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Introduction

A gravity-driven tissue chip to study the efficacy
and toxicity of cancer therapeuticst

Pouria Rafsanjani Nejad,@a Astha Lamichhane, @2 Prasiddha Guragain,@a
Gary Luker® and Hossein Tavana 0O

Tissue chip and organs-on-chip technologies have emerged as promising tools in preclinical studies. In
oncology, this is driven by the high failure rates of candidate drugs in clinical trials mainly due to inadequate
efficacy or intolerable toxicity and the need for better predictive preclinical models than those traditionally
used. However, the intricate design, fabrication, operation, and limited compatibility with automation limit
the utility of tissue chips. To tackle these issues, we designed a novel 32-unit tissue chip in the format of
standard 96-well plates to streamline automation, fabricated it using 3D printing, and leveraged gravity-
driven flow to bypass the need for external flow devices. Each unit includes three interconnected tissue
compartments that model liver, tumor, and bone marrow stroma. The focus on liver and bone marrow
stroma was due to their respective roles in drug metabolism and disturbances to the bone marrow niche
from off-target toxicity of chemotherapies. We analyzed flow patterns, mixing, and oxygen transport
among and within the compartments through finite element simulations and demonstrated the utility of
the tissue chip to study the efficacy of commonly-used cytotoxic cancer drugs against tumor cells and
their toxicity toward liver and bone marrow cells. The ability to simultaneously study drug efficacy and
toxicity in high throughput can help select promising therapeutics in early stages of drug discovery in
preclinical studies.

human tissues in terms of composition and architecture of

Around 90% of drug candidates in clinical trials fail to
advance for use in patients. The rate of approval of drugs in
the oncology space is only 5-7%.'” High failure rates
contribute to soaring drug development costs that currently
exceed one billion dollars per drug.* Lack of clinical efficacy
and unmanageable toxicity account for up to 80% of these
failures.> A major challenge to reliably predict the safety and
efficacy of drug candidates in patients has been the
inadequate preclinical models used in the process of drug
development. Cell-based assays and animal models have been
the standard preclinical models for many decades. Traditional
two-dimensional cell cultures have been a useful drug
discovery tool because they offer ease of use in standard
cultureware and compatibility with robotic tools for high
throughput phenotypic screening. However, they do not
reproduce the intricate three-dimensional environments of
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cellular and acellular components and the respective
signaling events.”” On the other hand, animal models
provide a truly physiological system to evaluate organ-level
functions and responses to treatments and enable
longitudinal studies. However, the lack of human tissue
stroma and associated signaling with cells of interest and
differences in drug metabolism and immune system
functions from humans render animal models inaccurate for
many drug efficacy and toxicity studies.®™*°

To address the limitations of existing models, tissue chip
technologies have been developed to recreate, at least in part,
the three-dimensionality, compositional and structural
complexity, and interconnectivity of human tissues and
organs and to improve preclinical drug development."* ™™ In
the oncology space, various tumor tissue chips were
developed to model different types of cancer, such as those
of the lung,'**® brain,"®"" liver,"®' colon,*>*' and
breast.>>* Because off-target toxicity is a major challenge
with cancer treatments, it is critical to determine systemic
effects of cancer drugs. This need has led to the development
of the so-called organs-on-chip or body-on-chip systems,
where the interconnectivity of human organs is mimicked by
connecting different tissue compartments via fluidic
channels.**®° The interconnectivity is often achieved by
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connecting separate tissue chips using external tubing,*® or
on the same device fabricated using techniques such as 3D
printing,>” CNC cutting polymer sheets,”®*° and/or injection
molding.>® These devices have shown the feasibility of
determining the efficacy of drug compounds on a desired
organ and their potential toxicities and inform potential
benefits and risks of the treatments.

Although organs-on-chip devices have been successful in
predicting physiological responses consistent with or even
more accurate than those from animal models,**?' their
widespread adoption, particularly in drug discovery, remains
limited.*® Complex design, tedious fabrication, and
challenges with operation of these devices are main obstacles
against scaling up for drug testing and screening. Tissue
chips often incorporate multiple components, such as
gaskets, tubing, and membranes, and require substantial
expertise to maintain tissue compartments with dynamic
flow. Due to these challenges and the vast number of
potential drug candidates, pharmaceutical companies
frequently default to the conventional 2D cell cultures for
initial high throughput screening with robotic tools.
However, due to the inaccuracies of 2D cultures, there is a
pressing need for models that can capture systemic effects of
drugs while offering a reasonable throughput.

To address these challenges, recent efforts have focused
on improvements such as leveraging accessible
manufacturing  processes, e.g, 3D  printing,*****
implementing automated flow technologies,® designing
devices that house arrays of independent systems,*® and
developing plate-format tissue chips.*’”*° Complementing
these efforts, this study introduces a multi-organ tissue chip
platform that employs a standard 96-well format to
seamlessly integrate with automated laboratory equipment
for drug screening studies. By integrating multiple organ-
specific tissues, it effectively simulates systemic interactions
in a high throughput manner. This device has the potential
to improve the efficiency of selecting promising compounds
and preventing premature elimination of potentially valuable
drug candidates.

