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Introduction

Development of a stacked, porous silk scaffold
neuroblastoma model for investigating spatial
differences in cell and drug responsiveness+

Kimberly J. Ornell, Katelyn S. Mistretta, Coulter Q. Ralston and
Jeannine M. Coburn @ *

Development of in vitro, preclinical cancer models that contain cell-driven microenvironments remains a
challenge. Engineering of millimeter-scale, in vitro tumor models with spatially distinct regions that can
be independently assessed to study tumor microenvironments has been limited. Here, we report the use
of porous silk scaffolds to generate a high cell density neuroblastoma (NB) model that can spatially recapi-
tulate changes resulting from cell and diffusion driven changes. Using COMSOL modeling, a scaffold
holder design that facilitates stacking of thin, 200 pm silk scaffolds into a thick, bulk millimeter-scale
tumor model (2, 4, 6, and 8 stacked scaffolds) and supports cell-driven oxygen gradients was developed.
Cell-driven oxygen gradients were confirmed through pimonidazole staining. Post-culture, the stacked
scaffolds were separated for analysis on a layer-by-layer basis. The analysis of each scaffold layer demon-
strated decreasing DNA and increasing expression of hypoxia related genes (VEGF, CAIX, and GLUTI) from
the exterior scaffolds to the interior scaffolds. Furthermore, the expression of hypoxia related genes at the
interior of the stacks was comparable to that of a single scaffold cultured under 1% O, and at the exterior
of the stacks was comparable to that of a single scaffold cultured under 21% O,. The four-stack scaffold
model underwent further evaluation to determine if a hypoxia activated drug, tirapazamine, induced
reduced cell viability within the internal stacks (region of reduced oxygen) as compared with the external
stacks. Decreased DNA content was observed in the internal stacks as compared to the external stacks
when treated with tirapazamine, which suggests the internal scaffold stacks had higher levels of hypoxia
than the external scaffolds. This stacked silk scaffold system presents a method for creating a single
culture model capable of generating controllable cell-driven microenvironments through different stacks
that can be individually assessed and used for drug screening.

however, these models often lack features of the tumor micro-
environment, such as a three-dimensional structure which

Neuroblastoma (NB) is an orphan disease; therefore there are
few preclinical in vitro models available for disease modeling.
Its prevalence is 1 in 7000 live births and accounts for 15% of
childhood cancer related deaths." Treatment for NB includes
surgery, chemotherapy, radiation, and immunotherapy.
However, for high-risk NB patients, the prognosis is dismal
with a less than 50% long-term survival rate.>® Developing
new treatment options for recurrent or relapsed NB may
increase the survival rates for these patients. In vitro models
are used to develop and identify new treatment strategies;
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results in regional differences in the cell phenotype, pH,
oxygen tension, and nutrient access. The existing models used
for initial drug screening provide many benefits such as rapid,
high-throughput testing, but often result in identifying drug
candidates that fail to translate to clinical treatment strategies.

Many solid tumors demonstrate regions of reduced oxygen
tension, otherwise known as hypoxia, ranging from 0.3% to
4.2% 0,.*° In tumors, rapid proliferation and high levels of
oxygen consumption lead to depleted oxygen levels, particu-
larly in cells far from the vasculature.’® Rapid growth in
tumors without adequate vasculature leads to gradients of
oxygen, nutrients, and pH.'"' Cancer cells that are under
hypoxic stress have an altered metabolic pathway, relying on
glycolysis instead of mitochondrial respiration (Warburg
effect).”>"'* Hypoxic stress has also been shown to cause adap-
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tations in tumor cells that promote a more aggressive tumor
phenotype.'*'* These changes include the promotion of
migration, invasion, resistance to apoptosis, and increased
angiogenesis.””">™'” These changes are driven, in part, by
hypoxia-inducible factor-1 (HIF-1), a transcription factor that
responds to low oxygen conditions. Additionally, hypoxia
induces resistance to many anti-cancer drugs through HIF-1-
dependent and independent mechanisms.'®

Current NB hypoxia models rely on chemical induction of
hypoxia using dimethyloxallyl glycine (DMOG: a hypoxia indu-
cible factor-1, or HIF-1, activator), CoCl, (mimics HIF-1 acti-
vation), or environmentally controlled incubators.'® In NB cell
lines, the use of low oxygen incubators and DMOG has been
shown to confer important pathway changes, which persisted
when cells were implanted in vivo.>° However, low oxygen incu-
bators and DMOG are primarily useful in identifying cellular
changes at the molecular level. In tumors, hypoxia is cell-
driven, existing in a gradient with the highest oxygen tension
close to the vasculature and lowest oxygen tension distant
from the vasculature. Furthermore, cells under hypoxia can
impact the surrounding tumor and stromal cells through
altered paracrine signaling, extracellular matrix (ECM) depo-
sition, and increased inflammation.*" This can have an impact
on the tumor’s responsiveness to therapeutics and metastatic
potential. Additionally, in the tumor microenvironment
hypoxia is not the only environmentally altered feature as
reduced pH and access to nutrients occur often concurrently
with the reduction in oxygen concentrations. Therefore,
though highly controlled systems that probe the effect of
hypoxia on cells are advantageous, these systems ignore nutri-
ent deprivation and acid accumulation in comparison with a
cell-driven approach to low oxygen.

Three-dimensional culture models and rodent models that
utilized human cell lines or human primary tumor specimens
support the combination of cell driven oxygen, nutrient, and
PH changes. Many current 3D in vitro models are capable of
generating hypoxic regions. The commonly used spheroid
models (cell aggregates) demonstrate a hypoxic core once the
tumor reaches a size greater than 200 pm.>*">* Spheroids have
been used to study the therapeutic response to hypoxia as well
as alterations in pathway expression.>**® However, it is
difficult to spatially control spheroid growth, and analysis of
different regions of the spheroid is challenging. Hydrogel
systems have also been used to model hypoxia. For example,
cells can be grown within hydrogels composed of collagen,
agarose, and Matrigel.>*>® These natural hydrogels have high
batch-batch variability and weak mechanical properties.>®
Porous scaffolds fabricated via salt-leaching, gas foaming, or
lyophilization, derived from natural and synthetic polymers,
have begun to address the concerns of weak mechanical pro-
perties of hydrogel-based approaches. Synthetic polymers and
natural polymers with limited ability to be degraded by
endogenous proteases, such as poly(e-caprolactone), cellulose,
and silk fibroin,**~** further provide structural and mechanical
integrity for in vitro cancer models. Xenograft NB models that
utilize human cell lines or patient-derived specimens are
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advantageous  for
34,35

studying tumor engraftment and
progression. However, rodent models are costly and
working with patient-derived xenograft models requires signifi-
cant infrastructure limiting their utility for evaluating many
different drugs.*® Three-dimensional, in vitro NB models, gen-
eralizable to other solid tumor models as well, may be a bridge
between traditional, monolayer drug screening assays that can
test hundreds if not thousands of compounds in a short
period of time and rodent models.

Previous in vitro systems have utilized stacking or layering
for fabrication of multi-layer tumor models. Of these, the most
commonly used is a paper-based method, which utilizes a
combination of thin (<200 pum) filter paper embedded with
cells in an ECM hydrogel.>”"** An alternative approach utilizes
a thin cellulose scaffold embedded with cells in an ECM hydro-
gel that is subsequently rolled around a mandrel resulting in
circumferential layering.*>™*® These two layering approaches
demonstrated controllable oxygen gradients, decreased pro-
liferation in hypoxic regions, and have been used to spatially
examine chemotherapeutic efficacy.??37:3%42-44

Porous silk scaffolds can be easily fabricated from aqueous
silk solutions via lyophilization, a simple and rapid fabrication
strategy. Silk scaffolds possess the combined beneficial fea-
tures of synthetic and natural materials including simple,
mechanical robustness to support cell culturing, and the
ability to be formulated with a spatially defined
architecture.*’ 2 Furthermore, silk scaffolds, on their own, do
not cause cell-specific signaling, but are readily modified to
mimic  the biophysical and  biochemical
environments.>*”*> In previous work, we demonstrated the use
of three-dimensional silk scaffolds and low oxygen incubators
to mimic different levels of oxygen tension observed within the
tumor microenvironment using NB cell lines. We demon-
strated changes in gene expression and cytokine secretion and
elucidated whether the effects were due to growth of cells
under low oxygen concentration, in 3D culture, or a combi-
nation of both conditions. This prior work demonstrated that
3D scaffolded NB cells cultured under ambient oxygen con-
ditions (21% O,) have increased expression of markers relevant
to hypoxic conditions (vascular endothelial growth factor: VEGF;
carbonic anhydrase IX: CAIX; glucose transporter 1: GLUT1; and
matrix metalloprotease: MMP9) as compared to monolayer cul-
tured cells under ambient oxygen conditions, these increases
were comparable to or greater than those of monolayer cul-
tured cells under low oxygen conditions (1% O,).

