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Abstract

In vitro models for screening new cancer chemotherapeutics often rely on two-dimensional
cultures to predict therapeutic potential. Unfortunately, the predictive power of these models is
limited, as they fail to recapitulate the complex three-dimensional environments in tumors that
promote the development of a chemoresistant phenotype. In this study, we describe the preparation
and characterization of paper-based cultures (PBC) engineered to assess chemotherapeutic
effectiveness in three dimensional, diffusion-limited environments. Similar environments are
found within poorly vascularized tumors. These cultures, which are assembled by stacking
together cell-laden paper scaffolds to yield thick tissue-like structures, generate monotonic
gradients vertically through the culture and provide distinct chemical environments for each
scaffold. After prolonged incubation, the scaffolds can simply be peeled apart and analyzed to
relate cellular responses to the chemical environment experienced at that scaffold. Through
fluorescence imaging, viable and proliferative cell populations were mapped within a stacked
culture and found to be most abundant in scaffolds close to the nutrient-rich medium. By adjusting
the cell density, we modulated the spatiotemporal evolution of oxygen gradients across the
cultures and correlated these environmental changes with cellular sensitivity to SN-38 exposure.
From these results, we showed that differences in the oxygen gradients produced cellular
populations with significantly different chemosensitivities. Through this work, we highlight PBCs
ability to serve as an analytical model capable of determining chemotherapeutic effectiveness
under a range of chemical environments.

Graphical Abstract

A paper-based culture designed to measure differences in chemotherapeutic responsiveness
between cell populations experiencing different chemical environments.
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Introduction

Cell-based screens used to identify potential chemotherapeutics rely heavily on two-
dimensional (2D) assays in which cells are cultured as monolayers. These assays are easily
assembled and amenable to screening libraries of potential therapeutics in a high-throughput
and parallel manner. Despite their utility, monolayer cultures fail to replicate the complex
chemical and physiological conditions that promote in vivo drug-resistance.1# This
disparity between 2D cultures and /in vivo conditions is, in part, attributed to why a majority
of therapeutic candidates fail in pre-clinical trials.2 To better identify potential therapeutic
candidates during the drug discovery phase, more predictive /n vitro assays are needed.

A growing body of research suggests that three-dimensional (3D) cultures can be used to
bridge the biological gap between monolayer cultures and animal models.24-5 Cells cultured
in 3D environments as aggregates (i.e., spheroids) or in hydrogel scaffolds develop distinct
morphologies,® behaviors,® and chemosensitivities* that are more representative of cells
found /n vivo. Spheroids have been widely used to assess therapeutic efficacy and
toxicity,27~11 as mass-transport limitations within spheroids produce chemical gradients
similar to those within poorly vascularized tumor tissue.1213 These chemical gradients lead
to the formation of stratified zones of cells: proliferating cells along the exterior of the
spheroid, quiescent cells in the spheroid's interior, and necrotic cells at the spheroid's
core.12-16 Each of these zones exhibit varying degrees of sensitivity to therapeutic dosing,
and yield physiochemical conditions that allow spheroids to better predict in vivo
responses.2417-19 Despite their benefits, spheroids face a number of limitations: i) only a
small subset of cell lines are capable of forming aggregates;” ii) deriving spatial information
requires laborious histological sectioning; and iii) spheroids offer limited experimental
control over the chemical gradients which form across the culture.

Paper-based cultures (PBCs) are an emerging 3D culture platform that overcomes many of
the limitations associated with spheroids. PBCs are compatible with a wide range of cell
types, because they are prepared by suspending cells in a hydrogel, which is then infused
into sheets of wax-patterned filter paper. The paper fibers provide structural integrity to the
hydrogel slabs, allowing the individual sheets to be stacked together in a modular fashion.
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Wax patterns on the paper act as hydrophobic barriers and provide discrete zones for seeding
cells. By introducing impermeable barriers, diffusional exchange is limited to one side of the
stacked culture, resulting in the formation of monotonic gradients similar to the chemical
gradients found in poorly vascularized tumors.2? The modularity of the PBCs also provide
control over the chemical environment formed in the stacked cultures, as cell density,
thickness, and orientation can be changed to suit experimental needs.