Results
Design of the tissue chip

The conceptual design of the tissue chip is shown in Fig. 1.
Three tissue compartments for liver, tumor, and bone
marrow stroma and two side reservoirs form a single unit
and are fluidically connected to allow exchange of media, cell
secretome, and drug compounds among them through
gravity-driven flow. The gravity-driven flow is sustained by
tilting the chip on a custom-built plate rocker (Video S1t).
Each tissue chip has 32 identical units. These units are
arranged into two identical arrays, each consisting of 2
columns and 8 rows (Fig. 2a and S17), with a diagonal offset
between them to maximize the use of space and minimize
the use of resin for printing. Due to this diagonal offset,
aspirating and dispensing fluids with standard liquid
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Fig. 1 Conceptual design of the tissue chip representing breast tumor,
liver, and bone marrow in three compartments that are fluidically
connected and supported by gravity-driven convective flow from two
side reservoirs.

handlers or multi-channels pipettes is done separately and in
two steps for the two arrays. The units are connected with
elevated cylindrical channels of 650 pm in diameter. Flow
through the channels is facilitated by tilting the plate on the
rocker. Additionally, the chip contains a series of
independent reservoirs on either side of the matrices and at
the top and bottom of the chip. During tissue culture, these
reservoirs contain distilled water to minimize evaporation
from the tissue compartments and the known edge effect in
microwell plates. The spacing between wells in each array
matches that of a standard 96-well plate to ensure
compatibility with multi-channel pipettes and robotic liquid
handling systems for automated processes to substantially
improve experimental throughput and testing accuracy (Fig.
S1 and Video S27). We fabricated the plate of the tissue chip
using 3D printing and bonded it against a polycarbonate film
to ensure a leakage-free device (Fig. 2a).

Establishing and maintaining cell culture in the tissue chip

Using our established cell printing technology,*® we formed
breast cancer spheroids in standard microplates using the
triple negative breast cancer MDA-MB-231 cell line. After

This journal is © The Royal Society of Chemistry 2024
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(a) Design and fabrication of the tissue chip with 32 identical units. Food coloring dyes in the fabricated device (top right image) show 32

leak-free independent units. (b) Schematic representation of robotic formation and collagen encapsulation of breast cancer spheroids and transfer
to the tissue chip. (c) Phase images of MDA-MB-231 cells micropatterned in an aqueous two-phase system forming a spheroid in 4 days and
embedded in a collagen matrix (1 day after encapsulation). Scale bar is 200 um.

spheroid formation, we aspirated and mixed them with a
collagen solution and dispensed the spheroid-collagen
mixture into the tumor compartment of each unit
(Fig. 2b and c). Single cell suspensions of HepG2/C3A and
HS-5 cells in collagen were used for the liver and bone
marrow stroma compartments, respectively. HepG2/C3A cells
were selected because they are immortalized, possess many
functions of differentiated hepatocytes, and are not
tumorigenic. HS-5 cells were also selected as immortalized
surrogates for bone marrow mesenchymal stromal cells.

Because liver cells use a different culture medium than
breast cancer and bone marrow stroma cells, we studied the
effects of different combinations of the media on the
metabolic activities of the cells prior to seeding the cells in
the tissue chip. We normalized the metabolic activities of
each cell type to that of cells in their native medium (Fig.
S2t). The metabolic activities of cells in the 1:1 mixture of
EMEM and DMEM were comparable to those in the native
media for all three cell types, with average values of 123%,
97%, and 94% for the HepG2/C3A, MDA-MB-231, and HS-5
cells, respectively (Fig. S2t). Other ratios, especially when
more than 80% EMEM was used, led to significant reduction
in the metabolic activities of MDA-MB-231 and HS-5 cells.
Based on this analysis, we used a 1:1 ratio of EMEM : DMEM
to maintain the cells in the tissue chip.

Next, we examined the capability for on-chip analysis of
cells using both bioluminescence and PrestoBlue assays,
which are widely used to determine cell metabolic activity
and viability. We developed collagen-embedded cultures in

This journal is © The Royal Society of Chemistry 2024

the tissue compartments with different cell densities. The
measured signal intensity values from either assay showed a
strong correlation with the seeded cell density with R* values
of 0.92 for bioluminescence and 0.96 for the PrestoBlue
assays, similar to or Dbetter than the benchmark
measurements in standard microplates (Fig. S3f).
Additionally, both assays easily distinguished between blanks
and the lowest cell density of 5 x 10% cells per well (p <
0.001). Furthermore, we evaluated the consistency between
on-chip measurements of the PrestoBlue signal and
measurements after transferring the supernatant media to a
standard plate. Both methods gave similar results (Fig. S37),
validating the feasibility of performing high precision
analysis of cells directly in the tissue chip.

