii) the heterogeneity in
the size of the spheroids can affect the reproducibility of responses
to drug or radiation assays.

We adapted the Cells-in Gels-in-Paper, or CiGiP [41e43], system
to evaluate the response of cells to increasing doses of ionizing
radiation in 3D cultures. In this work, we prepared a scaffold
composed of paper-plastic composite (Fig. 1A) to support the cell-
laden gels; previous versions of this system utilized sheets of
wax-patterned paper or mesh [42,44e47]. We chose these com-
posite scaffolds (Fig. 1A) because they require fewer steps to
fabricate than the paraffin film-patterned mesh sheet, and utilize a
hydrophobic barrier that prevents the lateral diffusion of oxygen
more efficiently than wax-printed sheets of paper [42,47]. These
composites, which were patterned to contain hydrophilic openings
that support the culture of cell-laden gels, were stacked to form
thick tissue-like constructs. These multi-layer cultures were placed
in an acrylic holder (Fig. 1B) that allowed us to control the exchange
of fresh medium with the stack, and generate monotonically
decreasing gradientsdfrom top to bottom of the stackdof nutri-
ents. Overlapping gradients of factors and cellular byproducts (e.g.,
carbon dioxide, lactate, cytokines) secreted by the cells were also
formed in these setups. This culture format mimics two features of
a poorly vascularized solid tumor, because: (i) Cells at the top of the
stack readily exchange with fresh medium; these cells experience a
well-oxygenated (normoxic) environment similar to cells in a tu-
mor that are near a blood vessel. (ii) Cells at the bottom of the stack
do not have access to freshmedium and experience an oxygen-poor
(hypoxic) environment similar to cells in a region of a tumor that is
far from a blood vessel.

2. Materials and methods

2.1. Materials and reagents

Polyvinyl chloride (PVC) sheets with a thickness of ~130 mm
were obtained from Warp Bros. (Chicago, IL). Whatman 105 lens
paper with a thickness of ~40 mm was purchased from GE Health-
care Biosciences (Pittsburgh, PA). Sheets of poly(methyl
methacrylate) (PMMA) were purchased from McMaster-Carr
(Princeton, NJ) and machined to prepare the custom-built holders
used in this work. We purchased the A549 cells from American
Type and Culture Collection (Manasas, VA). Supplies for cell culture
and cell labeling such as Dulbecco's Modified Eagle Medium
(DMEM), penicillin-streptomycin, TrypLE™ Express, and Click-iT®

EdU were purchased from Life Technologies (Grand Island, NY).
Fetal bovine serum (FBS) was purchased from HyClone (Logan,
Utah), growth factor-reducedMatrigel was purchased from Corning
(Tewksbury, MA), and RIPA buffer was purchased from Teknova
(Hollister, CA). For immunoblotting, primary antibodies were pur-
chased from Cell Signaling Technologies (Danvers, MA) and R&D
Systems (Minneapolis, MN); secondary antibodies and Odyssey®

blocking buffer were purchased from LI-COR Biosciences (Lincoln,
Nebraska).

2.2. Preparing the composite sheets

We used a Graphtec Craft ROBO Pro Craft Cutter (Irvine, CA) to
prepare the sheets of perforated polyvinyl chloride (PVC) shown in
Fig. 1A; the pattern contains ten (~3 mm in diameter) perforations
and was designed in Adobe Illustrator C4. We sandwiched the
patterned sheet of polyvinyl chloride (PVC) between two sheets of
Whatman 105 lens paper, and heat pressed the sheets together
(215 �C, three to four cycles of 10e15 s) to form a single composite
whose thickness is ~130 mm. A photograph of the assembled
composite is provided in Fig. S-1. We refer to each of the perfora-
tions in the composite as a single “zone”. Prior to usage, the com-
posites were autoclaved in a glass petri dish, air-dried in a laminar
flow hood, and then exposed to UV light for 1 h.

2.3. Seeding of cells into the composite sheets

We maintained all cell lines in vented tissue culture flasks in a
5% CO2 at 37 �C environment; each flask contained DMEM with 5%
FBS and 1% penicillin-streptomycin. Prior to seeding the composite
sheets, we prepared a suspension of cells with cold Matrigel (4 �C).
All experiments used a cell density of 2000 cells/mL, unless stated
otherwise. To prepare the suspension of cells, we detached the cells
from the flasks with TrypLE™ Express (5 min at 37 �C), washed
them in medium, and then pelleted them by centrifugation at
1500 rpm. We spotted 1 mL of the suspension into each zone of the
composite with a micropipette and then incubated the composite
in a 6-well plate containing warm (37 �C) culture medium for at
least 12 h prior to stacking or exposure to ionizing radiation. The
cold suspension wicks into the composite and fills the zone; the
Matrigel forms a gel upon warming (37 �C).