In the present study, we generated 3D models using stacked
silk fibroin scaffolds to create a cell driven hypoxia model. Silk
fibroin has been demonstrated to be an effective material for
tissue engineering due to its stability, biocompatibility, and
lack of immunogenic response.’®*>® While many studies have
been performed to engineer 3D tumor models (both using
scaffolds and in spheroid form), few have developed systems
with controlled oxygen gradients. To achieve this, we utilized a
stacking method, which has been previously employed to
evaluate cell proliferation, invasion, and oxygen tension.**?7*8
Mathematical modeling was used to determine the impact of
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the scaffold holder geometry on oxygen diffusion, and the
number of scaffolds on oxygen gradients with the scaffolds.
Stacks of different thicknesses were evaluated for cellularity
through double stranded DNA (dsDNA) quantification and his-
tology. Hypoxic gradients were characterized through gene
expression and pimonidazole staining and compared to cell-
laden single scaffolds cultured under ambient and low oxygen
conditions. This system has the potential to be applied to
many different cancer types and allows an improved under-
standing of tumor pathways, while also presenting a novel
therapeutic testing platform.

Materials and methods

Cell culturing

KELLY NB cells (Millipore Sigma, St Louis, MO) were main-
tained in Roswell Park Memorial Institute 1640 (RPMI)
medium supplemented with 10% v/v fetal bovine serum, 100
U mL™" penicillin, 100 pg mL™" streptomycin, and 2 mM
t-glutamine (Fisher Scientific, Hampton, NH) at 37 °C under
5% CO, and 21% O, in a humidified environment. SK-N-AS
NB cells (ATCC, Manassas, VA) were maintained in Dulbecco’s
Modified Eagle’s Medium (DMEM) supplemented with 10%
v/v fetal bovine serum, 100 U mL™" penicillin, 100 pg mL ™"
streptomycin, 2 mM r-glutamine, and 0.1 mM NEAA (Fisher
Scientific, Hampton, NH) at 37 °C under 5% CO, and 21% O,
in a humidified environment. All cells were passaged using
0.25% trypsin-EDTA at 70-80% confluence. For low oxygen
culture controls, a 37 °C, 5% CO,, and 1% O, incubator was
used.

Silk fibroin extraction

Silk fibroin from Bombyx mori silkworm cocoons (Tajima Shoji
Co Yokohama, Japan), kindly provided by Dr David L. Kaplan
at Tufts University, was extracted as previously described.’®
Briefly, 5 g cocoons were cut into approximately 1 cm x 1 cm
pieces and boiled for 30 min in 0.02 M Na,CO; to extract the
sericin. The silk fibers were then dried overnight. The dried
silk fibroin fibers were dissolved in 9.3 M LiBr at 60 °C for 3 h.
The dissolved silk fibroin was dialyzed in 3500 Da molecular
weight cut-off dialysis tubing (Fisher Scientific, Hampton, NH)
against ultrapure water for 2 days with a minimum of 6 water
changes. The aqueous silk fibroin (referred to as silk from
here on) solution was stored at 4 °C until further processing.

Silk scaffold fabrication

Silk scaffolds were fabricated using 2 mL of 5% silk solution
in 15.6 mm cylindrical molds. Lyophilization was performed
using rate-control freezing with a 2 h hold at —45 °C followed
by initiating the vacuum at 280 mTorr and lyophilizing for
30 h at —25 °C. Secondary drying was performed with a 2 h
hold at —4 °C, followed by ramping up to 20 °C. All steps
before Iyophilization were performed at a rate of 0.5 °C min™",
and all steps following engagement of the vacuum were per-
formed at 1 °C min™". To render the materials insoluble, the
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scaffolds were autoclaved following removal from the lyophili-
zer. The scaffolds were then vibratome sectioned to a thickness
of 200 pm or 600 um and biopsy punched to a diameter of
6 mm. They were sterilized via autoclaving in ultrapure water.
Silk scaffolds fabricated using similar lyophilization pro-
cedures have been reported to contain interconnected porous
structures that would allow gas exchange, nutrient transport
and exchange of gases and nutrients and infiltration of
cells.®*®" Additionally, the pore size has been reported to be
dependent on silk concentration, ranging from approximately
20 um to 190 pm.>*%>%3

Seeding of cells on scaffolds

Cells cultured as described above were dissociated into a
single cell suspension using 0.25% trypsin-EDTA. The cells
were resuspended in media at a concentration of 100 000 cells
per pL. For 200 um thick silk scaffolds, seeding was performed
by applying a volume of 5 pL of the cell suspension to a
scaffold, waiting for 10 minutes, vertically inverting the
scaffold and applying an additional 5 pL of the cell suspen-
sion. For 600 pm thick silk scaffolds, cell seeding was per-
formed by applying a volume of 15 uL of the cell suspension to
a scaffold, waiting for 10 minutes, vertically inverting the
scaffold and applying an additional 15 pL of the cell suspen-
sion. The cell-seeded scaffolds were allowed to incubate at
37 °C, with ambient oxygen and 5% CO, for 4 h to allow for
initial cell seeding. For the experiments comparing 200 pm
versus 600 pm silk scaffolds, SK-N-AS NB cells and KELLY NB
cells were evaluated. One experiment was performed with
enhanced green fluorescent protein (EGFP) expressing KELLY
NB cells, kindly provided by Dr Sakthikumar Ambady, as a
visual aid to evaluate cell distribution. The cell-seeded
scaffolds were cultured in 48-well or 24-well plates, respect-
ively, coated with agarose to minimize cell migration out of
the scaffolds and attachment to the well plates. The cultures
were ended after 1, 3, 7, 10, 14, 21, and 28 days and evaluated
based on the DNA content and cell distribution via histology.
For 200 pm thick scaffolds intended for stacked scaffold
experiments, SK-N-AS NB cells were evaluated. The cell-seeded
scaffolds were transferred to 6-well plates containing 3 mL of
media and cultured for 3 days prior to stacking.

Stacking of SK-N-AS NB cell seeded scaffolds

After 3 days of culture in 200 pm thick single scaffolds, the
scaffolds were stacked using a polytetrafluoroethylene (PTFE)
scaffold holder composed of stacks of 2, 4, 6, or 8 scaffolds in
8 mL of medium. The number of stacked scaffolds was chosen
based on COMSOL modeling that identified distinct oxygen
concentration gradients throughout the stacked model.
Though the 6 and 8 stacked scaffolds were predicted to exhibit
large regions of hypoxia within the middle of the stacked
scaffolds, 8 stacks were examined to test the limitations of the
holder design. Utilizing more than 8 scaffolds within the
designed scaffold holder was not feasible as the holder did not
adequately hold the scaffolds in place based on visual obser-
vations (data not shown). As a control, single scaffolds were
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maintained in 6-well plates containing 3 mL of medium under
both 21% O, and 1% O, (0.21 mol m™* O, and 0.01 mol m™>
0,, respectively). Stacked scaffolds were cultured on an orbital
shaker at 75 rpm within 6-well plates at 37 °C under 21% O,.
Prior research with an in vitro rolled layered, three-dimen-
sional human ovarian adenocarcinoma model reported
changes in solute concentration and gene expression through-
out the layers as early as 6 h and 24 h post-model development
as well as establishment of oxygen gradients within the
model.**** In another stacked, paper-based tumor model,
hypoxia-related changes of a breast cancer cell line were
observed after 9 days of culture.’” A study comparing 2D versus
3D cultures of human colorectal carcinoma cell lines reported
increased expression of hypoxia-related markers after 2 days
and 6 days of culture.®® Given the range of time points pre-
viously evaluated for hypoxia related changes in 3D models,
the genotype and phenotype outcomes reported here are from
3 days post-stacking experiments (a total of 6 days in scaffold
culture or monolayer) with one longer-term experiment per-
formed through 14 days to evaluate cell viability in the 4-stack
model.