To ensure the utility of the tissue chip for long-term cell
cultures, we quantified cell viability within each
compartment over an 8-day period by measuring cellular
metabolic activity (Fig. 3). After 4 and 8 days, metabolic
activities increased by 1.4- and 2.3-fold for breast cancer cells,
1.7- and 4.7-fold for liver cells, and 1.8- and 3.4-fold for bone
marrow stromal cells. Furthermore, MDA-MB-231 cells
significantly invaded into the surrounding collagen matrix,
which is a key phenotype of this cell line, HepG2/C3A liver
cells formed clusters, and HS-5 bone marrow stromal cells
assumed a more elongated, mesenchymal phenotype.
Additionally, confocal imaging of live and dead cells showed
minimal cell death in the tissue compartments over 8 days
(Fig. 3). Therefore, the tissue chip supported growth and
normal phenotypes of the cells during culture.

Lab Chip, 2024, 24, 5251-5263 | 5253
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Fig. 3 Confocal images of MDA-MB-231 spheroids, HepG2/C3A liver cells, and HS-5 bone marrow stromal cells in their respective compartments
in the tissue chip over an 8-day culture. Bar graphs represent the viability of cells measured using a PrestoBlue assay. MDA-MB-231 cells also show
significant invasion into the collagen matrix. Scale bar is 200 pm. **p < 0.01, ***p < 0.001.

Transport studies in the tissue chip

We conducted three sets of finite element simulations to analyze
fluid flow, chemical mixing, and oxygen distribution in the
tissue chip. First, we characterized the gravity-driven flow using
a moving mesh model (Fig. 4a-f, Video S37). This simulation
involved continuously altering the gravitational vector to
emulate a tilting motion. Graphical representation of the
simulation in Fig. 4a-c shows fluid height fluctuations of about
2.5 mm in the side reservoirs resulting from the gravity-driven
flow among the compartments. Since the tissue compartments
experienced both influx and efflux of culture medium, their fluid
heights fluctuated by about 1.0 mm per cycle.

Additionally, we obtained volume flow rates between the
compartments, labeled Q1-Q4, in each of the channels from left
to right. We used a negative sign to indicate flow in the negative
direction of the x-axis. The starting flow rates of 3-4 uL s
gradually declined within each 20-second tilt (Fig. 4d and e).
Notably, the flow rates through the channels between the three
tissue compartments (Q2 and Q3) remained within 75% of the
initial values, whereas the flow rates in the channels leading to
the elevated reservoir decreased to approximately 35% of its
initial maximum (Q4 for 0-20 s and Q1 for 20-40 s). Next, we
computed the volume of medium displaced through each
channel, labeled V1-V4, by integrating the flow rates over time
(Fig. 4f). The result showed that 55 pL is transferred within a

5254 | Lab Chip, 2024, 24, 5251-5263

single tilt in the tissue compartments (V3 at 20 s). Considering
that there is a total medium volume of 650 uL in the entire
tissue chip, about 8% of this volume is transported during each
single tilt.

To assess and within the
compartments, we conducted a static mesh simulation and
used the flow rate Q2 between the tissue compartments as an
imposed boundary condition. We introduced a hypothetical
compound with a diffusion coefficient of 1 x 10~ m* s™* into
the middle compartment to approximate the diffusivity of
small metabolites and drugs such as 5-FU.*' The result
showed that the transport of the compound through
compartments by the gravity-driven flow results in almost full
mixing within 20 minutes (Fig. 4¢ and h and Video S4). At
the 4-second mark, traces of the compound were present in
the downstream compartment. At the 40-second mark, the
compound was present in all compartments and there was a
significant reduction in the concentration in the middle
compartment. At 20 minutes, the compound was relatively
evenly distributed with average concentrations in the three
compartments (1 to 3, from left to middle) being 99 uM, 94
uM, and 149 pM, respectively, and the overall average in the
tissue chip was 100 pM (Fig. 4h). To further validate this
result, we used a food coloring dye to experimentally
demonstrate uniform distribution of the dye in the tissue
chip in 20 minutes (Video S5%).

mixing efficiency across

This journal is © The Royal Society of Chemistry 2024
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Fig. 4 (a-c) Numerical simulation shows that tilting of the tissue chip generates gravity-driven flow and changes of about 1 mm in the fluid height
within the tissue compartments. (d) The tissue chip is tilted +7° within a period of 40 s to maintain a dynamic fluid flow. () Volume flow rates and
(f) net fluid volumes transferred through the channels connecting the side reservoirs and tissue compartments. Q1 and V1, Q2 and V2, Q3 and V3,
and Q4 and V4 correspond to flow through the left, middle left, middle right, and right channels. V = | - Qdt, limits of the integral are 0 and t. (g)
Transport and distribution of a hypothetical small molecule from an initial source in the middle tissue compartment through the entire device due
to the gravity-driven flow. The color bar shows concentration range in mM. (h) Concentrations of the hypothetical small molecule in the tissue
compartments over a 20 min period. (i and j) Oxygen concentration profiles within tissue compartments in the presence and absence of flow and
at different consumption rates of 2.5, 25, and 100 amol s * cell™. The color bar shows percent oxygen concentration relative to that at the fluid-air
interface. (k) Quantified oxygen concentrations at different consumption rates. — next to the y-axis in panels (b) and (c) represents 0.5 s before the
presented time and indicates the last time point before the next tilt started.
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To investigate oxygen transport in the chip, we assigned
different oxygen consumption rates over a broad range to the
cell culture regions of the three tissue compartments and
conducted a static mesh simulation (Fig. 4i-k, Video S6 and
S71). We average of oxygen
concentration in the cellular region of each compartment and
normalized it to the oxygen concentration at the fluid-air
boundary. Our result showed that with a consumption rate of