The ability to separate the stacks into individual layers after an experiment provides spatially
resolved datasets relating cellular responses to the chemical environment experienced during
incubation. Cell-containing sheets have been analyzed with a number of different readouts,
including: quantitative polymerase chain reaction (QPCR), fluorescence microscopy,
immunohistochemistry (IHC), enzyme-linked immunosorbent assay (ELISA), and mass
spectrometry.21-24 Due to the similarities between chemical environments in PBCs and
avascular tissue, this platform has been used to investigate the invasion of breast and lung
carcinomas,?1:23.25.26 cardiac ischemia,?” and cancer metabolism.24:28.29

In this study, we used PBCs to relate differences in the chemoresistance of a colorectal
carcinoma cell line to the oxygen environment experienced by those cells. The PBCs are
described in Figure 1, and were used to impose monotonic gradients of nutrients and wastes
vertically along the stacked cultures. By adjusting the cell density of these cultures, we
showed that we could manipulate the profile of the chemical gradients that form and tune the
chemical environment. We confirmed our ability to modulate these gradients by quantifying
oxygen profiles in cultures seeded at a high and low density: 84,000 cells/zone and 21,000
cells/zone, respectively. As expected, cultures seeded at lower densities experienced
shallower oxygen gradients. By dosing these cultures with a chemotherapeutic agent, SN-38,
we compared cellular viability between each scaffold. This information allowed us to relate
spatial differences in relative chemoresistance to the layer's local oxygen environment. Our
findings show that high-density cultures experiencing chronic hypoxia exhibit increased
sensitivity to therapeutic dosing, while low density cultures have increased resistance.
Through this work, we expand on the application of PBCs by demonstrating the ability of
this platform to assess chemotherapeutic efficacy in a colon tumor model with varying
chemical environments.

Experimental

Cell culture

HCT116 colorectal carcinoma cell lines were obtained from the American Type Culture
Collection (ATCC), and validated by Short Tandem Repeating (STR) sequencing in 2016.
The cells were maintained as adherent cultures at 5 % CO, and 37 °C in McCoy's 5A
medium with L-glutamine, supplemented with fetal bovine serum (10%, v/v) and penicillin-
streptomycin (1%, v/v). Medium was exchanged approximately every 48 h, and cells were
passaged at 70-80% confluency. Cells were passaged by detachment with trypsin-EDTA (5
min, 37 °C). Cells were washed with serum-containing medium, pelleted, resuspended, and
cultured in a fresh flask at a 1/10 dilution. All cell culture reagents, unless otherwise stated,
were acquired from Gibco by Life Technologies.
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Lines of HCT116 cells constitutively expressing mCherry fluorescent protein (HCT116
mCHR) were generated via transfection with a 3:1 ratio (g/L) of mCherry2-C1 plasmid to
EndoFectin™ Max (GeneCopoeia). The mCherry2-C1 plasmid was a gift from Michael
Davidson (Addgene, plasmid # 54563). The transfection was performed according to the
manufacturer's suggested protocol. Stable lines were maintained with 500 pg/mL of
Geneticin® (ThermoFisher) until a single clone was selected.

Paper scaffold and PET film preparation

Paper-based scaffolds were prepared as detailed previously.21-30 Sheets of Whatman 105
lens paper were wax-patterned with a ColorQube 8570 printer (Xerox) and sterilized with
ultra-violet (UV) light overnight prior to usage. Two paper designs were used in this study:
i) a “9-zone scaffold,” which contained nine circular zones (2.5 um diameter) for seeding
with cell-free or cell-laden Matrigel, and ii) a “single-zone scaffold”, which contained one
circular zone (2.5 mm diameter) for seeding. Schematics of the 9-zone scaffolds can be
found in the Electronic Supplementary Information (ESI) of reference #21. Schematics of
the single-zone scaffolds are provided in ESI, Fig. S1.