2.4. Preparing single-layer and multi-layer cultures

We refer to a single, cell-containing composite that is main-
tained in culture medium as a “single layer culture” (Fig. 1A). We
refer to a stack of composite sheets, each containing cell-embedded
gels, maintained in culture medium as a “multi-layer culture” (Fig
1B). Each of the multi-layer cultures discussed in this work con-
sisted of six layers. For convenience, we refer to these layers as L1
through L6, where L1 is the topmost layer of the stack. The multi-
layer cultures were placed in a custom-made acrylic holder
(Fig. S-1) comprising a solid bottom base and a perforated top piece
with holes whose position correspond to the zones of the com-
posite. Both pieces of the holders were also equippedwith threaded
holes to fit screws, which ensured the sheets are held in conformal
contact after stacking. Assembled multi-layer cultures were incu-
bated in petri dishes containing warm (37 �C) culture medium.
Prior to usage, the holders were autoclaved in a glass petri dish and



Fig. 1. Cell-in-Gels-in-Paper Cultures for Radiotherapy Assays. (A) Schematic of the fabrication of the composites sheets used for single-layer culture. (B) Schematic of the multi-
layer culture, whose collective thickness is 0.78 mm (6 layers � 130 mm thick/layer ¼ 0.78 mm thick). Unless otherwise stated, cells were seeded at a density of 2000 cells/zone,
cultured as single layers overnight, stacked, cultured as a stack for four days, irradiated at 8 Gy, and cultured for seven days before analysis.
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dried in a laminar flow hood.
Unless stated otherwise, we incubated the multi-layer cultures

for at least four days prior to irradiation; this time period ensured a
gradient in oxygen and nutrients formed in the stack.

2.5. Irradiation experiments

The samples were exposed to ionizing radiation from a Gam-
maCell 40 Extractor Cesium-137 irradiator, which emits 1 Gymin�1
(Best Theratonics, Ontario, Canada). The samples were incubated
for 6e7 days post-irradiation before metabolic activity, senescence,
and rates of proliferation were measured.

2.6. Measurement of metabolic activity by CellTiter-Glo® (CTG)
assay

We measured the metabolic activity of the cells using the Cell-
Titer-Glo® (CTG) assay, which quantifies the total concentration of
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ATP in a solution of lysed cells [48]. Multi-layer cultures were de-
stacked by disassembling the holder and separating the individ-
ual sheets with tweezers. Each sheet was washed in 1X PBS (5 min,
room temperature) and lysed in 1 mL RIPA buffer on an orbital
shaker (10 min, 4 �C, ~160 rpm). The lysates were diluted in 1X PBS
(1:10 by volume) and 100 mL was transferred into the wells of a
black 96-well plate with a clear bottom. We prepared the CTG re-
agent by following the manufacturer's protocol, added 100 mL of
CTG reagent to each lysate-containing well, incubated the plate for
20 min, and measured the luminescence of the samples using a
Perkin Elmer Wallac Luminometer (Waltham, MA) or a BMG Lab-
tech PHERAstar FS microplate reader (Ortenberg, Germany). For
each scaffold, we took eight measurements (i.e., n ¼ 8 wells) for
CTG assay, calculated the average luminescence, and used this
average value in calculating the number of metabolically-active
cells based on a calibration curve; multiple stacks were conduct-
ed to produce errors bars for each layer.

2.7. Evaluation of senescence-associated b-galactosidase activity

We recovered A549-GFP cells from the composite sheets by
incubating the samples inwarm (37 �C) Accumax, which selectively
degrades the Matrigel, for 30e45 min. The cells were pelleted by
centrifugation (~1500 rpm), resuspended in culture medium
(10,000 A549-GFP cells/mL), dispensed into a 96-well plate (100 mL/
well), and cultured them overnight. We stained the cells with
Millipore Cellular Senescence Assay Kit (Cat. KA002) according to
themanufacturer's suggested protocol.We collected images of each
well with a bright field microscope and enumerated the senescent
cells, which were blue in color. We also collected images of the cells
using a fluorescence microscope and counted the total number of
GFP-expressing cells.