determined the volume

2.5 amol s™* cell ™, the average oxygen concentration within the
cellular regions remained at or above 90% of the initial
maximum concentration under both static (no tilting) and
convective flow (due to tilting) conditions. At the higher oxygen
consumption rate of 25 amol s " cell™, the presence of flow
improved oxygen concentration to 78.8% compared to 24.6%
under a static condition. This effect was also clear at the highest
consumption rate of 100 amol s cell*, where flow maintained
an average oxygen concentration of 24.6%, but a static
condition led to complete depletion of oxygen in the cellular
regions. The concentration heatmap for this compartment
showed that convection transports oxygen-rich media to the
upper region of the compartment (Fig. 4i, R® = 100 amol s™
cell™). Nonetheless, the flow velocity in the tissue culture region
was significantly lower than that in the upper region (Fig. S47)
and oxygen distribution was predominantly due to diffusion.

Control UFT (- Liver)

HepG2/C3A MDA-MB-231

HS-5

UFT (+ Liver)
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Modeling systemic drug responses in the tissue chip

Next, we studied the feasibility of replicating systemic effects of
cancer therapeutics in the tissue chip. Specifically, we tested
whether the liver compartment could activate a prodrug,
tegafur, and generate a toxic effect in the tumor and bone
marrow stroma compartments. We used the chemotherapy drug
5-fluorouracil (5-FU) as a negative control. 5-FU is commonly
used to treat various cancers,”” including the triple negative
breast cancer.” By inhibiting the enzyme thymidylate synthase,
5-FU prevents DNA replication and induces cell death.*
However, the effectiveness of 5-FU is limited due to its rapid
breakdown by dihydropyrimidine dehydrogenase (DPD) in the
liver.** To address this issue, an oral cocktail of uracil and
tegafur (UFT) with a molar ratio of 1:4 has been developed.*® In
this combination, tegafur acts as a prodrug of 5-FU and is
converted to the active form in the liver by the cytochrome
P-450 2A6 enzyme, while uracil boosts the bioavailability of 5-FU
by competitively inhibiting DPD.

We added 5-FU (50 uM) and UFT (200 uM tegafur and 800
puM uracil) one day after forming the tissue compartments.
To reliably evaluate effects of UFT activation on the cells, we
used 5-FU in the tissue chips containing all three tissue
compartments and also prepared tissue chips without a liver

MDA-MB-231
200 Xk k

Viability (%)

Ctrl UFT UFT 5FU

Liver: + - + +

HepG2/C3A

150

100

50

Viability (%)

0

Ctrl UFT UFT 5FU
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100
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o-LE i .
Ctrl UFT UFT 5FU
Liver: + - + +

Fig. 5 Viability of MDA-MB-231 breast cancer, HepG2/C3A liver cancer, and HS-5 bone marrow stromal cells 5 days post-treatment: control
indicates no treatment, UFT (- liver) indicates a tissue chip lacking a liver compartment but with UFT added, UFT (+ liver) indicates a complete
tissue chip and UFT added, and 5-FU indicates a complete tissue chip and 5-FU added. Graphs represent quantified results of cell viability. All tissue
compartments contained 3D cultures. Scale bar is 200 um. *p < 0.5, **p < 0.01, ***p < 0.001.
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compartment to serve as control conditions. Five days post-
treatment, we quantified cell viability using a PrestoBlue
assay and imaging of live and dead cells (Fig. 5). As expected,
5-FU generated significant toxicity in all three compartments
and reduced the viability of breast cancer, liver, and bone
marrow stromal cells to 35%, 20%, and 24%, respectively. In
tissue chips with UFT added, the viability of breast cancer,
liver, and bone marrow stromal cells reduced to 64%, 47%,
and 37%, respectively, but in the absence of a liver
compartment, there was only marginal toxicity from UFT and
the viability of breast cancer and bone marrow stromal cells
was 93% and 73%, respectively. The live/dead cell staining
was also consistent with these measurements and showed
the highest number of dead cells (red) in the 5-FU-treated
condition. Furthermore, UFT treatment inhibited cancer cell
invasion and increased the number of dead cells, especially
in the presence of a liver compartment.

Drug screening studies with the tissue chip

We investigated the utility of the tissue chip to evaluate
systemic and dose-dependent responses of cells to both

View Article Online
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chemotherapy and targeted therapy drugs. We selected 5-FU
and doxorubicin as chemotherapeutics, and trametinib (a
MEK inhibitor) as a targeted therapy drug, and administered
them to the tissue chips (Fig. 6). Following the treatments,
we used a four-parameter logistic regression model to obtain
half-maximal inhibitory concentrations (ICs,). We used
individual 3D cultures in 384-well plates as a negative control
(Fig. S57).