Polyethylene terephthalate (PET) films (overhead transparency, Staples®) were prepared as
detailed previously.21:30 Two PET designs were used for this study: i) an “open” design,
which contained nine openings matching the locations of the zones in the 9-zone scaffold;
and ii) a “closed” design, which prevented the exchange with medium by containing no
openings.30

Assembling PBCs

Prior to seeding the 9-zone scaffold with HCT116 mCHR cells, the cells were suspended in
Matrigel (Corning) at a density of either 168,000 cells/uL or 42,000 cells/uL. Once prepared,
the Matrigel suspensions were stored on ice to prevent gelation. In the cell-containing paper
scaffolds, five zones were seeded with 0.5 L of the cell-laden Matrigel. The remaining four
zones were filled with 0.5 pL of cell-free Matrigel and served as background controls for
image analysis. In the cell-free scaffolds, all nine zones were filled with 0.5 pL of cell-free
Matrigel. After seeding, the scaffolds were incubated in medium for 4 h before assembling
the stack culture.

The stacked PBCs used in this study are detailed in Figure 1. Each stack consisted of: i) an
open PET film (top), ii) a 13-mm diameter, 0.4 um pore size track-etched membrane
(Whatman), iii) a cell-free paper scaffold, iv) 11 cell-laden paper scaffolds, and v) a closed
PET film (bottom). The entire stack was placed between stainless steel holders, which
ensured the individual scaffolds were in conformal contact throughout the experiment.
Stacked cultures used for oxygen measurements contained either 1, 4, 8, or 12 paper
scaffolds. In assemblies with 4, 8, and 12 scaffolds, the first scaffold was cell-fee with the
remaining scaffolds containing either 84,000 cells/zone or 21,000 cells/zone.

Assembled cultures were placed in 6-well plates containing McCoy's 5A medium and
incubated on an orbital shaker set to 300 rpm. Medium in each well was exchanged every
three days. Prior to fluorescence imaging or staining, the stacks were disassembled and each
scaffold washed twice with phosphate buffer saline (PBS).
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Immunocytochemistry

Within 15 min of disassembling a PBC, the individual scaffolds were fixed in PBS with 4%
(v/v) paraformaldehyde for 15 min. Scaffolds were then blocked and permeabilized for 1 h
in PBS containing 5% normal goat serum (Cell Signaling Technologies) and 0.3% Triton™
X-100 (Sigma-Aldrich) prior to immunostaining. Scaffolds were incubated in the primary
antibody solution overnight at 4 °C, and then incubated in the secondary antibody solution
for 4 h at room temperature. Antibodies were diluted with PBS containing 1% (w/v) bovine
serum albumin (Cell Signaling Technologies) and 0.3% Triton™ X-100: rabbit anit-Ki-67
(primary antibody, H-300, Santa Cruz, 1:100 dilution) and goat anti-rabbit IgG-CFL488
(secondary antibody, sc-516248, Santa Cruz, 1:500 dilution).

Oxygen sensor integration and interrogation

The oxygen sensors consisted of a palladium tetrakis (pentafluorophenyl) porphyrin
(PATFPP)-containing polystyrene thin film coated onto a PET sheet. The fabrication and
characterization of these sensors are detailed in previous work.29 Briefly, a 1 mM solution of
PATFPP in 18.75% (w/w) polystyrene-toluene was spin-coated onto a 13-mm circular PET
sheet. Prior to incorporation into PBCs, the sensors were sterilized with UV light for 1 h.

The oxygen sensors were placed at the bottom of stacks containing 1-, 4-, 8-, or 12-scaffolds
in lieu of the closed PET films, and the cultures were maintained at normal cell culture
conditions in 6-well plates. Oxygen measurements were collected at 24, 72, 96, 120, and 168
h after initial assembly. Medium was exchanged every three days.

SN-38 dosage and fluorescein penetration assay

To evaluate the response of HCT116 cells to SN-38, 12-scaffold cultures were exposed to
increasing concentrations of SN-38 (0.014, 0.14, and 1.4 uM in McCoy's medium) for 48 h.
Stacks were incubated for 24 h prior to exposure to SN-38. Detailed protocols of fluorescein
penetration through 12-stacked cultures and dose-response assays of HCT116 mCHR cells
in monolayer and single-zone scaffolds are provided in the ESI.

Image acquisition and analysis

Fluorescence images of the individual scaffolds were acquired with a Typhoon 9400 scanner
(GE Life Sciences) at a resolution of 200 um. HCT116 mCHR cells were imaged using a
532 nm laser and 610+30 nm emission filter. The Ki-67 stained cells were imaged using a
488 nm laser and 526 nm short pass emission filter.