Cell response to a hypoxia-activated drug

Scaffolds seeded and developed into the 4-stack scaffold
system, as described above, were treated with 20 pg mL™" tira-
pazamine (Millipore Sigma, St Louis, MO). After the 3 days of
treatment, cell viability was determined based on the DNA
content. The 3 day time point was evaluated as this time point
has been shown to be an effective time point for evaluating
anticancer compounds using 3D NB spheroids.*

DNA content analysis

Scaffolds were disassembled (see Videos S1 and S2+t for visual-
ization of the disassembly process) and lysed with 0.5 mL of
0.5% Triton X-100 in Tris-EDTA (TE) buffer for 20 min at room
temperature. All samples were passed through a freeze-thaw
cycle (=20 °C) prior to analysis. The DNA content was analyzed
using a Quant-iT™ PicoGreen™ dsDNA Assay Kit (Fisher
Scientific, Hampton, NH) according to the manufacturer’s pro-
tocol. After thawing, the samples were centrifuged and diluted
1:5 with TE buffer. The samples were incubated at room
temperature for 5 min in the working PicoGreen™ solution.
The DNA concentration was determined by measuring the
fluorescence at an excitation wavelength of 480 nm and an
emission wavelength of 520 nm (Victor Multilabel
Plate Reader, PerkinElmer, Waltham, MA) and comparing to a
standard curve of lambda DNA (0 pg mL™" to 2 ug mL ™).

Histology

Cell seeded scaffolds or stacks of scaffolds were frozen in an
optimal cutting temperature (OCT) compound and cryosec-
tioned to a thickness of 20 um. The sections were fixed in
100% methanol at 4 °C for 5 minutes, followed by 25% metha-
nol for 5 minutes. They were then hydrated in phosphate
buffered saline (PBS) for 10 minutes. Following hydration, the

This journal is © The Royal Society of Chemistry 2021

View Article Online

Paper

sections were stained with Harris hematoxylin and eosin
(H&E) following standard procedures.

Pimonidazole staining

Prior to the termination of culture, the cells within the
treated with 300 pM pimonidazole
(Hypoxyprobe, Burlington, MA) for 24 h, as previously
described.*” Pimonidazole is an indirect method to visualize
hypoxic cells; it is reductively activated in hypoxic cells
forming adducts with thiol containing proteins at
pO, < 10 mmHg. The scaffolded cells were fixed in 10% forma-
lin and frozen in the OCT compound, and the scaffolds were
cryosectioned to a thickness of 20 pm. The sections were
hydrated in PBS for 10 minutes, then blocked and permeabi-
lized in 5% NGS with 0.1% Triton X-100 for 1 h. The sections
were then incubated with a redAPC conjugated secondary anti-
body at a dilution of 1:50 in PBS overnight at 4 °C. They were
counter stained with Hoechst 33342 (1:5000) to visualize cell
nuclei. Scaffolded cells not treated with pimonidazole were
used as negative controls.

scaffolds were

Brightfield imaging

Brightfield imaging of histology was performed in bright field
using an upright microscope (Nikon Eclipse E600, Tokyo,
Japan) with a digital camera (Spot Insight CMOS 5.1, Sterling
Heights, MI).

Fluorescence imaging

Fluorescence imaging was performed using an Axiovert 200 M
Zeiss inverted epi-fluor microscope (Oberkochen, Germany)
using an FITC, Texas Red, or DAPI filter set. For imaging of the
pimonidazole-labeled cells, the exposure time was determined
based on negative controls, where the highest exposure
without a positive signal was determined.

Gene expression

Stacks were separated based on the distance from the medium
source with the scaffolds on the exterior being combined, and
then the next layer being combined, until the two center-most
scaffolds were combined. RNA was isolated from scaffolds or
stacks after 3 days of culture using a TRIzol reagent according
to the manufacturer’s instructions. RNA was dissolved in ultra-
pure molecular grade water and the concentration was
measured at an absorbance of 260 nm using a spectrophoto-
meter (Nanodrop 2000, Thermo Scientific). RNA (1 pg) was
converted to cDNA using a High-Capacity ¢cDNA Reverse
Transcription Kit (Applied Biosystems, Foster City, CA).
gRT-PCR was performed on a 7500 Real Time PCR System
(Applied Biosystems, Foster City, CA) using SYBR Green qPCR
master mix (Applied Biosystems, Foster City, CA). SDHA was
used as an internal control as has been previously demon-
strated in NB.'»®®%® The relative expression was quantified
using the AA cycle threshold method. Data were normalized to
monolayer, 21% O, cultured cells. Table 1 lists the primer
sequences used in this study.

Biomater. Sci, 2021, 9, 1272-1290 | 1275


https://doi.org/10.1039/d0bm01153c

Published on 24 November 2020. Downloaded on 1/23/2026 12:33:04 AM.

Paper

Table 1 List of primers used for gRT-PCR

Gene Sequence

CAIX F - GGGTGTCATCTGGACTGTGTT
R - CTTCTGTGCTGCCTTCTCATC

GLUT1 F - CCTGCAGTTTGGCTACAACA
R - GTGGACCCATGTCTGGTTG
IGFBP3 F - TCTGCGTCAACGCTAGTGC

R - GCTCTGAGACTCGTAGTCAACT
VEGF F - AGGAGGAGGGCAGAATCATCA
R - CTCGATTGGATGGCAGTAGCT
F - TTCTGCCCGGACCAAGGATA
R - ATGCCATTCACGTCGTCCTT
F - TGGGAACAAGAGGGCATCTG
R - CCACCACTGCATCAAATTCATG

MMP9

SDHA (housekeeper)

CAIX: carbonic anhydrase XI; GLUTI: glucose transporter 1; IGFBP3:
insulin-like growth factor-binding protein 3; VEGF: vascular
endothelial growth factor; MMP9: matrix metalloprotease 9; and SDHA:
succinate dehydrogenase complex flavoprotein subunit A.

Mathematical modeling of oxygen concentrations

Mathematical modeling was utilized to determine oxygen gra-
dients within the scaffolds. Simulated oxygen diffusion and
consumption were performed on a commercially available
finite element platform (COMSOL, Burlington, MA). 3D axi-
symmetric modeling was utilized based on the conditions of
cell laden scaffolds cultured in the holder. For preliminary
modeling (original scaffold holder), an assumed oxygen con-
centration of 21% O, at the interface of the holder well with
the medium reservoir was used. For the design of the final
scaffold holder, an oxygen concentration of 21% O, at the
interface of the PTFE piece touching the scaffold and medium
reservoir was assumed (based on mixing). These models were
run through a “transport of diluted species” module incorpor-
ating both diffusion and consumption rates (modeled using
Michaelis Menten kinetics) available from the literature.®®””?