5-FU showed toxicity across all compartments, with ICsq
values ranging from 1 to 10 uM (AUC = 0.61-0.78), and
showed similar, but lower, toxicity to the cultures in 384-well
plates. Doxorubicin caused significant toxicity in the breast
cancer and bone marrow stroma compartments at low
concentrations, with ICs, values of 5.5 nM and 4.6 nM (AUC
= 0.47 and 0.45), respectively, while showing reduced toxicity
to liver cells (ICs, = 231 nM, AUC = 0.72). Interestingly,
doxorubicin was toxic to breast cancer cells in the tissue chip
at much lower concentrations and had an ICs;, value almost
70-fold lower than that in the conventional mono-culture
model (c¢f. Fig. 6 and S57). Additionally, it generated greater
toxicity to bone marrow stromal cells in the tissue chip and
gave an ICs, value almost 33-fold lower than that in the
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conventional mono-culture model than in the standard well-
plate. Trametinib was much more selective toward breast
cancer cells with an ICs, value of 0.06 nM (AUC = 0.63),
compared to the liver and bone marrow stroma
compartments that gave ICs, values of 12.2 nM (AUC = 0.75)
and more than 1 uM (AUC = 0.98), respectively. Responses of
cells to 5-FU and trametinib were relatively similar in the
tissue chip and the conventional well-plate cultures.

Discussion

In early stages of drug discovery, efficiently screening large
numbers of compounds is crucial to identify promising
candidates and eliminate potentially toxic ones.>” Traditionally,
potential drugs have been first selected using 2D cell cultures
and then validated in animal models. However, results from
animal studies often do not translate well to humans due to
interspecies differences. Organs-on-chip platforms have shown
great promise in enhancing the quality of preclinical data by
replicating certain physiological conditions in humans. This
capability provides a major opportunity in preclinical studies
prior to using animal models, with the goal of ultimately
replacing them,*® which was signed into law in 2022 as the FDA
Modernization Act 2.0.%°

An area of need in developing tissue chips is increasing
their throughput capabilities for the early stage drug
discovery process, particularly during the hit-to-lead and lead
optimization phases. Existing devices are often limited by
their complex designs and fabrication, as well as reliance on
external fluid actuation and control components. These
factors collectively hinder the scalability of tissue chips for
large-scale screening required in the initial stages of drug
development.

To address these issues, we used 3D printing to fabricate
the tissue chip because it is widely available and allows fast
design iterations with significantly reduced labor and cost
compared with techniques such as microfabrication.>® The
growing availability of biocompatible resins and ongoing
advances to enhance fabrication resolution and capabilities
make this a viable approach to develop tissue chips."’
Additionally, gravity-driven flow has been successfully
incorporated into many designs to avoid the complexities
associated with external components required for flow
control designs.””**°" Leveraging gravity-driven flow and a
design that conforms to the conventional -cultureware
standards, we fabricated a tubeless and pumpless tissue chip
compatible with automated liquid handling, imaging, and
analysis tools that are conveniently available in biomedical
research laboratories, core centers, an pharmaceutical
companies. The compatibility with automation significantly
enhances the precision and throughput of experiments.

We integrated three distinct tissue models into the chip:
collagen-embedded spheroids to study cell
invasion;>>>® a 3D liver compartment to investigate drug
metabolism and its effects on other tissues; and a 3D bone
marrow stroma compartment to evaluate off-target toxic

tumor
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effects of cancer drugs. We incorporated a stromal
environment in the bone marrow compartment because long-
term myelosuppression induced by chemotherapies is often
associated with disturbances to bone marrow stroma.>*>
Offering multiple fluidically-connected 3D tissue models is
significant to inform possible off-target drug toxicity and
efficacy.

Off-target toxicity of cancer drugs is a major challenge for
patients undergoing treatments. In the past, several clinical
trials failed due to unmanageable toxicity to patients. For
example, significant toxicity due to simultaneous inhibition
of commonly dysregulated PI3K/Akt and MEK/ERK pathways
in several cancers led to frequent dose interruptions and
reductions, or stopping of the trials altogether.”®>’
Developing high throughput models that replicate systemic
effects of drugs and their combinations in preclinical studies
could greatly improve outcomes for patients.