Viability measurements were performed by measuring the average mCHR fluorescence
value of each zone using ImageJ software.3! Reported fluorescence values for a single
scaffold were obtained by subtracting the average fluorescence intensity of the four cell-free
zones from the average fluorescence intensity of the five cell-containing zones. Relative
proliferation was determined by dividing Ki-67 images by their corresponding mCHR
image. Reported values are a ratio of Ki-67 intensity to mCHR intensity.

Fluorescence images of the of the oxygen sensors and fluorescein penetration studies were
taken using an Axiovert 40 CFL (Zeiss) inverted microscope equipped with a LED light
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source (WLS-LG-MB, QImaging) and monochrome 12-bit camera (QIC-F-12-C, QImaging).
The oxygen sensors were imaged with a 546+12 nm excitation filter and 590 nm long pass
filter. Fluorescein was imaged using a 470+£20 nm excitation filter and 540£40 nm emission
filter.

Statistical analysis

Unless otherwise stated, all reported values are the average and standard error of the mean
(SEM). Datasets were analyzed with GraphPad Prism® v.7.01: a two-way ANOVA with
Tukey's multiple comparison post-test was used to compare different data sets. A p value of
< 0.05 was considered significant.

Results and discussion

Constructing a paper-based colon tumor model

In poorly vascularized tumor tissue, mass transport limitations of nutrients and waste
products lead to the development of stratified cell populations.32 Cells closest to the
vasculature receive the supply of nutrients needed for proliferation, while cells further from
the vasculature receive limited nutrients due to consumption outpacing diffusional delivery.
Within these regions of depleted nutrients, cells adopt a quiescent phenotype or become
necrotic. Chemotherapeutics that target proliferative cells by interfering with some aspect of
the cell-cycle yield varying cellular responses in the stratified populations of a tumor.33
There is a need for an /n vitro culture model that recapitulates the cellular heterogeneity
found in tumors, but is as easily setup and analyzed as monolayer cultures. To mimic the
diffusion-limited environment that gives way to population stratification in poorly
vascularized tumors, we constructed PBCs of HCT116 mCHR cells suspended in Matrigel

(Fig. 1).

We chose HCT116 cells because their response to various chemotherapeutics, including
SN-38 used in this study, has been well characterized in both monolayer and spheroid
cultures.%11.19.34 Engineering the HCT116 cells to constitutively express mCherry allowed
us to relate fluorescence intensity to viability, as mCherry fluorescence intensity and cell
number are linearly related for HCT116 mCHR cells imaged on a Typhoon scanner (Fig.
S2). We chose Whatman 105 filter paper to fabricate the paper scaffolds because it has a
large void volume (~80%) and low fiber density, allowing the scaffolds to readily retain the
cell-laden Matrigel while still maintaining compatibility with fluorescence imaging.

The culture system used in this work is summarized in Figure 1. Of the 12 paper scaffolds,
11 were seeded with cells to ensure hypoxia was reached in the stack.3° The cell-free
scaffold at the top of the stack provided a layer in which cells could expand into during
incubation. A polycarbonate track etch membrane was placed at the top of the paper stack to
retain cells in the paper scaffolds, ensuring that each culture was 360 um thick. The PET
films placed at the top and bottom of the culture allowed us to control diffusion of fresh
medium into the culture and resulted in the formation of gradients along the stack. Stainless
steel holders enclosed the entire culture and held the scaffolds together in conformal contact.
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Proximity to a nutrient source affects spatiotemporal distribution of cells

Before evaluating drug resistance in the stacked cultures, we investigated the spatiotemporal
evolution of viable HCT116 cells for culture periods of up to one week. Despite the linear
trend between fluorescence intensity and number of mCHR-expressing cells under normoxic
conditions (Fig. S2), we report viability in terms of mCHR fluorescence because
environmental oxygen tensions can potentially attenuate mCherry expression. Specifically,
hypoxic conditions have been shown to elicit a global down-regulation of protein
synthesis.38 Change in protein expression can make direct comparisons to calibration curves
relating cell number and mCherry fluorescence prepared under normoxic conditions difficult
for cell populations experiencing different oxygen tensions. The collected images allowed us
to make relative comparisons of spatial and temporal changes in viable cell populations for
cultures incubated at 24-, 72-, 120-, and 168-h intervals (Fig. 2a).