The model utilized the following equations:

Rate of oxygen consumption,

OCR x C

R=—— "% (1)
MM +C

Transport of diluted species,

dc
EJF V. (=DVc) =R (2)

where ¢ is the concentration of oxygen and the following
values are used: D is the oxygen diffusion coefficient: 2.6 X
107° m?® s (assuming culture medium is water), OCR is the
oxygen consumption rate: —3.09 x 10~* mol m™> s™', and MM
is the Michaelis-Menten coefficient: 0.0046 mol m~>. The
initial conditions and the boundary conditions at the surface
were set at an oxygen concentration of 0.21 mol m™. The
model assumes uniform oxygen consumption within the
scaffold and that the scaffolds do not limit oxygen diffusion.
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Statistical analysis

Data are presented as mean + SEM for all gene expression
data. Data are presented as mean + SD for all other data. All
data are presented as the mean of three biological replicates,
except for the 200 pm vs. 600 um study which is presented as
the mean of three experimental replicates. Statistical signifi-
cance was determined by one-way ANOVA followed by Tukey’s
honestly significant difference test in GraphPad Prism
(version 5.0; San Diego, CA). For the comparison of only two
groups, statistics were determined using an unpaired or
paired t-test. Statistics for qRT-PCR were obtained using the
delta Ct (gene of interest-housekeeping gene) for each con-
dition. Significance was determined at p < 0.05. The specific
statistical test applied to each data set are noted within the
figure legends.

Results

Comparison of cell proliferation and cellular distribution
throughout 200 pm and 600 pm thick silk scaffolds

For this work, we wanted to develop a scaffolded NB model
with thicknesses that could help overcome diffusion and cell-
driven transport limitations for oxygen and nutrients in order
to develop an in vitro tumor model that mimicked the aspects
of the in vivo microenvironment. In the first experiments, we
sought to understand the impact of scaffold thickness on cell
growth and infiltration. Scaffolds, 200 pm and 600 um in
thickness, were seeded with SK-N-AS and KELLY NB cells and
were evaluated for cell proliferation based on the DNA content
and metabolic activity (Fig. 1 and Fig. S1}). Scaffolds of
200 pm thickness were evaluated based on known maximum
physiological distances between capillaries that support ade-
quate nutrient and oxygen transport for cell viability. Six-
hundred micrometer scaffolds were evaluated as this thick-
ness, with a comparable cell density to the 200 pm thick
scaffolds, was predicted to have limited nutrient and oxygen
transport throughout the bulk of the scaffold. Both 200 pm
and 600 um scaffolds supported cell proliferation as indicated
by the increase in the DNA content and metabolic activity.
Specifically, both exhibited an initial drop in DNA from day 1
to day 3 (Fig. 1A). Following this, DNA increased from 1.71 pg
per scaffold (day 1) to a maximum DNA content of 4.08 pg per
scaffold (day 10) for 200 um and from 2.67 ug per scaffold
(day 1) to a maximum DNA content of 3.04 pg per scaffold
(day 14) for 600 pm. Similar results were observed with the
metabolic activity of KELLY NB cells and SK-N-AS NB cells with
maximum increases of 1.69 fold (SK-N-AS, 200 um, from day 1
to day 14), 1.4 fold (SK-N-AS, 600 pm, from day 1 to day 14),
2.4 fold (KELLY, 200 pm, from day 1 to day 28), and 1.9 fold
(KELLY, 600 um, from day 1 to day 28) (Fig. 1B and Fig. S1Af¥).
No differences in viability and DNA content were seen between
200 pm and 600 um scaffolds after the initial 3 days of growth.
As the cells were seeded proportionally (1 million cells on
200 um and 3 million cells on 600 pm scaffolds), this suggests
that the cells had a reduced ability to grow in the 600 pm
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Fig. 1 Impact of scaffold thickness on cell growth and distribution. (A) Impact of scaffold thickness on SK-N-AS growth over time as determined
from the DNA content and (B) metabolic activity via resazurin. Data are presented as mean + SD of three individual samples. Hematoxylin and eosin
staining shows SK-N-AS NB cell distribution throughout scaffolds over time in (C) 200 um scaffolds and (D) 600 pym scaffolds. Black arrows indicate
areas of high cell density, while red arrows indicate areas of low cell density.

scaffolds. Examination of cell infiltration through H&E stain-
ing demonstrated the presence of cells in the periphery of
both the 200 um and 600 pm scaffolds (Fig. 1C and D). Over
time, the cells fully infiltrated into the 200 um scaffolds, creat-
ing visually evenly distributed cells throughout the scaffold. In
comparison, the 600 pm scaffolds demonstrated limited cell
distribution throughout the scaffold, even over time, with a

This journal is © The Royal Society of Chemistry 2021

dense layer of cells on the outer surface, but limited cells in
the center of the scaffold. The same response was observed
with KELLY NB cells (Fig. S1B and Cf¥). This suggests that the
interior of the scaffold was not conducive to cell growth, likely
due to the transport limitations of gases, nutrients and metab-
olites. Based on these observations, subsequent experiments
were performed with 200 pm scaffolds.
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Development of the stacked culture system

Since growing NB cells for an extended period of time within
the 200 pm thick scaffolds supports cell viability and cellular
distribution through the full thickness, we sought to develop a
method to incorporate the 200 pm thick scaffolds into a
stacked scaffold model on the millimeter scale. To facilitate
the stacking of 200 pm scaffolds, a holder was designed and
fabricated using PTFE. The first iteration of scaffold holders
was designed to hold stacks of scaffolds between a solid piece
of PTFE and a piece of PTFE with a hole for a medium reser-
voir much like a well plate (Fig. S2AT). This design would
create a hypoxic gradient from the interface of the media to
the solid PTFE bottom. However, analysis of cell-laden scaffold
layers cultured in this scaffold holder (gene expression and
COMSOL modeling) demonstrated that the deep and narrow
reservoir between the scaffold and the main medium reservoir
causes the cells within the scaffolds to be in a hypoxic state
(Fig. S2Bft). Analysis of gene expression of the scaffolded NB
cells cultured as a 3-stack model demonstrated no differences
in VEGF, CAIX, or GLUT1 between layers of the stack
(Table S17). In addition, compared to single scaffolds in 21%
0, and 1% O,, the delta Ct of the stacked scaffolds were more
similar to cell-laden scaffolds cultured in 1% O,. This is due to
the metabolic nature of NB cells outcompeting the oxygen
diffusion rate. Based on these preliminary results, we identi-
fied a key parameter of the scaffold holder, the depth of the
channel between the medium reservoir and the surface of the
scaffolds, to evaluate further for optimizing oxygen tension at
the scaffold surface.

Subsequently, COMSOL modeling was performed to ident-
ify the channel depth that supported oxygen diffusion to the
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scaffold surface (Fig. S2C-Ft). The channel is defined as the
region where the reservoir of the medium would sit and come
in contact with the scaffold, an essential feature as a result of
needing to hold the scaffolds in place. Because of this feature,
diffusion limitations may occur if its depth is too large, as evi-
denced from experiments and computation with the initial
scaffold holder design. Reservoir depths of 5 mm, 2.5 mm,
1 mm, and 0.5 mm were modeled. Scaffold holders of 5 mm
and 2.5 mm demonstrated hypoxic conditions within a single
scaffold, suggesting that oxygen diffusion was too slow to the
scaffold. Modeling depths of 1 mm and 0.5 mm suggested that
the scaffolds remain within the normal oxygen range for
tissue, indicating that oxygen diffusion was able to overcome
the high metabolic rate of the cells. This was further con-
firmed by calculating oxygen diffusion times using the
approximation from a 1D random walk: ¢ = %, with D = 2.6 x
107° m? s'. The oxygen diffusion time through the modeled
depths were 80 min, 20 min, 3 min and 1 min for 5 mm,
2.5 mm, 1 mm, and 0.5 mm, respectively. For subsequent
work, 0.5 mm was selected for the reservoir depth as it allowed
for the most oxygen to reach the scaffold (based on the
diffusion rate) and was on the lower end of the range that the
PTFE could be machined.