Meeting the metabolic demand of cells in tissue chips is
critical for maintaining long-term cultures for drug testing
applications. Our finite element analysis established that the
gravity-driven convective flow sufficiently mixed the media in
different tissue compartments and enhanced oxygen
transport. Our selected oxygen consumption rates of 2.5, 25,
and 100 amol s™* cell ™ covered a wide range reported for the
following: 1) average cellular oxygen uptake in the human
body of ~2.5 amol s™* cell™” based on calorimetric studies,®
2) 16.8 and 32.5 amol s™* cell™ for cancer cells such as MDA-
MB-231 and MCF7 cells, respectively, based on in vitro
studies,®® and 3) 400 amol s cell" or higher for more
oxygen demanding cells such as primary hepatocytes.® Our
simulation showed that the convective flow through the
compartments met the metabolic needs of cells and that the
extra height of media over the cultures did not limit oxygen
transport to cells. At the high rate of 100 amol s cell™, we
observed oxygen depletion in the tissue compartments,
potentially limiting the culture of primary cells or tissue
fragments with greater oxygen demands. This limitation
arises from reduced flow rates in the -collagen-filled
cellularized parts of the compartments, where oxygen
distribution primarily occurs via diffusion. This limitation is
even more pronounced in standard culture plates due to the
lack of convective flow. Addressing this issue requires
strategies such as increasing the effective surface area-to-
volume ratio of the hydrogel.

The fluidic connections among the compartments in the
tissue chip helped mimic metabolic activation of a
chemotherapeutic prodrug and enabled quantifying its systemic
toxicity in different tissues. We found that the toxicity from
tegafur was lower than that with the active drug 5-FU. This is
likely due to the lower metabolic activity of the HepG2/C3A cells
than primary hepatocytes, and the inherent susceptibility of
HepG2/C3A cells to tegafur, given their immortalized nature
and sensitivity to chemotherapeutics. Additionally, the tissue
chip captured dose-dependent toxicity from traditional
chemotherapy drugs and the MEK inhibitor, trametinib. The
MEK inhibitor showed greater specificity toward the breast

This journal is © The Royal Society of Chemistry 2024
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tumour spheroid and less toxicity in other tissues. This effect is
due to the constitutively active MAPK/MEK/ERK pathway in
MDA-MB-231 cells,”** highlighting the benefits of therapies
that target cancer-specific driver mutations to enhance
specificity and reduce off-target toxicity.

Our tissue chip contains 32 identical units to generate
sufficient data for dose-response studies. We achieved this
using four concentrations (including control), each with four
replicates, for each of the three tissue compartments. Dose
responses of tissue cultures can also be obtained using
independent tissue compartments in standard culture plates.
We compared these approaches and found similar dose
responses of cells to 5-FU and trametinib on the chip and in
conventional culture plates. These drugs are in their active
forms and do not require metabolic activation in the liver.
However, a key advantage of fluidically-connected tissue
compartments is the ability to capture effects of secondary
metabolites in addition to the primary drug.®*** We showed
this capability with the UFT experiments. Additionally, we
observed greater toxicity from doxorubicin in the tissue chip
compared to standalone cultures. Although we did not
investigate the underlying mechanism, doxorubicin is known
to undergo extensive metabolism in the liver,*>°® and one of
its major metabolites, doxorubicinol (DOXol), induces
oxidative stress in cells. While doxorubicinol is less effective
at intercalating into DNA,®’ the resulting oxidative stress can
be damaging to cells, which may explain the greater toxicity
of doxorubicin in the tissue chip.

Transport of drugs, nutrients, and oxygen in the tissue
chip occurs via flow from the top of the compartments and
passive diffusion through the collagen hydrogel to the cells.
However, in the body, the vascular system is responsible for
transporting oxygen and biomolecules, with endothelial cells
acting as the potential target in certain cancer therapies.®®*°
Adding a vascular component into future designs will
improve the physiological relevance of transport processes in
the tissue chip. Lastly, incorporating more complex cultures
with hydrogels that mimic the mechano-chemical properties
of native tissues, along with primary cells and patient-derived
tissue fragments, can further enhance the translational
potential of the tissue chip.

Materials and methods
Design and fabrication of the tissue chip and rocker platform

The tissue chip was designed in SolidWorks software. It
consisted of a plate and a bottom layer polycarbonate film. The
plate contained 32 units, each with three tissue compartments
and two fluid reservoirs. Each compartment or reservoir was
designed as two stacked cylindrical wells with diameters of 5.0
mm at the top and 3.5 mm at the bottom. The cross-sectional
area of the bottom cylinder is comparable to that of a well in a
standard 384-well plate and holds about 30 pL of media or
extracellular matrix hydrogels. The top cylinder is wider to
accommodate more media and increase the media-air surface
area to increase transport of oxygen and carbon dioxide. These
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top cylinders are interconnected by microchannels with a
circular cross-section and a diameter of 650 um, which
represents the smallest printable dimension without the
uncured resin clogging the channels. The plate was fabricated
using a Formlabs 3B resin printer and a clear biocompatible
resin (Formlabs BMCL-01), washed in isopropanol twice, and
cleaned using pressurized air. To drain uncured resin,
particularly from inside the channels connecting tissue
compartments, each plate was positioned vertically during both
print and wash steps.