2.8. Proliferation assay

We used a Click-iT® EdU kit to label A549-GFP cells undergoing
proliferation. In brief, we incubated each composite sheet in culture
medium containing 10 mMEdU (24 h at 37 �C and 5% CO2). The EdU-
labeled samples were then fixed with 4% paraformaldehyde for
20 min, washed with 3% (v/v) BSA in 1X PBS (5 min � 3), incubated
in 0.5% (v/v) Triton X-100 (20 min), washed with 3% (v/v) BSA in 1X
PBS (5 min � 3), and incubated in Click-iT® reaction cocktail for
30 min. The Click-iT® reaction cocktail, which contained either an
Alexa Fluor® 594-conjugated azide or an Alexa Fluor® 488-
conjugated azide and 4 mM copper (II) sulfate was prepared
based on manufacturer's suggested protocol. The samples were
washed once with 3% BSA in 1X PBS (5 min) and kept in 1X PBS
(4 �C). The composite sheets were imaged with a Typhoon Gel
Scanner: Alexa Fluor® 594 was imaged with a 532 nm (excitation)/
615 nm (emission) filter, PMT value of 400 V, and resolution of
50 mm; GFP was imaged with a 473 nm (excitation)/519 nm
(emission) filter, PMT value of 300 V, and resolution of 50 mm.

2.9. Western blot analysis

Multi-layer cultures were de-stacked by disassembling the
holder and separating the sheets with tweezers. Each sheet was
washed in 1X PBS (5 min, room temperature) and then lysed in
500 mL RIPA buffer on an orbital shaker (30 min, 4 �C, ~160 rpm).
We quantified the total protein content for each lysate using a BCA
(bicichoninic acid) Assay, following the manufacturer's protocol.
We prepared the protein-containing samples (0.5 mg/mL protein) in
1X NuPAGE® sample reducing buffer and 1X NuPAGE® LDS sample
buffer. The protein-containing solutions were heated at 100 �C for
10 min, centrifuged at 10,000 rpm (10 min at room temperature),
and separated on a NuPAGE® 4e12% Bis-Tris Gel using 1X NuPAGE®

MOPS SDS Running Buffer. The proteins were transferred electro-
phoretically from the gel to a Bio-Rad Trans-Blot® Turbo™ 0.2 mm
PVDF transfer membrane using a Bio-Rad Trans-Blot® Turbo™
transfer system. We blocked the membranes with an Odyssey
blocking buffer for 1 h before incubating them overnight in the
primary antibody solution, which contained anti-HIF-1a (diluted
1:1000), anti-CAIX (diluted to 1:200) anti-GAPDH (diluted 1:1000)
in blocking buffer. Table S-3 lists the brand and specificity of pri-
mary and secondary antibodies used for immunoblotting. We
washed themembranes in TBST (5min� 3) before incubating them
for 1 h in the secondary antibody solution, which contained IR Dye
680-conjugated donkey anti-rabbit IgG (diluted 1:10,000) in
blocking buffer. We imaged the membranes using Odyssey CLX (LI-
COR Biosciences) and analyzed them using Odyssey 2.1 Software.
See Table S-3 for the description of the antibodies in detail.
2.10. Immunoassay for quantification of HGF levels in cells

We assayed the HGF levels of three isogenic lines of A549 cells
using a Quantikine® ELISA from R&D Systems which utilized a
sandwich immunoassay method, and followed the protocol rec-
ommended by the manufacturer. Prior to analysis, we seeded 2000
A549, A549-HGF, or A549-HGF-M cells into black-walled 96-well
plates with clear bottom, and cultured the cells overnight. The
absorbance of the solutions was measured using Spectramax at
450 nm; absorbance measurements were corrected by subtracting
the absorbance at 540 nm to account for the optical imperfections
of the well plate. The HGF concentration was calculated from the
best-fit line obtained from a standard curve.
3. Results

3.1. Sensitivity to radiation decreases with increasing cellular
densities

To determine if the density of cells in the single-layer cultures
affected their response to radiation, we prepared single-layer cul-
tures of A549 cells with cellular densities ranging from 2000 to
80,000 cells/zone and exposed them to ionizing radiation ranging
from 0 to 16 Gy. We cultured the irradiated samples for an addi-
tional 6 days, to allow for multiple cellular divisions, before
measuring the metabolic activities of the cells. We used Eq. (1) to
determine changes in metabolic activity of cells undergoing radi-
ation, where: NL irrad;X Gy is the luminescence intensity of the
metabolically active cells in layer L, irradiated at X Gy; and
NL non�irrad is the luminescence intensity of the metabolically
active cells in the corresponding, non-irradiated layer.