Increased periods of incubation resulted in notable changes in the distribution of viable cells
(Fig. 2a). To help visualize relative changes in cell distributions across the multiple
incubation intervals, we normalized the average fluorescence intensity of each incubation
interval to the respective intensity at 24 h (Fig. 2b). From these data, three trends appear: i)
cells in the first three scaffolds increase in number in the first 72 h, but experience a decrease
in viability during the remainder of the incubation; ii) cells in scaffolds 4-6 remain static for
the first 72 h, then decrease in viability; and iii) cells in scaffolds 7-12 decline in viability
during the first 72 h, and remain static for the remainder of the incubation.

The rapid cellular growth followed by a decline in viability in the first three scaffolds is
likely due to temporal imbalances between nutrient supply and cellular consumption. In the
first 72 h, this region's close proximity to the nutrient-rich medium allows cells to rapidly
proliferate. After 72 h, we speculate that the rate of consumption outpaces diffusional
delivery of nutrients, and that the observed decrease in viability is due to this nutrient
shortage.

The temporal changes in viable cell populations within scaffolds 4-6 further support our
hypothesis above. Within the first 72 h of the incubation, cell populations in scaffolds 4-6
had stable fluorescence intensities, suggesting that adequate nutrients were reaching this
region. After 72 h, scaffolds 4-6 had a decrease in fluorescence intensity, reaching values
similar to those measured in scaffolds 7-12. The similarity in fluorescence intensities
suggests these regions are experiencing similar levels of nutrient restriction. Experiments
mapping glucose concentrations throughout spheroids showed minimal glucose penetration
into a spheroid after 120 um.37 This distance corresponds to scaffold 4 in the stacked
culture, and further supports that nutrient consumption within scaffolds 1-3 is limiting
nutrient supply to lower layers.

Proliferative populations occur within 90 um of the nutrient source

To confirm the presence of proliferative subpopulations in the stacked culture, we stained
individual scaffolds for Ki-67 after 24, 72, 120, and 168 h of incubation (Fig. 2c). We chose
Ki-67 as it is a nuclear protein expressed during all stages of the cell cycle.38 Proliferative
cell populations were identified within the first three scaffolds after 72, 120, and 168 h of
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incubation. This region matches the increased number of viable cells in the first 72 h.
Despite the decrease in the number of viable cells between scaffolds 1-3 after 72 h of
incubation, proliferation markers in this region persisted for up to 168 h. It is possible that
cells in these layers continue to proliferate but at a rate that is slower than the rate of cellular
death, explaining why total viability declines over time.

Cell populations in layers 4-12 of the stacked cultures have limited Ki-67 staining. This data,
in combination with the mCHR fluorescence intensities, indicate that cells in these regions
were viable but not proliferative. The combination of these observations suggests that these
cells are likely in a quiescent state to accommodate the limited supply of nutrients within
this region. We expect these cells to exhibit an increased resistance to therapeutic dosing
which accompanies with the development of a quiescent phenotype.3°

Oxygen gradients can be modulated with cell density

To better understand the environmental conditions within our PBCs, we incorporated oxygen
sensors into the stacked cultures and quantified extracellular oxygen tensions in different
regions. We chose to quantify oxygen as it directly regulates hypoxia-inducible transcription
factors (HIFs), which promote cellular survival in nutrient deficient conditions,* and the
development of a chemoresistant phenotype.#142 These transcription factors are
constitutively expressed by cells but degraded under normal oxygen tensions (i.e.,
normoxia). Under low oxygen tensions (i.e., hypoxia, < 5 mmHg O,)—conditions
commonly found in poorly vascularized tumor tissue—these factors are stabilized and affect
transcription.#? By quantifying oxygen tensions across our cultures, we can spatially relate
cellular responses to the oxygen environment experienced by those cells.

