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An in vitro tumor swamp model of heterogeneous cellular and
chemotherapeutic landscapes

Ke-Chih Lin1,∗, Yusha Sun1,∗, Gonzalo Torga2, Pema Sherpa1, Yihua Zhao3, Junle Qu3, Sarah
Amend2, Kenneth J. Pienta2, James C. Sturm1, Robert H. Austin1

The heterogenous, highly metabolic stressed, poorly irrigated, solid tumor microenvironment – the
tumor swamp – is widely recognized to play an important role in cancer progression as well as
the development of therapeutic resistance. It is thus important to create realistic in vitro models
within the therapeutic pipeline that can recapitulate the fundamental stress features of the tumor
swamp. Here we describe a microfluidic system which generates a chemical gradient within connected
microenvironments achieved through a static diffusion mechanism rather than active pumping. We
show that the gradient can be stably maintained for over a week. Due to the accessibility and
simplicity of the experimental platform, the system allows not only well-controlled continuous studies
of the interaction among various cell types at single-cell resolution, but also parallel experimentation
for time-resolved downstream cellular assays on the scale of weeks. This approach allows for simple,
compact implementation and is compatible with existing 6-well imaging technology for simultaneous
experiments. As a proof-of-concept, we report the co-culture of a human bone marrow stromal cell
line and a bone-metastatic prostate cancer cell line using the presented device, revealing on the same
chip a transition in cancer cell survival as a function of drug concentration on the population level
while exhibiting an enrichment of poly-aneuploid cancer cells (PACCs) as an evolutionary consequence
of high stress. The device allows for the quantitative study of cancer cell dynamics by real-time
monitoring of the interactions of various cell types with considerable experimental throughput.

1 Introduction

Aggressively growing solid tumors rapidly outstrip the ability of
the circulatory system to develop a coherent microcirulatory net-
work around the tumor1, resulting in cancer cells within the
tumor far from the characteristic diffusion length of ≈ 200 µm
for resources within normal tissue2. This results in the genera-
tion of the internal “tumor” swamp, a region of the tumor with
extreme metabolic stress3. There is also clear evidence of ex-
tensive interaction between cancer cells and other cancer cells,
host stromal cells and cancer cells, as well as cancer-influenced
host cells (e.g. cancer-associated fibroblasts, myofibroblasts, and
macrophages) with other host cells within the tumor microen-
vironment4. The microenvironment is characterized by a pro-
found heterogeneity in the distribution of chemotherapy, oxygen,
or other resources5,6. Thus, solid tumors are better described
within an ecological framework in which diffusion is the primary
transporter of metabolites and chemotherapy, not the active hy-
drodynamic flow of normally irrigated tissue. In the context of
a passive environment that applies strong selective pressure, the
swamp presents opportunities for genetic or epigenetic changes
crucial for cancer cell survival in environments where normal cells
cannot survive.

Dynamics among various cell types within the tumor microen-
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vironment have also been shown to affect the phenotypic behav-
ior of cancer cells. These different cells also exist within the
swamp. Traditional well-mixed cell culture provides a homoge-
neous environment that does not take into account the spatial
complexities within a tumor swamp. Further, in vivo mouse mod-
els often lack the temporal resolution necessary to observe cellu-
lar processes7. Thus, more representative ex vivo models are re-
quired to recreate the adaptive tumor microenvironment in which
cancer resides. Recent efforts have explored the potential for such
models to develop patient-specific treatments8.

An intuitive way of generating diffusive heterogeneity in vitro
is to induce a purely diffusive chemical gradient within an artifi-
cial microenvironment, as chemical gradients typically hold a key
role in regulating a number of cellular functions in vivo includ-
ing migration, proliferation, differentiation, and carcinogenesis.
Microfluidic devices have become a versatile platform for pre-
cise gradient control9,10. These gradient-generating devices can
be broadly categorized into (i) constant flow generators which
provide fixed boundary conditions11–13, and (ii) static generators
which are solely based on diffusion14–16.

As illustrated in Fig. 1a, constant flow generators require an ac-
tive pressure source to drive the media and create laminar flow in
order to establish stable and time-independent chemical gradients
within the microfluidic channels. Most of the existing flow-based
gradient generators are associated with significant hydrodynamic
shear stresses, which cause disruption of cell proliferation and af-
fect cell morphology through various flow-mediated mechanisms
such as mechanotransduction17. In contrast, as shown in Fig. 1b,
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Fig. 1 Schematic diagrams of major microfluidic gradient generation mechanisms (top view and isometric view). (a) Constant flow gradient
generators provide exceptional control over gradient precision and time efficiency. The hydrodynamic flow, however, leads to disruption of cell culture.
For all diagrams, “A" and “B" denote opposing maximum and minimum chemical concentrations, as visualized by the shades of blue. (b) Static
gradient generator with open-ended reservoirs offer a more desirable environment for cell growth, but are more suitable for short-term experiment
since media replenishment could disrupt the distribution of chemical concentration. (c) Gradient generation through combination of laminar flow and
diffusion resolves the issues as seen in (a) and (b). Nevertheless, the experimental setup could be complicated and labor-intensive. (d) A simplified
schematic figure of the static gradient generator presented in this paper. With one enclosed reservoir and one open-ended reservoir, media in the outer
buffer can be replenished without disturbing the chemical gradient. Long-term experiments can be performed without complicated tubing connections
and bulky peripheral equipment for an active media source.

static gradient generators establish a gradient without the pres-
ence of advection flow, offering a much more desirable physical
environment for cell growth. However, static gradient generators
require frequent media replenishment, which usually disrupts the
distribution of chemical concentration through the period of an
experiment.