%metabolic activity single�layer culture ¼ NL irrad;X Gy

Nnon�irrad
� 100

(1)

These results showed that the metabolic activity of the cells in
the single-layer cultures, independent of cell seeding density,
decreased with increasing dosages of irradiation. The magnitude of
this decrease in metabolic activity is cell density dependent,
however, and best illustrated when comparing samples containing
2000 and 80,000 cells/zone. In the 2000 cells/zone cultures, the
metabolic activity decreased by values ranging from 78% to 85%
(n¼ 3 scaffolds) when irradiated with 16 Gy. The metabolic activity
80,000 cells/zone cultures irradiated with the same dose decreased
by values ranging from 26% to 35% (n ¼ 3 scaffolds).



Fig. 2. Radiation response of single-layer cultures of A549-GFP cells. (A) Schematic of a zone of a single-layer culture (left) and graph showing the decrease in metabolic activity for
single-layer cultures that were seeded at different densities post-irradiation (right). Each datum represents the ratio of irradiated and non-irradiated samples, error bars represent
the standard deviation for n ¼ 3 scaffolds. (B) Confocal fluorescence images of A549 cells stained with Click-iT® EdU Alexa Fluor® 488. Both images were taken at the same
magnification. (C) Confocal fluorescence images of A549 cells stained with Click-iT® EdU Alexa Fluor® 594. The scale bar for all the images are found on the sample irradiated at
16 Gydthe top scale bar is for images at low magnification, while the bottom one is for images at high magnification. Graph showing the ratio of proliferating cells with surviving
A549-GFP cells. The intensities of Alexa Fluor® 594 (proliferating A549-GFP cells) and GFP (surviving A549-GFP cells) were measured using a Typhoon scanner. Error bars represent
the standard deviation for n ¼ 10 zones. (D) Fluorescence (top) and bright field (bottom) images of A549-GFP cells labeled for senescence-associated b-galactosidase activity. All
images were taken at the same magnification. Graph showing the percentage of senescent cells (stained with blue) with the total number of A549-GFP cells. Data points represent
the % X-Gal for n ¼ 3 wells. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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Fig. 3. Radiation response of cells in multi-layer cultures of A549 cells. (A) Schematic of a column of cells in a zone of the multi-layer culture stack. (B) Graph summarizing the
number of metabolically-active cells in layers L1 to L6. Circular and triangular markers represent values obtained for non-irradiated and irradiated stacks, respectively; bars
represent the average value of three stacks. (Inset) Enlarged graph for L4 to L6. The broken lines indicate the seeding density of cells in each layer. (C) Confocal fluorescence images
of A549 cells in a non-irradiated, multi-layer culture showing decrease in the density of cells, and decrease in the incorporation of the proliferation stain, EdU (Click-iT® EdU Alexa
Fluor® 594) from L1 to L6.
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3.2. Increases in cellular density decrease cellular proliferation

Exposure to ionizing radiation can damage DNA [3,6,7,49,50],
and the continued replication of unrepaired and defective DNA can
result in cellular death [50]. We hypothesized that the reduced
sensitivity of high densities of cells to radiation correlated with the
rate in which these cells proliferate. To test this hypothesis, we
cultured single-sheets containing either 2000 cells/zone or
100,000 cells/zone for seven days prior to labeling the proliferating
cells with a Click-iT® EdU kit. Each sample was incubated in me-
dium containing 5-ethynyl-20-deoxyuridine (EdU), a thymidine
analog that incorporates into the DNA of cells undergoing replica-
tion [51], prior to fixation and labeling with a Alexa Fluor® 594-
conjugated azide [51]. Confocal fluorescence micrographs
(Fig. 2B) revealed a higher fraction of proliferating cells, and the
formation of larger spheres in single-layer cultures containing a
lower seeding density. These results are consistent with previous
studies showing that radiation-induced damage to cells is
enhanced in cells undergoing proliferation.

3.3. Radiation-resistant cells in oxygen-rich environments are
mostly non-proliferating and senescent

One possible explanation for the metabolically active cells that
remain after irradiationwith as much as 16 Gy is the surviving cells
were senescent at the time of irradiation, or became senescent after
irradiation [52]. To further characterize the metabolically active
cells in well-oxygenated environments after irradiation, we
cultured A549-GFP in single-layer composites overnight before
irradiating the samples with doses ranging from 0 to 16 Gy. To
enumerate proliferating cells, we used the EdU assay described
above. To enumerate senescent cells, we incubated the samples in
X-Gal (5-bromo-chloro-3-indolyl-b-D-galactopyranoside), a chro-
mogenic substrate for b-galactosidase [53,54].