The oxygen sensors used in this study were easily integrated into PBCs by simply placing
them at the bottom of the PBC in lieu of the closed PET film in Figure 1. These sensors were
previously used to map the formation of oxygen gradients in PBCs with channel-type
cultures.*3 These sensors are selective to molecular oxygen and highly sensitive at low
oxygen tensions, with a resolution of 0.5 mmHg O, for measurements below 10 mmHg
0,.20 In the stacked PBCs oxygen gradients run normal to the sensor, limiting our
measurements to a single point along the gradient. This limitation was overcome by
preparing a number of stacked cultures with either 1, 4, 8, or 12 scaffolds, and using each of
the readings to estimate the gradient formed across an entire culture with 12 scaffolds. In our
setup, the luminescence intensity of the sensors was recorded with an inverted microscope
and converted to oxygen tension using a Stern-Volmer relationship.

We measured the spatiotemporal evolution of oxygen gradients in 12-scaffold cultures
seeded at two cell densities: 84,000 cells/zone, and 21,000 cells/zone. The oxygen
measurements of the culture with 84,000 cells/zone confirm the presence of a steep oxygen
gradient, with widespread hypoxia across all scaffolds and time points (Fig. 3). Figure S3
provides a graphical summary of the average oxygen tension and standard deviation values
for each culture. Previous studies measuring oxygen gradients in tumor xenografts found
that oxygen penetrates ~50 um into tissue before reaching hypoxia,* so it was unexpected
that these cultures would reach hypoxia in less than 30 um from the oxygen source. We note
that the track etch membranes placed at the top of cultures can act as a mass transport barrier
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and attenuate oxygen flux into the PBCs, resulting in steeper oxygen gradients than
expected.

Despite the cultures experiencing similar oxygen tensions across all scaffolds, we still
observed spatial differences in proliferative cell populations. These differences indicate that
nutrients other than oxygen were also affecting cellular stratification. Glucose gradients
could explain the spatial differences in proliferation we observed, as this molecule has been
shown to penetrate further into avascular tumorous tissue than oxygen.*> Additionally,
HCT116 cells under hypoxic conditions have increased glycolytic activity via HIF-1a
expression, allowing them to continue to proliferate despite a limited supply of oxygen.46

An advantage of the PBCs over spheroids is the ability to modulate the density of cells in
each scaffold. Seeding PBCs at 21,000 cells/zone lowered overall cellular consumption and
permitted oxygen to penetrate ~240 um (Fig. 3). At this density, a 1-scaffold culture took
120 h to reach hypoxia, while a 4-scaffold culture took 72 h. By further modulating the cell
density, we would expect oxygen penetration to change accordingly, allowing us to readily
control the steepness and duration of these gradients. Additional chemical sensors capable of
measuring nutrient, pH, and waste products are needed to corroborate the evolution of these
gradients.

Different chemical conditions yield different chemoresistances

The ability to manipulate local chemical gradients in the stacked cultures allowed us to
investigate how the chemical environment contributes to regional differences in phenotype
and chemoresistance. To measure the drug sensitivity of HCT116 cells in 12-scaffold
cultures, we exposed cultures seeded with two different cell densities (84,000 or 21,000
cells/zone) to varying concentrations of SN-38. SN-38 is a topoisomerase | inhibitor and the
active metabolite of irinotecan, which is commonly used in combination therapies for
colorectal cancer.4” In these experiments, cultures were incubated for 24 h before being
exposed to SN-38. After 48 h of dosing, the cultures were disassembled and mCHR
fluorescence intensities were measured. Relative chemoresistance in each scaffold was
determined by comparing the fluorescence intensity of SN-38 dosed scaffolds to the
fluorescence intensity of scaffolds exposed to the vehicle.

Prior to performing the chemoresistance assays, we characterized: i) penetration of
fluorescein, an SN-38 substitute, into the stacked cultures, and ii) the response of HCT116
MCHR cells to increasing doses of SN-38 in 3D and monolayer cultures. Small-molecule
penetration into the stacked cultures was assessed to ensure that differences in relative
chemoresistance can be attributed to drug interactions rather than inaccessibility to SN-38.
To estimate the penetration of SN-38 throughout the stacked culture, we substituted sodium
fluorescein for SN-38. We chose fluorescein because it can be easily measured using
fluorescence microscopy and possesses a diffusion coefficient similar to an SN-38
analogue.*8:49 For this assay, a 0.5 mg/mL solution of fluorescein was added to the top of a
12-scaffold PBC seeded at a density of 84,000 cells/zone. We recorded the fluorescence
intensity at the bottom of a culture over a period of 11 hours (Figure S4). A detailed
experimental protocol for these penetration studies is provided in the ESI. After ~350
minutes the fluorescein signal became static, indicating that equilibrium had been reached

Analyst. Author manuscript; available in PMC 2018 July 24.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Boyce et al.