Scaffold holders were designed to be expandable (for stacks
of different thicknesses) and fit within a standard 6-well plate
(Fig. 2A-D). Scaffolds could be pre-stacked within the holder
(Fig. S3AT) and cultured for a set time point (Fig. 2D), the
scaffold holder is opened to access the scaffolds (Fig. S3Bt),
and the cell-laden scaffolds are separated to individually
assess each layer (Fig. S3C and S3Dt). COMSOL modeling of
scaffold holders demonstrated the potential for a range of
oxygen gradients through a cell-laden scaffold (Fig. 3). This
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Fig. 2 Final design of the scaffold holder. (A) Computer-aided design drawing of the final scaffold holder. (B) Computer-aided design drawing with
dimensions of the final scaffold holder design. (C) Images of the fabricated PTFE scaffold holder. (D) Image of the scaffold holder containing a

stacked, four silk scaffold containing NB cells at the end of an experiment.
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Fig. 3 COMSOL modeling of the stack scaffolds. COMSOL modeling of stacks of (A) two scaffolds, (B) four scaffolds, (C) six scaffolds, and (D) eight
scaffolds utilizing parameters from the final scaffold holder design. “M” denotes medium and “S” denotes silk scaffold.

modeling assumed an oxygen concentration of 0.21 mol m™

at the surface of the medium level with the PTFE holder due to
the use of a shaker to enhance oxygen diffusion within the
bulk medium. COMSOL modeling of two stacked scaffolds
demonstrated an oxygen concentration of approximately
0.06 mol m™ to 0.08 mol m™ within the scaffolds (Fig. 3A).
Increased scaffold number in the stacks demonstrated lower
concentrations of oxygen within the center of the stack.
Modeling of four, six and eight scaffolds demonstrated a range

This journal is © The Royal Society of Chemistry 2021

of oxygen concentrations from 0.04 mol m™ to 0.06 mol m~>

(exterior) to <0.02 mol m™? (interior) (Fig. 3B-D). These oxygen
levels are similar to those of physiological tumors, which have
been shown to range from <0.07 mol m™ to 0.04 mol m™ to
0.05 mol m—>.*7%7>

Histological evaluation of the stacked scaffold model

Utilizing the stacking system, we first sought to observe the
impact of stacking scaffolds on cell distribution throughout
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Fig. 4 Visualization of cell distribution in stacked scaffolds. Hematoxylin and eosin staining shows SK-N-AS NB cell distribution throughout the
stacked scaffolds 3 days post-stacking comparable to single scaffolds under (A) ambient and (B) low oxygen conditions 3 days post-stacking.
Stacking of (C) two, (D) four, and (E) six scaffolds shows cells distributed throughout the entire scaffold thickness. Images with a ' or " denote
magnified images of the associated low magnification image. Images in (A), (B), (C), (D), and (E) are on the same scale as the scale bar presented in
(A). Images in (A’), (B'), (C), (D’), (D"), (E), and (E") are on the same scale with the scale bar presented in (A’).

the different layers. SK-N-AS NB cells were grown within the
stack scaffold models composed of 2, 4, 6, and 8 scaffolds for
3 days on a shaker under ambient oxygen conditions and com-
pared to non-stacked scaffolds under ambient and low oxygen
conditions. Hematoxylin and eosin staining of stacks demon-
strated that individual scaffolds and stacks of two scaffolds
had cells present throughout the scaffold (Fig. 4A-C). In stacks
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of four scaffolds, cells were present throughout, although
more cells were observed on the exterior as compared to the
interior (Fig. 4D). Similar results were observed in the stacks of
six and eight scaffolds where cells were distributed throughout
with a higher concentration on the exterior (Fig. 4E and S3Bf).
It should be noted that histological artifacts can be observed
within the images including varying scaffold widths (Fig. 4D
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versus Fig. 4C) and delamination (Fig. 4D and E). The appear-
ance of different scaffold widths in the images is presumably
due to pieces of the silk scaffolds breaking off during section-
ing since maintaining the entirety of the silk scaffolds on the
slides is challenging even when using charged glass slides.
The delimitation of the silk scaffold layers likely occurred
during the OCT embedding process when the OCT infiltrated
into the bulk of the layered silk scaffolds.

DNA content within each stacked scaffold layer emulates the
expected impact of the microenvironment on cell growth

Next, we sought to determine the impact of stacking on DNA
content at each layer (Fig. 5). The analysis of DNA content in
the ambient oxygen single scaffold model as compared to that
in the single scaffold model in low oxygen demonstrated a sig-
nificant decrease in DNA from 3.2 pg per scaffold to 1.4 pg per
scaffold (Fig. 5). The analysis of the double stack scaffolds
demonstrated similar DNA content to cell-laden scaffolds cul-
tured in ambient oxygen (3.7 pg per scaffold vs. 3.2 pg per
scaffold), and a significant increase in DNA content as com-
pared to cell-laden scaffolds cultured under low oxygen con-
ditions (Fig. 5). In quadruple stacked scaffolds the interior of
the stack resembled the single low oxygen scaffold in DNA
content (1.2 pg per scaffold vs. 1.4 pg per scaffold, stacked and
low oxygen, respectively), while the exterior of the stack
resembled the single ambient oxygen scaffold (3.3 pg per
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scaffold vs. 3.2 pg per scaffold, stacked and ambient oxygen,
respectively) (Fig. 5). The exterior and interior of a quadruple
stack exhibited significant differences in DNA content from cell-
laden scaffolds cultured under low and ambient oxygen con-
ditions, respectively. A similar trend was observed in sextuple
stacked scaffolds where the DNA content decreased from 2.8 pg
per scaffold in the exterior vs. 2.2 pg per scaffold in the middle
layer vs. 1.5 pg per scaffold in the interior (Fig. 5). No significant
differences were observed between the single cell-laden
scaffolds cultured under ambient oxygen and the exterior or
middle of the sextuple stack. Similarly, no significant differ-
ences were observed between single scaffolds under low oxygen
and the middle or interior of the sextuple stack. Evaluation of
DNA in the octuple stacked scaffolds demonstrated a lowered
change in DNA content as compared to smaller stacks. The
DNA content ranged from 3.3 pg per scaffold at the exterior to
2.0 pg per scaffold at the interior (Fig. S4At). No significant
differences were present between any of the layers of the stack.
This suggests that eight scaffolds may not be capable of demon-
strating a gradient of the microenvironment.

Staining with pimonidazole as a hypoxia marker indicates cell-
driven hypoxic gradients

To visualize hypoxic gradient SK-N-AS stacks of 2, 4, 6, and 8, the
scaffolds were stained for pimonidazole after 3 days of culture
(Fig. 6A-D and Fig. S5A-Ef). As demonstrated previously,*
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Fig. 5 Impact of stacking on the DNA content of scaffold layers. Evaluation of the DNA content of SK-N-AS NB stacked scaffolds at each layer

3 days post-stacking. 21% (ambient oxygen) and 1% (low oxygen) represent single cell-laden scaffolds cultured at the defined oxygen concentration.
Each stack thickness is presented in the graph above. “E” corresponds to the exterior, “I” corresponds to the interior, and “M" corresponds to the
middle. Data are presented as mean + SD of three independent experiments. ‘a’ denotes no statistical significance when compared with the DNA
content of cells cultured in single scaffolds under ambient oxygen; ‘b’ denotes no statistical significance when compared with the DNA content of
cells cultured in single scaffolds at low oxygen. Asterisks indicate statistical significance between the groups (***p < 0.001, **p < 0.01, *p < 0.05).
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Fig. 6 Pimonidazole (red) staining of NB cells within the stacked scaffolds. Pimonidazole staining of scaffolded SK-N-AS NB cells to visualize
hypoxia within stacks 3 days post-stacking. (A) Single cell-laden scaffolds cultured in ambient oxygen (21% O,). (B) Single cell-laden scaffolds cul-
tured in low oxygen (1% O,). (C) Double stacked scaffolds. (D) Quadruple stacked scaffolds.

single cell-laden scaffolds cultured under ambient and low
oxygen conditions exhibited positive pimonidazole staining
(Fig. 6A and B, Fig. S5A and Bt). Double stacked scaffolds
and quadruple scaffolds demonstrated a gradient of pimoni-
dazole positive staining, with higher levels of positive stain-
ing observed in the center of the scaffolds (Fig. 6C and D,
Fig. S5C and Df). Double stacked scaffolds demonstrated
lower pimonidazole staining then cell-laden scaffolds cul-
tured under ambient oxygen. This is likely because a shaker
was used to improve oxygen diffusion in the stacked
scaffolds. Pimonidazole staining in sextuple and octuple
stacked scaffolds demonstrated less distinct gradients then
double and quadruple stacked scaffolds (Fig. S5E and Ff).
Sextuple stacked scaffolds demonstrated reduced pimonida-
zole staining at the exterior of the stack as compared to the
interior of the stack, further confirming the changes observed
in DNA content and gene expression. Octuple stacked
scaffolds demonstrated no clear differences in pimonidazole
staining throughout the layers of the stacked scaffolds. This
further confirmed our previous results suggesting a lack of a
gradient in the octuple stacks.