3.3.1. Most of the surviving cells do not proliferate
To approximate the ratio of the number of proliferating cells to
the total number of cells that survived irradiation, we compared the
fluorescence intensities of EdU-labeled cells and GFP. The graph in
Fig. 2C indicates that cells surviving irradiation with at least 8 Gy
were non-proliferative, or lost the ability to proliferate.

3.3.2. Most of the surviving cells are senescent
To determine if the surviving cells were senescent, we incubated

the scaffolds in X-Gal and attempted to count the blue-colored cells
with a bright-field microscope; this method was difficult because
the cellulose fibers of the paper scatter light readily [41,47]. Tomore
accurately count the senescent cells, we used Accumax to enzy-
matically degrade the Matrigel and recover the cells from the
scaffold. We cultured the recovered cells for 48 h before staining
with X-Gal.

Fluorescence and bright-field images (Fig. 2D) indicated the
fraction of X-gal positive cells increased with increasing dosage of
radiation: values ranging from 5% to 18% (n ¼ 3 scaffolds) for non-
irradiated cultures; and values ranging from 72% to 83% (n ¼ 3
scaffolds) for cultures irradiated with 16 Gy. The micrographs also
revealed the average size of the cells increased with increasing
radiation dosage. Increased cell size is also a senescent phenotype
(Fig. 2D) [53,54]. This data, which indicates cells surviving radiation
dosages of at least 8 Gy are largely senescent, agrees with the
proliferation data (Fig. 2C).

3.4. The availability of oxygen and nutrients influence radiation
sensitivity in multi-layer cultures

To determine if cells cultured in different positions of the multi-
layer stack have different sensitivities to ionizing radiation, we
compared the metabolic activity of irradiated and non-irradiated
stacks. We cultured the assembled stacks, depicted in Fig. 3A, for
four days to ensure a gradient of oxygen formed in the cultures
before irradiating half the samples with 8 Gy. Each stack was
cultured for an additional seven days post-irradiation, and then
analyzed with the CTG assay. Unless stated otherwise, radiation
experiments for all multi-layer cultures were carried out as



Fig. 4. Hydroxy-HIF-1a and CAIX expression of A549 cells in multi-layer cultures using Western blot. (A) Images of blots of A549 lysates carried out for hydroxy-HIF-1a, CAIX and
GAPDH (loading control). CAIX is a dimeric protein, and results in two bands in the Western Blot. (B) Graph summarizing the ratio of hydroxyl-HIF-1a and CAIX intensities to a
normalization factor, calculated from the ratio of the intensity of the band from GAPDH of each layer, to the intensity of the highest GAPDH among all the layers.
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described above.
We compared the metabolic activity of each layer from the

irradiated stack with its corresponding layer from the non-
irradiated stack, and calculated the change in metabolic activity
using Eq. (1). Reduction of metabolic activity was position-
dependent and only occurred in layers close to the source of
oxygen-rich culture medium (Fig. 3B). The metabolic activity of the
cells in L1 and L2 decreased by values ranging from 35% to 59%
(n ¼ 6 scaffolds). The metabolic activity in L3 decreased by values
ranging from 17% to 52% (n¼ 3 scaffolds). No statistically significant
decrease was observed in L4 and L5. The responsiveness of the cells
in L6 to irradiation is unclear because the mean is smaller than
about twice the standard error for L6 of the non-irradiated stack
Table 1
HGF levels released from overnight cultures of A549 and
A549-derived lines.

Cell line pg HGF/mL

A549 Not detected
A549-HGF 257 ± 36
A549-HGF-M 608 ± 71
(Table S-1a) [55].
We hypothesized the insensitivity of the cells at the bottom of

the stack to radiation was due to decreased proliferation. We
attributed this decreased proliferation to decreased oxygen ten-
sions, resulting from the gradient formed from cells in the upper-
most layers consuming themajority of the oxygen diffusing into the
stack. To verify this hypothesis, we labeled the proliferating cells
with EdU in the non-irradiated multi-layer culture of A549-GFP
cells after 11 days of culture. Confocal images of the stained
layers indicated a similar observation; the proliferation of cells is
highest in L1 and is lowest in L6 (Fig. 3C).
3.5. Hypoxia markers expressed in cells increase with the distance
of cells from the source of oxygenated medium