Page 10

throughout the culture. These data suggest that the top of the culture will see increased
concentrations of SN-38 relative to the bottom scaffolds for the first 350 minutes of dosing,
~13% of the total incubation time. Additionally, HCT116 cells suspended in a 3D matrix
have doubling times of approximately 74 hours, which means that cells will likely
experience the full SN-38 concentration before completing a division.>?

We determined the potency (half maximal inhibitory concentration, I1Cgg) of SN-38 for well-
oxygenated HCT116 mCHR cells cultured in single-zone paper scaffolds and monolayers.
While previous studies have already characterized the 1Cgy of SN-38 for HCT116 cells in
2D cultures, these values range three orders of magnitude (50 - 0.5 nM) making comparisons
with literature values difficult.3*°1 The I1Csq value for the HCT116 cells in the paper
scaffolds (0.014 + 0.006 pM) was much higher than for monolayer cultures (0.005 + 0.001
UM). These data are summarized in Figure S5. These results support previous findings that
2D cultures often overestimate the potency and efficacy of chemotherapeutics relative to 3D
cultures and by extension, /7 vivo tumors.*

To assess regional chemoresistance in stacked PBCs, 12-scaffold cultures were dosed with
increasing concentrations of SN-38: 0.014 uM, 0.14 uM, or 1.4 uM, representing 1x, 10x, or
100x of the 3D ICsq value. A vehicle control of 0.1% (v/v) DMSO in medium was also
included in this assay. Fluorescence measurements from the chemoresistance assay show
distinct differences in regional responses between scaffolds at different SN-38 dosages
(Figure 4). A table outlining statistical comparisons between dosages is provided in the ESI
(Table S1).

Cultures seeded with 84,000 cells/zone and dosed with 0.014 uM or 0.14 uM SN-38 had a
significant decrease in viable cells between scaffolds 2-5. The decrease in viability was
expected for scaffold 2 based on the Ki-67 staining; however, SN-38's effectiveness was less
predictable for scaffolds 3-5 due to the limited proliferation measured within this region.
This sensitivity to SN-38 in the non-proliferative region can be explained by SN-38's ability
to inhibit HIF-1a expression.>2 While the mechanism is not well understood, increasing
concentrations of SN-38 decrease levels of HIF-1a in the colorectal carcinoma cell lines
HT29 and SW480. A similar dose-response relationship could be happening in our cultures.
The attenuation of HIF-1a accumulation via SN-38 should decrease the induction of
antiapoptotic pathways in the HCT116 mCHR cells between scaffolds 3-5, decreasing their
overall chemoresistance.

Chemoresistance assays for 0.014 uM and 1.4 pM SN-38 were also performed on stacked
cultures containing 21,000 cells/zone. From these data, there is a clear trend between the
0.014 pM SN-38 and the vehicle data, as scaffolds 2-12 were statistically similar. A table
outlining statistical comparisons between all dosages is provided in the ESI (Table S2). The
only significant difference between the vehicle and 0.014 uM SN-38 data sets was the first
scaffold, in which 0.014 pM SN-38 had significantly fewer viable cells. The similarity in
viable cells between scaffolds 2-12 suggests that cells further from the medium source
exhibit increased chemoresistance.
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Dosing the cultures seeded with different cell densities showed distinctly different trends:
cells in the first scaffold were responsive to SN-38 at low-densities but not at high-densities.
Additionally, cells deeper in the high-density culture were responsive to SN-38 dosing while
cells in the low-density cultures were not. The disparity in these results highlight the shifting
relationship between cancer chemoresistance and local chemical environment, and show the
need for a model capable of accounting for environmental components when assessing
chemotherapeutic effectiveness.