Analysis of gene expression changes indicates hypoxic
gradients

After determining the differences in DNA content and observ-
ing a gradient of pimonidazole staining, we sought to charac-
terize the microenvironment of the stacks through gene
expression. SK-N-AS NB cell seeded scaffolds were cultured for
3 days at ambient oxygen then moved to stacked scaffold
models maintained at 21% O, (ambient oxygen), or the single
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scaffolds maintained at 21% O, or transferred to 1% O, (low
oxygen) as controls. The cell-laden stacked scaffold models or
controls were cultured for an additional 3 d. The gene
expression of the hypoxia-related genes VEGF, CAIX, GLUT1,
and IGFBP3 was evaluated (Fig. 7). Cells cultured in the single
scaffolds under ambient oxygen and low oxygen conditions
demonstrated increased expression of all target genes as com-
pared to monolayer, ambient oxygen cultures (Fig. 7). When
comparing cells cultured in single scaffolds under low oxygen
conditions to those under ambient oxygen conditions, the low
oxygen conditions were found to induce a significant increase
in the gene expression of VEGF, CAIX, and GLUT1. IGFB3
expression was not significantly different; however, a trend
toward increased gene expression under low oxygen conditions
was observed.

The evaluation of cells from the double stacked scaffolds
demonstrated similar expression levels of VEGF (11.1 vs. 9.3),
CAIX (883.0 vs. 1133.2), GLUTI (8.1 vs. 8.0), and IGFBP3 (9.1 vs.
4.7) when compared to cells from the single scaffolds cultured
under ambient oxygen conditions (Fig. 7). However, when
compared to cells from the single scaffolds cultured under low
oxygen conditions, the cells from the double stacked scaffolds
had significantly lower expression of VEGF (11.1 vs. 21.1), CAIX
(883.0 vs. 1997.3) and GLUTI (8.1 vs. 11.6) (Fig. 7).

Quadruple stacked scaffolds demonstrated stack position-
dependence in hypoxia-related gene expression (Fig. 7). The
cells cultured in the interior of the quadruple stacked scaffolds
had increased expression of hypoxic markers as compared to
the exterior with changes in VEGF (22.4 vs. 14.1 fold), CAIX
(1960.4 vs. 1066.5 fold), GLUT1 (16.9 vs. 12.42 fold), and
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Fig. 7 Evaluation of hypoxia related gene expression of SK-N-AS cells cultured in stacked scaffolds. Evaluation of hypoxia related gene expression
of SK-N-AS NB cells cultured in stacked scaffolds at each individual layer as compared to 3D ambient oxygen culture 3 days post-stacking. 21%
(ambient oxygen) and 1% (low oxygen) represent cell-laden, single scaffolds cultured at that oxygen concentration. Representation of each stacking
thickness can be found above it in the graph. "E” corresponds to exterior, “I” corresponds to interior, and “M” corresponds to the middle. Data are
presented as mean + SD of three independent experiments. a denotes no statistical significance from cell-laden, single scaffolds cultured under
ambient oxygen, ‘b’ denotes no statistical significance from cell-laden, single scaffolds cultured under low oxygen. All gene expression is normalized
to a monolayer, ambient oxygen control. Asterisks indicate statistical significance between the groups (***p < 0.001, **p < 0.01, *p < 0.05).
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IGFBP3 (37.8 vs. 7.9 fold). The gene expression changes were
significant with the exception of VEGF (Fig. 7). A comparison
of the cells cultured in the interior of the quadruple stacked
scaffolds with cells cultured in single scaffolds under low
oxygen conditions demonstrated no significant differences in
gene expression. Similarly, comparison of the cells cultured in
the exterior of the quadruple stacked scaffolds with cells cul-
tured in single scaffolds under ambient oxygen conditions
showed a significant difference only in IGFBP3 expression.
This suggests the presence of an oxygen gradient, where the
cells cultured in the exterior scaffolds resembled scaffolded
ambient oxygen culture and the cells cultured in the interior
scaffolds resembled scaffolded low oxygen culture. The poten-
tial gas, nutrient, and metabolite gradients likely formed
within these models are a direct result of the interplay
between the path length required for molecular diffusion (the
thickness of the scaffold or multi-layer scaffolds) and reactant
consumption (e.g. oxygen and glucose) and metabolite pro-
duction (e.g. lactic acid) due to cellular metabolism. The silk
scaffold pore size and interconnected porous structure are not
anticipated to greatly impact gas, nutrient, and metabolite
diffusion given the micron-scale pore size compared to the
angstrom-scale size of the analytes.>*%*%?

The analysis of sextuple stacked scaffolds also suggested
the presence of hypoxic regions in which the cells cultured
within the middle and interior scaffolds demonstrated higher
expression of hypoxic genes than those from the exterior
scaffolds (Fig. 7). No significant differences in VEGF gene
expression were observed between the cell cultures in any layer
of the sextuple stacked scaffolds. However, cells cultured in the
middle and interior scaffolds exhibited a significant increase
in VEGF expression when compared to cells cultured in the
single scaffolds under ambient oxygen conditions (19.4, 18.7,
and 9.3 for middle, interior, and single scaffolds, respectively)
(Fig. 7). Cells cultured in the interior and middle scaffolds
exhibited a significant increase in CALX expression when com-
pared to cells cultured in the exterior scaffolds (1328.5, 1957.5,
and 915.1 for interior, middle, and exterior, respectively)
(Fig. 7). Similarly, cells cultured in the interior and middle
scaffolds exhibited a significant increase in GLUT1 expression
when compared to cells cultured in the exterior scaffolds (17.3,
14.7, and 7.4 interior, middle, and exterior, respectively)
(Fig. 7). No changes in IGFBP3 expression were observed for
cells cultured in the different layers of the sextuple stacked
scaffolds (Fig. 7).

Cells cultured in the octuple stacked scaffolds demon-
strated an interesting trend with an increase from the exterior
scaffold to the adjacent (outer middle) scaffold, followed by a
decrease in the two most interior scaffold positions (Fig. S67).
This trend was observed in VEGF, CAIX, GLUT1, and IGFBP3
expression. Cells cultured in the outer middle scaffold and
interior scaffold exhibited increased VEGF expression com-
pared to those cultured in the exterior scaffold (Fig. S67). Cells
cultured in the outer middle and inner middle scaffolds
exhibited increased GLUT1 expression when compared to cells
cultured in the exterior scaffold and the interior scaffold
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(Fig. S67). This lack of clear trend for hypoxia response genes
suggests that the octuple stacked scaffolds may be ineffective
at generating hypoxic gradient due to insufficient
sealing at the scaffold edges or imperfections in scaffold
stacking.

MMP9 gene expression was also evaluated in the stacked
scaffold models (Fig. S77). Previous results demonstrated that
changes in MMP9 expression are driven predominantly by 3D
culture.®® A similar finding was observed for the cells cultured
in the stacked scaffold models, where no significant difference
between the different scaffold positions was observed
(Fig. S77) though a trend towards increased expression can be
observed with progression towards the interior of the stacked
scaffolds.