To verify the cells in different locations of the multi-layer cul-
tures were experiencing different oxygen tensions, we measured
the expression of two markers for hypoxia in each layer of the
stack: (i) the hydroxylated form of hypoxia inducible factor 1-alpha
(hydroxy-HIF-1a), which is the predominant form of this hypoxia-
sensitive protein in well-oxygenated cells [56], and (ii) carbonic
anhydrase 9 (CAIX), a protein whose expression is induced under



Fig. 5. Radiation response for lung carcinoma lines in different culture systems. Viability curves of A549, A549-HGF and A549-HGF-M in (A) 2D and (B) single-layer cultures. Error
bars represent the standard deviation for n ¼ 6 wells (96-well plates), and n ¼ 3 sheets (PVC-lens paper composite). (C) Graphs summarizing the viability of A549, A549-HGF and
A549-HGF-M in multi-layer cultures. Circular and triangular markers represent values obtained for non-irradiated and irradiated stacks, respectively; bars represent the average
value of three stacks.
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hypoxic conditions by HIF-1a [57e59]. The assembled stacks were
cultured for 4 days prior to analyzing the expression levels of hy-
droxy-HIF-1a and CAIX in each layer by Western blot. To account
for differences in total protein content in each lysate, we used
glyceraldehyde 3-phosphate dehydrogenase (GAPDH) as a control,
and normalized the signal of hydroxy-HIF-1a and CAIX to the total
protein content. The Western blot showed an increasing amount of
both the hydroxy-HIF-1a and CAIX bands from L1 to L6 when
normalized by GAPDH (Fig. 4). These results support our assump-
tions that the monotonic gradients forming in the multi-layer
cultures, oxygen specifically, affects the rate of cell proliferation
and therefore their resistance to ionizing radiation.

3.6. Multi-layer cultures can distinguish differences in the radiation
response of cell lines that secrete different levels of hepatocyte
growth factor

We compared the radiation sensitivity of three isogenic cell
lines of A549 cells: the parental line, cells engineered to constitu-
tively overexpress hepatocyte growth factor (A549-HGF), and a
sub-clone of A549-HGF cells that was collected from a metastatic
tumor in the lung of a murine xenograft (A549-HGF-M). The
parental A549 cells are known to be less metastatic in vivo than the
HGF-expressing A549 variants [44]. Using a sandwich-based ELISA,
we were unable to detect HGF in the A549 parental cell line while
both A549-HGF and A549-HGF-M secreted significant levels of HGF
(>250 pg HIF/mL, Table 1). HGF is known to increase cellular
migration and proliferation [60,61] as well as decrease radiosen-
sitivity. When cultured in a monolayer (Fig. 5A) or a single-layer
culture (Fig. 5B), all three lines of A549 cells had similar de-
creases in metabolic activity with increasing dosages of radiation.

When cultured in the multi-layer stacks, cells that released the
most HGF responded the least to irradiation (Fig. 5C): (i) A549-
HGF-M cells, independent of their location in the stack, have no
clear response to radiation (Tables S-2e,f); (ii) A549-HGF have an
observable response in L1, a reduction ranging from 13% to 30%
(n¼ 3 scaffolds, Tables S-2c,d); and (iii) wild-type A549 cells have a
clear response in L1 through L3 (Tables S-2a,b). We hypothesized
that the different HGF levels in the three cell lines contributed to
the observed differences in radiosensitivity by affecting the pro-
liferation or migration rate of the cells.

To better understand the effects of migration and proliferation
during culture, we analyzed the irradiated multi-layer stacks of
A549-HGF-M two, four, and six days post-irradiation. The meta-
bolic activity of cells in the upper layers showed an observable
decrease in viability between two and four days post-irradiation
(Fig. 6A). The number of viable cells in each layer of the irradi-
ated and non-irradiated stack match six days post-irradiation.
These results suggest the cells can repopulate the top layers of the
multi-layer cultures by proliferating rapidly, and/or migrating from
the lower layers of the stack to the upper layers of the stack. Both of
these events could account for the apparent unresponsiveness of
A549-HGF-M cells to radiation seven days after irradiation.