Conclusion

This work utilized stacked PBCs to relate chemoresistance of colorectal carcinoma cells to
their local chemical environment. In these assemblies, monotonic gradients of nutrients and
waste are formed across the stacked culture, providing a range of chemical environments
that vary for each scaffold. By modulating the cell density of these PBCs, we can
experimentally manipulate the spatiotemporal evolution of these gradients to suit
experimental needs. We incorporated oxygen sensors into the cultures seeded with different
cells densities to demonstrate this control, and found shallower oxygen gradients in cultures
with lower cell densities. Cultures seeded at different cell densities were also dosed with
SN-38. Interestingly, we found a significantly higher response to SN-38 dosing in high-
density cultures experiencing hypoxia. The difference in response between these densities
demonstrate the modularity of PBCs and their ability to easily assess spatial relationships
between chemical environments and chemoresistance.

While there are a number of 3D culture platforms to assess chemotherapeutic effectiveness
in vitro, the ability to i) manipulate the chemical environment /n situ, and ii) easily section
cultures into discrete layers, makes PBCs a promising analytical tool for screening
therapeutics. The cultures described in this work used one cell line and one
chemotherapeutic agent; however, the modularity of this platform allows cell lines and
therapeutics to easily be interchanged or combined into a single assay. Additional
biomarkers other than Ki-67 can also be investigated to relate specific phenotypic changes in
the presence and absence of therapeutics. This work will serve as the first in a series of
studies that focus on developing PBCs as a platform for screening therapeutics.
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Stainless steel holder

PET film with openings
Track etch membrane
Cell-free paper scaffold

Cell-laden paper scaffolds

Closed PET film

Stainless steel holder

Figurel.
Schematic of the 12-scaffold PBC. The experimental setups used in this study consisted of

12 paper scaffolds, a track etch membrane, and two PET films sandwiched between two
stainless steel metal holders. The paper-scaffolds were used to form the cultures by stacking
together 11 cell-containing scaffolds with a cell-free scaffold at the top. The track etch
membrane confined the HCT116 cells in the paper scaffolds. The two PET films limited the
diffusional exchange with the surrounding medium to the top of the stack. The stainless steel
holders compressed the entire culture together, and ensured the scaffolds were in conformal
contact throughout the experiment. (scale bar = 9 mm)
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Stratification of viable and proliferative HCT116 cell populations after 24h, 72h, 120h, and
168h of incubation. In each graph, scaffold 1 is at the top of the stack and closest to the
source of fresh medium. (a) mMCHR fluorescence intensity was used to assess cellular
viability in each scaffold of the stack, increased fluorescence correlates with increased
viability. n = 14-29 replicate measurements, across multiple setups and cell passage
numbers. (b) MCHR fluorescence intensities were normalized to the 24 h values to help
visualize relative changes per scaffold over time. (c) Immunocytochemistry (Ki-67) was
used to identify proliferative populations along the cultures. Fluorescence intensity of
secondary labeled anti-Ki-67 antibodies were normalized to mCHR fluorescence intensity.
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Cells in the top 3 scaffolds exhibit increased Ki-67 expression after 24 h, indicating the
presence of proliferative populations. n = 10-15 replicate measurements, across multiple
setups and cell passage numbers. (* = p <0.05, ** =p < 0.01, *** = p < 0.001, ****=p <
0.0001)
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21,000 cells/zone 84,000 cells/zone

Figure 3.
Mapping oxygen tension along stacked cultures containing different cell densities: 21,000

cells/zone (left) and 84,000 cells/zone (right). Oxygen sensors were placed at the bottom of
cultures composed of 1-, 4-, 8-, and 12-stacked scaffolds. The corresponding heat maps and
values represent the average oxygen tension at the bottom of these cultures, with green
representing atmospheric oxygen tensions (160 mmHg) and red representing hypoxia (< 5
mmHg). n=5 replicate measurements, obtained from a single setup.
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Figure 4.
Density-dependent responses to SN-38 dosing. Stacked PBCs were seeded with either (a)

84,000 cells/zone or (b) 21,000 cells/zone and dosed with increasing concentrations of
SN-38. The viability at each zone was measured using fluorescence imaging and compared
to vehicle controls. mCHR fluorescence intensities were normalized to the 24 h values of the
(c) 84,000 cells/zone and (d) 21,000 cells/zone cultures to help visualize relative changes for
each dosage. n = 15 replicate measurements, across multiple setups and cell passage
numbers.
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