To enable inverted microscopy, each plate was printed
without a bottom layer and subsequently attached to a
transparent, food-grade polycarbonate sheet. To attach the
bottom layer, the bottom surface of the plate was sanded
down to a smooth surface, dipped in chloroform inside a
chemical fume hood, and pressed against the polycarbonate
sheet on a flat surface in a fume hood. Adequate time was
allowed for the chloroform to evaporate. The assembly was
post-cured in a UV chamber at 60 °C according to the resin
manufacturer's specifications. To enhance bonding and
prevent leaking, the polycarbonate layer was attached to the
plate prior to the post-curing step. The assembly, ie., the
tissue chip, was sterilized using filtered 70% ethanol and UV
light, and then rinsed three times with deionized, sterile
water. Polycarbonate was used for the bottom layer due to its
compatibility with autoclaving and its chemical resistance to
ethanol used to sterilize the tissue chip.

An in-house plate rocker was used to generate gravity-driven
flow. This rocker was constructed by CNC cutting of acrylic
sheets and then assembling them with a cyanoacrylate-based
adhesive. A servo motor, interfaced with an Arduino board, was
used to adjust the tilt angle and frequency of rocking.

Finite element simulation

Three finite element analyses were carried out using
COMSOL Multiphysics software, leveraging the laminar flow
(spf) and transport of diluted species (tds) modules. The first
simulation determined the flow profile through a moving
mesh analysis, wherein the fluid in each compartment was
considered a deformable geometry. A dynamic gravitational
force was applied to the model and its direction over time
was adjusted according to the tilt angle. The upper surfaces
were defined as free surfaces with an external pressure of
zero. The simulations were initiated from a horizontal
position. The duration of the initial tilt was set to 10 seconds
to cover a simulation period of —10 seconds to 0 seconds, i.e.,
half a cycle. This was followed by a full tilt cycle of 20
seconds for the ascent and 20 seconds for the descent.
Volume flow rates between the compartments, Q1-Q4, were
calculated by integrating the product of flow velocity and
cross-sectional vector area of connecting channels in the
x-axis direction. Displaced media volumes were found as the
time integrals of the corresponding Q values. To avoid
negative values, integration was started at ¢ = 0 s and flow
was considered in the negative x-axis direction.
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The second analysis involved investigating the transport of
a hypothetical small molecule among the interconnected
compartments. To reduce the computational load, a static
mesh simulation was used to estimate the solution based on
flow rates obtained from the previous moving mesh
simulation. The top surfaces of the left and right fluid
reservoirs were defined as the inlet and outlet, respectively.
The inlet flow was adjusted to replicate the flow rates from
the moving mesh simulation. This simulation was done for
20 minutes, ie., for 30 tilting cycles, and the temporal
concentration distribution was determined.

The third simulation was done with a static mesh and a
constant flow rate of 2.5 pL s™* through the compartments to
evaluate the distribution of oxygen within the tissue chip.
Boundary conditions were established by calculating the
oxygen concentration at the top surface of each compartment
using Henry's law and the walls being assigned a zero-flux
condition. An oxygen consumption reaction was defined
within the cell culture region, with the reaction rate
calculated using the product of cell density and an average
cellular consumption rate for each compartment. The
consumption rates, ranging from 2.5 to 100 amol s cell™,
were sourced from the literature. The analysis was carried
out for 48 hours and the resulting oxygen concentration data
was normalized relative to the surface concentration to
facilitate a clear visualization of oxygen distribution.

Cell culture

Triple negative breast cancer cell line MDA-MB-231, human
bone marrow mesenchymal stromal cell line HS-5, and
human hepatocyte cell line HepG2/C3A were purchased from
ATCC. MDA-MB-231 cells were previously transduced to
produce GFP and click beetle green and HS-5 cells were
transduced to produce click beetle red.”” MDA-MB-231 and
HS-5 cells were cultured in high glucose DMEM (Sigma) with
10% fetal bovine serum (Sigma), 1% streptomycin/penicillin/
amphotericin B (ThermoFisher), and 1% GlutaMAX (Gibco).
HepG2/C3A cells were cultured in low glucose EMEM (Sigma),
10% fetal bovine serum (Sigma), and 1% streptomycin/
penicillin (ThermoFisher). A 1:1 mixture of the two media
was used for cell culture in the tissue chip. Cells were kept in
a humidified incubator at 37 °C supplemented with 5% CO,
and subcultured when they were about 90% confluent.