To decouple the contribution of migration from proliferation in
multi-layer cultures of A549-HGF-M cells, we separated the layers
with sheets of polycarbonate filters with 0.20 mm diameter pores;
these pores prevented cell migration during culture, but allowed
diffusion of molecules (e.g., oxygen and glucose) throughout the



Fig. 6. Radiation response of A549-HGF-M in multi-layer culture. (A) Viability of multi-layer cultures of A549-HGF-M measured at different time points. (B) Viability of multi-layer
cultures of A549-HGF-M with polycarbonate filters (pore diameter ¼ 0.20 mm). (Inset) Enlarged graph for the viability of multi-layer cultures of A549-HGF-M from L2 to L6. Circular
and triangular markers represent values obtained for non-irradiated and irradiated stacks, respectively; bars represent the average value of three stacks.
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stack. The graph in Fig. 6B indicates that blocking migration does
not enhance the sensitivity of cells to radiation, and thus suggests
that the unresponsiveness we observed in long-term cultures of
A549-HGF-M cells was due to proliferation, and not migration.

3.7. Manipulating the diffusion of oxygen before and after
irradiation show that the presence of oxygen is critical after
irradiation

The results from the multi-layer culture experiments show that
the gradient of oxygen causes differences in cellular proliferation
and radiosensitivity within the layers of the stack; these results
however, do not indicate if oxygen is critical to cell survival during
or after irradiation. We prepared a number of experiments to
determine if there was a difference in radiosensitivity for cells that
were assembled into a multi-layer stack prior to irradiation
(Fig. 7A) or assembled into a multi-layer stack after the single-layer
stacks were irradiated (Fig. 7B). We also altered the time of culture
before destacking the multilayer culture to determine if the
response to radiation changed. Our results have consistently shown
cellular radiosensitivity decreased from L1 to L6 when cultured as a
stack after irradiation; this trend can be observed even in cells
cultured and irradiated as single layers and thenwere stacked after
irradiation (Fig. 7A). On the other hand, radiosensitivity was
observed in all layers upon de-stacking; radiosensitive cells were
observed even in regions likely deprived of oxygen (i.e., L4 and L6)
prior to irradiation (Fig. 7B). The oxygen dependence observed
within the irradiated stack, and the increase in radiosensitivity of
cells in all the layers shortly after de-stacking suggests that
oxygenation of A549 cells after irradiation is a crucial determinant
of the response of these cells to radiation.

4. Discussion

The paper-based cell culture system we describe in this work
offers many advantages over the monolayer and spheroid cultures
currently used in radiation studies because: (i) millimeter-thick
culturesdthe scale of thickness relevant to solid tumorsdcan be
generated by simply stacking the single-layer composite sheets; (ii)
the diffusion-dominated environment of the culture allows cells
experiencing different concentrations of nutrients, waste products,
and drugs to be studied simultaneously; (iii) each sheet in the stack
can potentially contain different types of cells and/or gels for co-
culture and/or extracellular matrix (ECM) studies; (iv) the multi-



Fig. 7. Manipulation of oxygen in irradiation experiments. Schematic and accompanying graph of cellular viability for cells in multi-layer cultures that were cultured either as (A)
stacks or as (B) single-layers prior to irradiation. To generate a steep gradient, layers containing high density of cells (i.e., L2, L3, L5), separated with polycarbonate filters (pore
diameter ¼ 0.20 mm), were placed between the layers to be analyzed (i.e., L1, L4, L6). Error bars represent the standard deviation for n ¼ 3 stacks.
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layer stack can be sectioned easily by peeling the layers apart and
does not require histology equipment; (v) the separated sheets can
be analyzed optically or through the use of enzymatic assays; and
(vi) the sheets can be patterned using the fabrication method
described above to create multi-zone patterns that can be adapted
for high-throughput assays [42,46,47].
Using this in vitro system, we were able to demonstrate, that

decreasing levels of oxygen can reduce the proliferation of non-
small cell lung cancer cells, and consequently, reduce their meta-
bolic sensitivity to ionizing radiation. The concomitant reduction of
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cellular proliferation and radiosensitivity with low oxygen tensions
has been observed consistently not only in tumors [62], but also
in vitro cultures [63,64]. We confirmed cells that are placed at
increasing distances from the source of oxygen and media in the
multi-layer culture show increased expression of HIF-1a and CAIX,
indicating these cells are experiencing decreasing oxygen tensions
(e.g., hypoxia); a trend that is also observed in tumors in vivo. HIF-
1a has a half-life of less than 1 min [65] in re-oxygenated tumors,
and is predominately in its hydroxylated form [66e69]. We expect
that most of the HIF-1a proteins were hydroxylated at the time of
analysis due to the time required to destack and stain the cells in
the multi-layer cultures. It is therefore not surprising that the
expression of hydroxy-HIF-1a is lowest in L1 and highest in L6.
These results confirm that cells far from the source of oxygen are
indeed hypoxic, and their insensitivity to radiation is in agreement
with the widely held view that gradients of oxygen present in a
tumor directly affect their sensitivity to radiation. These results are
consistent with the response observed in solid tumors in vivo: cells
in close proximity to blood vessels (i.e., < 200 mm) respond to ra-
diation, and cells residing beyond this distance, which is believed to
be a hypoxic environment, are less sensitive to irradiation [70e73].
Our results also emphasize that the presence of these oxygen gra-
dients are as, if not more, influential post-treatment than during
treatment. Our results further show the influence of oxygen on
metabolic activity, and consequently proliferation-driven DNA
damage response to radiation.