The gene expression of KELLY NB cells within the quadru-
ple stacked scaffolds was evaluated as well (Fig. S87). Cells
grown in single scaffolds under low oxygen conditions and
cells grown in the interior scaffold exhibited a significant
increase in VEGF, CAIX, GLUT1 and IGFBP3 expression as com-
pared to cells cultured in single scaffolds under ambient
oxygen conditions. While no significant differences were
observed between cells cultured in the interior and exterior
scaffolds, there was a trend towards increased expression of
VEGF, CAIX, GLUT1, and IGFBP3 from the exterior to the
interior when compared to the exterior (Fig. S81). Considering
the gene expression data together for the SK-N-AS NB cells and
the Kelly NB cells, the quadruple stacked scaffold model was
sufficient to generate clear differences in the interior and
exterior scaffolds. Therefore, the quadruple stacked scaffold
model was used for further experimentation.

Time course investigation of cell proliferation within the layers
of the quadruple stack model

To evaluate longer-term cell survival within the quadruple
stacked scaffold model, we next sought to investigate cell viabi-
lity and proliferation within the model over time. The DNA
content of the interior and exterior scaffolds was evaluated
after day 3, day, 7, and day 14 of culture and normalized to the
exterior scaffold DNA content at day 3 (Fig. S97). SK-N-AS NB
cells from the exterior and interior stacks retained their viabi-
lity over the experimental time course as indicated by the
maintenance or increase in DNA content normalized to the
exterior scaffold DNA content at day 3. A statistical increase in
the DNA content was observed between day 3 and day 14 of the
SK-N-AS NB cells cultured in the exterior scaffolds (1.0 = 0.1
versus 2.0 + 0.3), suggesting that cell proliferation occurred in
the exterior of the scaffolds.

Cell response to a hypoxia-activated drug, tirapazamine

After determining that cells could retain their viability for an
extended period of time after developing the quadruple
stacked scaffold model, we sought to evaluate the response of
the SK-N-AS NB cells to a hypoxia-activated drug, tirapazamine.
Tirapazamine is an experimental cancer drug that induces cell
death under hypoxic conditions via the formation of a toxic
radical. For this work, we treated the quadruple stacked
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Fig. 8 Response of SK-N-AS cells cultured in the quadruple stack scaffold model to the hypoxia-activated drug tirapazamine. (A) Cell viability as
compared to the exterior scaffolds of the control group (0 pg mL™" tirapazamine). Data are presented as mean + SD for five independent samples.
Asterisks indicate statistical significance between the treatment groups as determined by an unpaired T-test (*p < 0.05, **p < 0.01). Pound indicates

significance between exterior and interior scaffolds as determined by a paired T-test

model treated with or without 20 pug mL™ tirapazamine.

scaffold cells with 20 pg mL™" tirapazamine, a concentration
previously shown to induce cell death in a single scaffold
model.®® Cells treated with tirapazamine exhibited reduced via-
bility as compared to untreated cells when comparing the
match stacked scaffold position (Fig. 8). Specifically, the cell
viability of the exterior region of the tirapazamine treated
group was 85% of the untreated group. The cell viability of the
interior region of the tirapazamine treated group was 70% of
the untreated group, where the viability normalized to the
exterior of the untreated group was 82% versus 57%, respect-
ively. These data show that the quadruple stacked scaffold
model could be used to test hypoxia-activated drugs, which
could be extended to testing of drugs that are active or inactive
under varying microenvironment conditions within a single
in vitro model system.

Discussion

Hypoxia is a critical cell driven gradient in solid tumors that
has been demonstrated to drive tumorigenesis, metastasis,
and therapeutic resistance. However, few models exist that are
capable of controllable oxygen gradients, specifically those on
a millimeter-scale. With existing models come challenges,
both in the creation of the gradients and the analysis. For
example, research has demonstrated that spheroids are
capable of developing oxygen gradients based on their
diameter.”>’%7® However, evaluation of different regions of
the spheroid is challenging, as the regions cannot be easily
isolated. ECM or scaffold-based approaches have also been
used; however cell infiltration and long-term spatial control
continue to prove difficult.””"®' To overcome these challenges,
we utilized 200 pm silk scaffolds stacked together to generate

This journal is © The Royal Society of Chemistry 2021

(**p < 0.01). (B) Histological images of the quadruple stack

cell driven oxygen gradients that mimic those of solid tumors.
These scaffolds can be easily separated allowing for layer-by-
layer analysis. Silk scaffolds are mechanically strong and
porous, allowing for temporal retention of scaffold dimensions
and cell-driven oxygen and nutrient gradients. Furthermore,
silk does not contribute biologically to the system allowing for
cell-driven responses to dominate the model system, in com-
parison with ECM-based hydrogels (e.g. Matrigel and Cultrex)
which have been demonstrated to contain bioactive proteins
and peptides that directly provide signal to the cells.®>

In previous work, we demonstrated that both growth in 3D
silk scaffolds and oxygen concentration were able to impact
key pathways in NB. Porous silk scaffolds provide a 3D struc-
tural support for cell growth while minimally impacting cell
behavior directly because there are no cell-binding sites within
the protein sequence. Cell attachment to silk fibroin is likely
mediated through passive adsorption of proteins in the cultur-
ing environment thereby minimizing the direct impact of
scaffold biochemistry on cell responses. Porous silk scaffolds
can be readily fabricated through multiple strategies including
lyophilization, salt-leaching (both aqueous and non-aqueous
based methods), and gas-foaming. Lyophilization presents a
rapid approach to fabricating porous silk scaffolds. With the
use of rate controlled freezing, improved control over the
porous structure can be achieved as compared to uncontrolled
freezing at single set temperatures.

In the work presented here, we expanded on our previous
model to create a system with differing cell-driven microenvir-
onments that can be readily separated and evaluated on a
layer-by-layer basis. Preliminary experiments were performed
to evaluate the impact of silk scaffold thickness on cell growth
and distribution. For this work, 600 um thick scaffolds were
chosen based on preliminary COMSOL modeling that showed
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a reduction of oxygen concentration throughout the scaffold
thickness when the model as cell-seeded scaffolds submerged
in bulk media (following our previously reported method).
Furthermore, this thickness is greater than the typical distance
between blood capillaries (approximately 150 pum-200 pum) but
not so thick that necrosis would be an obvious outcome.
Culturing the cells within the 600 pm thick silk scaffolds
demonstrated a reduction in cell distribution throughout the
scaffold as compared to 200 pm scaffolds over time while still
having the same DNA content, whereas the 200 pm thick
scaffolds exhibited cells distributed throughout the scaffold
thickness through 28 days of culture. In vivo, distances of
150 um-200 pm have been identified as the maximum
diffusion distances for oxygen and nutrients due to cell-driven
consumption.*>®* Scaffolds with a thickness of 200 um
achieved full cell infiltration. To create cell driven oxygen gra-
dients, these 200 pm scaffolds can be stacked together to form
multilayer stacks that mimic thicker tissue. To facilitate
scaffold stacking, a scaffold holder was designed via math-
ematical modeling. COMSOL modeling was used to
optimize the well depth of a scaffold holder to create a system
capable of generating hypoxic gradients. Modeling completed
on a range of scaffold numbers allowed us to predict the
oxygen consumption and tension at each layer and suggested
that 4 scaffolds would be necessary to generate a hypoxic
gradient.