Robotic tumor spheroid formation and cell culture in the
tissue chip

Four days prior to seeding in the tissue chip, breast cancer
spheroids were robotically formed using an aqueous two-
phase system (ATPS) technique.*’ Initially, solutions of 5%
(w/v) polyethylene glycol (35 kDa PEG; Sigma-Aldrich) and
12.8% (w/v) dextran (500 kDa DEX; Pharmacosmos) were
prepared in the complete growth medium. To improve
spheroid formation of MDA-MB-231 cells, 0.24% (w/v) methyl
cellulose (Fisher Scientific) and 2% rat tail collagen I
(Corning) were added to these two solutions, respectively.
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Subsequently, a suspension of MDA-MB-231 cells at a density
of 80 x 10° cells mL™" was mixed with the DEX solution in a
1:1 volume ratio. Concurrently, 30 uL of the PEG solution
was dispensed into each well of a 384-well ultralow
attachment (ULA) round-bottom plate (Corning). Next, 250 nL
of the cell suspension in DEX phase solution was robotically
dispensed into each well of the ULA plate using an
automated liquid handler (Bravo SRT, Agilent), resulting in
each DEX phase drop containing 10 x 10° cells. The cultures
were maintained with culture medium additions on days 1
and 3. After compact spheroids formed, they were robotically
aspirated from the ULA plate, mixed with collagen to a final
concentration of 3.5 mg mL™, and added to the tumor
compartment of the tissue chip. Then, bone marrow stroma
and liver cells were suspended in 3.5 mg mL™" collagen as
single cells with a density of 600 x 10 cells mL™". The
compartments were then loaded by transferring 25 pL of the
respective suspension to obtain a final density of 15 x 10°
cells per compartment. To maintain collagen at 4 °C, we
developed cooling plates for the liquid handler using
thermoelectric (TEC) plates that dissipated heat into a
circulating water system. The chip was then kept in a CO,
incubator for 1 hour to allow the collagen to gel followed by
adding culture medium to maintain the cells in culture.

Drug treatments

The chemotherapy drugs 5-fluorouracil (5-FU) and
doxorubicin (DOX), the prodrug tegafur, and uracil were
purchased from Selleckchem. These compounds were
dissolved in dimethyl sulfoxide (DMSO) to prepare stock
solutions of 50 mM 5-FU and DOX, and 100 mM tegafur and
uracil. Drug solutions were diluted in the tissue chip
medium. A 50 uM concentration of 5-FU and a mixture of
200 uM tegafur and 800 puM uracil cocktail were used for
single-dose experiments. One day after initiating the cultures,
the medium was replaced with drug-containing medium in
the entire chip and was subsequently replenished every two
days. Similar concentrations of drugs were also used in 384-
well plates populated with the same tissue models, ie.,
collagen-embedded spheroids of MDA-MB-231 cells and
suspensions of HepG2/C3A and HS-5 cells in 25 uL collagen.
The viability of cells in each compartment was quantified
using a PrestoBlue assay following 5 days of treatments.

Cellular assays and viability measurements

To evaluate cellular metabolic activity, a resazurin-based assay
(PrestoBlue™, Thermo Fisher Scientific) was used. The existing
culture medium was removed, and each well was supplemented
with 50 pL of medium containing 15% (V/V) of PrestoBlue
reagent. This addition resulted in a final PrestoBlue
concentration of 10% (V/V), accounting for the volume of the
collagen solution. Following a 1-hour incubation, fluorescence
measurements were conducted using a plate reader (Synergy
H1M, BioTek Instruments) at an excitation wavelength of 560
nm and an emission wavelength of 590 nm. In addition, cell
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viability in the chips was investigated using bioluminescence
measurements. The medium in each well was replaced with 30
pL of phenol red-free medium containing luciferin. Considering
the volume of collagen, a final luciferin concentration of 500 g
mL™* used. Following a 10-minute incubation,
luminescence measurements were done using a plate reader
(Synergy H1M, BioTek Instruments).

was

Imaging of live and dead cells

Live/dead staining was performed using calcein AM (CA/AM)
and propidium iodide (PI). Following the removal of the
culture medium from the compartments, a 50 pL staining
solution containing 6 uM CA/AM and 15 pM PI was added to
each compartment followed by incubation for 1 hour. After
staining, z-stack images were obtained using a confocal
microscope (Nikon A1), and then maximum intensity
z-projection was used to collapse the images.

Statistical analysis

For biochemical assays, each sample had four replicates
unless otherwise noted. The statistical analyses of sample
means were performed using GraphPad Prism software. One-
way ANOVA, complemented by Tukey's pairwise comparisons,
was used to evaluate differences between groups. A p-value
less than 0.05 was considered statistically significant. The
area under the curve (AUC) was computed using GraphPad
Prism software. To assess the dose-dependent responses of
cells to the treatments, a four-parameter logistic curve was
fitted to the data.

Conclusions

We introduced a multi-organ tissue chip that leverages
gravity for convective flow among fluidically-connected tissue
compartments, eliminating the need for external tubing and
pumping and significantly simplifying both assembly and
operation of the device. Furthermore, the compatibility of
our design with the standard 96-well plate format ensured
automated exchange of reagents and improved throughput
and precision. Additionally, the standard format allowed for
facile formation of 3D cultures representing liver, bone
marrow, and breast tumor to quantitatively study systemic
drug responses including both targeted and off-target
toxicities. The 3D architecture of the tissue cultures offers the
potential to incorporate stromal cells in the tumor and liver
compartments to facilitate tumor-stromal interactions and
help maintain hepatocytes in long-term cultures, respectively.
In addition, the use of 3D printing to fabricate the tissue chip
facilitates convenient modifications to the design in future
studies such as optimizing the compartments for primary cell
and tissue cultures. Overall, this tissue chip provides a
scalable model to study inter-organ interactions and for
early-stage drug discovery due to its medium throughput.
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