The multi-layer system also enabled us to distinguish the
metabolic response to radiation of A549 and two of its HGF-
secreting variants; our findings are consistent with those in vivo,
and are more predictive than 2D, single-layer cultures. These re-
sults, therefore, demonstrate that multi-layer cultures can serve as
an in vitro system for studying biological processes such as radia-
tion response, while taking into account factors that are native to
tumor biology such as limitations of mass transport and migration
of cells.

Although the observation in which the highly-proliferative
variants of A549 cells have higher radioresistance than the A549
parental line seemed to contradict our earlier findings that oxygen-
driven proliferation increased radiosensitivity, the increased
expression of HGF does not only increase proliferation, but is also
associated resistance to chemotherapy and radiotherapy, and can-
cer stemness [74e76]. The radioresistance of the A549-producing
variants therefore involve a mechanism more complicated than
oxygen-driven proliferation.

We also demonstrate that this system is compatible with assays
for measuring cellular metabolism (Cell-Titer-Glo assay), prolifer-
ation (Click-iT Edu assay) and senescence (X-Gal staining). These
assays characterize different aspects of cellular response to radia-
tion, and are amenable to high-throughput screening assays
routinely performed in the pharmaceutical industry. We note that
survival curves are of particular interest to radiobiologists, and
although not performed provide complementary information to
the assays described in this work.

We also highlight the utility of assembling and disassembling
the stack to manipulate oxygen levels in the cultures. Alterations in
the sequence of stacking and de-stacking the multi-layer cultures
enabled us to supply or deprive cells of oxygen at different points of
an irradiation experiment. Our results show that oxygen levels after
irradiation are likely the primary determinant of cell survival.
Studies such as this are challenging, if not impractical in traditional
3D culture systems.

5. Conclusion

This work describes a paper-based 3D culture system that can
distinguish the metabolic sensitivity of cells to ionizing radiation,
within gradients of small molecules of oxygen, nutrients, and
autocrine factors, using a single setup. These gradients are also
present in tumors in vivo and in spheroid cultures, but the advan-
tage of the CiGiP system is it allows for precise isolation of cells
within these gradients for quantification of metabolic activity, and
also allows for direct manipulation of the cell density to alter the
steepness of these gradients. Using this system, we were able to
decouple effects of proliferation and migration by leveraging the
unique stacking features of this system.

The current disadvantage of the system is it must be dis-
assembled prior to analysis, preventing multiple measurements to
be taken over time as the gradients that formed in the culture are
destroyed. Incorporating sensors into the layers, for example,
printing electrodes to measure oxygen concentration or pH, offer
the potential of monitoring cellular activities in the multi-layer
cultures while maintaining the fidelity of the molecular gradients
formed in the stack. Integrating a sensing system to the 3D culture
system that could quantify oxygen concentration within the stack
will enable direct assessment of the influence of oxygen levels on
cellular phenotype.

We believe this approach can be further used to evaluate the
response of different tumors under different oxygen tensions to
radiation, while taking into account differences in the rates of
proliferation and migration of the cells within the population. The
dynamics would be particularly interesting when studying the
heterogeneous populations of cells found in the tumor environ-
ment (e.g., stromal cells) [43]. The study of the interaction between
tumor cells with stromal cells, co-cultured in this multi-layer cul-
ture system, is among our group's current work. We believe this
system also has the potential to be used as an in vitro assay for
evaluating drugs that target hypoxic cells, or to evaluate the
resistance of cells to radiation over long periods (i.e., weeks) post-
treatment.

The simplicity of the CiGiP system, with minimal required
equipment, will enable users from a broad-range of disciplines to
adopt this technology in their own radiation studies.
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