Histological evaluation of stacks ranging from 2 to 8
scaffolds demonstrated the presence of cells in each scaffold
layer, regardless of stack thickness, with cell distribution
similar to that of unstacked scaffolds. The use of the scaffold
stacking approach allowed the creation of a tumor model on
the millimeter-scale of thickness, which is more relevant to
solid tumors than monolayer cultures, for both the gradients
developed and as a diffusion barrier for therapeutics.
Additionally, unlike spheroids or other solid models, the
stacks can be separated into single scaffolds allowing the ana-
lysis of individual levels as compared to the bulk analysis typi-
cally performed on spheroid or scaffolded cultures. While
other stacking based approaches exist, the most common
being an ECM hydrogel infused paper-based and polymer-
mesh approach, they rely on ECM hydrogels to deliver the cells
on the scaffold, which can have an additional impact on cellu-
lar behavior.?” %%

Using this in vitro system, we were able to demonstrate cell
generated oxygen gradients within the tissue model. Staining
of pimonidazole confirmed hypoxic gradients within the
stacks. Stacks with thicknesses of two and four scaffolds
demonstrated clear hypoxic gradients, with cells in the interior
of the stack experiencing lower oxygen concentrations indi-
cated by a gradient in pimonidazole staining. This is consist-
ent with what has been observed in spheroid models as well as
primary tumors.'*'>**72 These gradients were less distinct in
the stacks of six to eight scaffolds, potentially due to cell death
or leaking of the scaffold holder. Furthermore, we confirmed
that cells which are placed further from the source of oxygen
and media showed increased gene expression of hypoxia
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markers VEGF, CAIX, GLUT1, and IGFBP3. This is consistent
with our previous work evaluating 3D NB culture in low oxygen
incubators®® as well as the work by Herrmann et al., evaluating
the effect of DMOG treatment on NB cells.”® Our results also
align with the work by Derda et al., where stacked layers of
paper were used as a structural support for hydrogel culturing
of cancer cells.’” In the layered paper approach, VEGF and
IGFBP3 gene expression levels were the highest within layers
farthest from the oxygen source after 9 days of culture. In a
“tissue roll for analysis of cellular environment and response”,
or TRACER, approach developed by Rodenhizer et al., GLUT1
gene expression of cancer cells was increased in layers farther
away from the medium source after 6 h and 24 h of culture.**
Performing the gene expression and pimonidazole staining at
shorter and longer time points and with a more extensive
panel of gene markers, including those related to alternative
metabolic pathways, stemness, and metastasis, would better
define this system for modeling neuroblastoma in vitro. In
addition to changes in hypoxia markers, we also observed a
decrease in DNA at the interior of the stacks, indicating fewer
viable cells in this region. In spheroid models, a region of
necrosis at the center of the spheroid has been observed.®*®*” A
similar phenomenon is observed in vivo in tumors that grow
rapidly and lack sufficient vascularization. This decrease in
DNA could be explained by cells lacking oxygen/nutrients for
proliferation or causing apoptosis. Interestingly, the octuple
stacked scaffolds demonstrated a decrease in these hypoxia
gene expression markers in the two interior-most layers of the
stack and no changes in DNA content, which was consistent
with the pimonidazole staining. This could be due to the
number of scaffolds exceeding the limitations of our holder
design resulting in leaking, which aligns with the gene
expression results.

Though experiments directly probing metabolic changes
were not performed, metabolic changes likely occur within the
models developed after sustained exposure to hypoxia and
glucose depletion through changes in cellular metabolism.®®
Cancer cell metabolism shifts from oxidative phosphorylation,
producing 30-36 ATP molecules per glucose, to aerobic glycoly-
sis with lactate formation, producing 2 ATP molecules per
glucose.®’”® Increased glutamine catabolism is also a hall-
mark of malignant transformation. The increased glutamine
catabolism has been shown to be driven by the MYC oncogene
through upregulation of glutamine transporters to fuel the
TCA cycle and glutathione production under hypoxic
conditions.”*®® Cancer cells also exhibit altered metabolism
related to their increased dependency on glutamine through
MYC oncogene upregulation of GLS. Through endocytic and
cannibalistic mechanisms, cancer cells utilize alternative
methods to acquire nutrients including recovery of free amino
acids through lysosomal degradation of extracellular proteins
via macropinocytosis,”” °® and nutrient recovery by entosis of
adjacent cells."®°

The metabolic changes that occur in tumor cells also
impact the tumor microenvironment, primarily due to the
large quantities of lactate produced through aerobic and
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anaerobic glycolysis. The increase in lactic acid production
results in an acidification of the extracellular pH, which favors
processes such as metastasis and angiogenesis. This environ-
ment is further maintained by the transmembrane protein
CAIX. CAIX works to support diverse acid extruders MCT1 and
MCT4, which mediate H+ efflux, thus increasing the extracellu-
lar acidification.'®>'°* In this acidic environment, cancer cells
are more adapted to survive, thus enhancing tumor pro-
gression. Initially, acidosis triggers a stress response in cells
limiting proliferation and inducing cell death. However, those
cells that survive are an emergent phenotype resistant to acid-
induced cell death and continue to acidify the microenvi-
ronment resulting in toxicity to other cells and survival."®
The ultimate goal of developing in vitro NB models is to
develop more effective treatment strategies. Using the quadru-
ple stacked scaffold model seeded with SK-N-AS NB cells, tira-
pazamine, a drug that is activated to a toxic radical under
hypoxic conditions, was shown to induce reduced cell
viability in the interior stacks as compared to the exterior
stacks. This suggests that an in vitro NB model that allows for
independent assessment of different regions may provide
necessary information for drug screening. For instance, a
model culturing in a low oxygen incubator setting would result
in reduced cell viability when treated with hypoxia-activated
drugs even though in vivo the tumor microenvironment con-
tains regions of oxygenation that would not support drug
activation.

There are some challenges and limitations of the current
approach that should be addressed in future work. Further
characterization of the development of the stacked scaffold
models to understand the impact of culture duration on cell
viability, gene expression, metabolic, and secretome changes
should be performed. Additionally, a quantitative understand-
ing of the reproducibility of generating several stacked
scaffolds is necessary before being able to perform large-scale
drug screening experiments. The data presented here are from
multiple replicate samples and multiple independent experi-
ments, so reproducibility of these small-scale studies is not a
concern. However, for scale up and testing of multiple drugs,
drug combinations, and concentrations within a single experi-
ment, a faster approach should be developed with minimal
scaffold handing, either via using large scaffolds within a
single scaffold holder with independently accessible zones
similar to the paper-based approach developed by Derda and
colleagues®” or developing a robotic handling system for cell
seeding, scaffold handling, and scaffold stacking. Additionally,
the current approach is limited to a single cell type, NB cancer
cells. This approach can be readily applied for other solid
tumor types, including hepatocellular carcinoma and renal
cell carcinoma. Developing the model to contain multiple cell
types such as cancer associated fibroblasts, tumor associated
macrophages, endothelial cells, and other immune cell popu-
lations, may have utility in understanding cell-cell interactions
and responsiveness to other microenvironment targeting
drugs. Overall, we expect this silk scaffolding approach to be
broadly useful, both in understanding fundamental tumor
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biology and in therapeutic development, which may be
adopted for many cancer types.

Conclusion

In summary, we have demonstrated a stacked porous silk
scaffolding approach to modeling cell driven-oxygen gradients
in tumors at the millimeter-scale. This was established
through the use of COMSOL modeling to define parameters
for a stacked scaffold model and scaffold holder design. The
stacked scaffold model was capable of retaining cells through-
out the model. Positional variation in SK-N-AS NB cell
responses was demonstrated through changes in cell content
(DNA), gene expression, and pimonidazole staining. The
primary findings were that interior scaffolds had lower cell
content as determined by DNA quantification, and the cells
cultured within the interior scaffolds had increased gene
expression for the hypoxia-regulated genes VEGF, IGFBP3,
GLUT1, and CAIX. In addition, the gene expression changes
were observed in KELLY NB cells. Using the quadruple stacked
scaffold model, we confirmed cell viability through 14 days of
culture and proliferation in the exterior scaffold layer. Finally,
we show that a quadruple stack scaffold model can be used to
evaluate the toxicity of a hypoxia-activated drug, tirapazamine,
and it showed spatial differences in cytotoxicity correlating
with reduced oxygen concentrations. This system represents a
promising in vitro model for drug screening for NB. Future
studies should develop this stacked scaffold approach further
for rapid, high throughput assembly, to incorporate multiple
cell types within a single model, and to extend beyond NB to
other solid tumor models.
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