Several attempts have been made to combine the advantages of
flow-based devices and static gradient generators18–22. As shown
in Fig. 1c, the media flowing channels and cell culture chambers
are separated by slits which greatly increase the fluidic resistance
and prevent shear stresses across cell culture chamber. As a re-
sult, long-term experiments can be done in the scale of several
weeks. However, the application of these devices as pre-clinical
research platforms remains limited, as the experimental setup is a
complicated and labor-intensive process. Further, the need of ac-
tive pressure source such as a syringe-pump limits the experiment
throughput.

Based on the philosophy of Sewall Wright, if a population of
cells is split into a metapopulation and allowed to interact on a
fitness landscape, the evolutionary dynamics of the system can be
rapidly accelerated. From this principle, we have shown previ-
ously that these metapopulations, or weakly connected microen-
vironments, within a microfluidic device may induce rapid emer-
gence of bacterial resistance to antibiotics as well as the for-
mation of poly-aneuploid cancer cells (PACCs) in the context of
chemotherapeutic resistance23–25. However, the previously re-
ported microfluidic devices are designed based on gradient gen-
eration mechanism demonstrated in Fig. 1c, which restricts the
scalability of the experimentation platform.

In this paper, we describe a microfluidic device that constructs
cancer cell metapopulations on a stress landscape yet does not
require syringe pumps as active media sources as in21,25. The
presented device, the static evolutionary accelerator (EA), gen-
erates a stable chemical gradient through diffusion between an

on-chip pre-filled reservoir and an outer media buffer. This de-
sign overcomes the major challenges we faced throughout the de-
velopment of the technology by successfully transitioning from a
flow-based to a passive diffusion approach for gradient genera-
tion across the microhabitat array, enabling our ability to conduct
long-term experiments with a much simpler, cost-effective, and
seamless experimental setup in an effort to expand the use of mi-
crofluidic devices in preclinical cancer research.

As illustrated in Fig. 1d, the design of the chip allows the me-
dia in the outer buffer to be replenished without disturbing the
chemical gradient. This is achieved since one of the reservoir
is enclosed and filled up with fluid, such that the variation of
fluid level in the outer open-ended reservoir caused by media re-
plenishment does not induce fluid advection. Without otherwise
bulky peripheral equipment for an active media source, the exper-
imental setup is greatly simplified and allows for high-throughput
experimentation. Multiple experiments can be easily performed
simultaneously, enabling numerous potential applications includ-
ing but not limited to parallel experimentation for time-resolved
downstream cellular assays, high-throughput drug screening, ex
vivo modeling and predictions for patient-specific treatments.

We validated the stability of the drug gradient within the static
EA via COMSOL Multiphysics simulation and a physical gradient
test with a fluorescent dye. We further cultured a bone metastatic
prostate cancer cell line with an epithelial phenotype (PC3-EPI)
with a human bone marrow stromal cell line (HS-5) using the
presented microfluidic static EA and observed cancer cell propa-
gation for 6 days in the presence of a gradient of the chemother-
apeutic docetaxel. This device has potential therapeutic implica-
tions as a robust in vitro platform for a wide-variety of preclinical
studies that better depict the human tumor microenvironment.
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Fig. 2 Design and implementation of the static evolutionary accelerator (EA) insert. (a) Schematic design of hexagonal microhabitat array to be
etched onto a silicon wafer for a depth of 100 µm. White circles with the design indicate punched through-holes connecting the microhabitat array to
the on-chip media reservoir. Dark structures within the scheme illustrate the PDMS-casted walls that enclose the cells and support the device. Each
side of each hexagonal microhabitat is 350 µm and the diameter of the entire chip is 21 mm. (b) Components of the PDMS-based static EA insert in
practice. From top to bottom: micro-structured layer, capping layer, reservoir, and another capping layer. The microstructured layer is generated from
soft lithography based on the silicon wafer patterned with the structure in (a). (c — d) Illustration of how gradients are generated from tilted side view
and cross-section perspectives. The media in the top reservoir (red) and in the medium buffer (orange) contain varying concentrations of the reagents
of interest. Reagents diffuse across the hexagonal microhabitat array and generate 2D gradients within the cell culture region. The combination of
the PDMS chip and the outer cell culture vessel is called an “static EA insert,” which is placed in a customized sample holder described in Fig. 3.

2 Experimental

2.1 Microfluidic chip design and fabrication.

The microfluidic device pattern consists of hexagonal microen-
vironments, in which cells can be cultured (Fig. 2a). The device
consisting of the pattern on the bottom and a reservoir to hold cell
medium can be adhered to a 2-dimensional surface of cells (Fig.
2b, c). Cell medium that has drug can be filled on the outside,
such that diffusion occurs inwards in one direction along the chip
and also outwards from the reservoir (Fig. 2d). Diffusion fluxes
between the source with no drug and the source with drug can
balance, setting up a gradient of drug. Note that the operation of
gradient generation can be reversed; i.e., the media in the outer
region may contain reagent of interest while the media in the top
reservoir contains normal growth media. Because there is no ad-
ditional opening in the top reservoir, regardless of the height of
outer buffer media level, there is no fluid advection in the device.

Specifically, the microfluidic device, made of polydimethylsilox-
ane (PDMS), consists of two compartments: the on-chip medium
reservoir and a PDMS microstructured chip with 109 intercon-
nected hexagonal and 24 half-hexagonal chambers (Fig. 2a). The
hexagonal chambers are 350 µm in side length. The floor of the
lowest level of the PDMS device upon which the cells move is a
35mm diameter hydrophilic 20-micron thick LumoxTM gas per-
meable film (Sarstedt, D 51588 Nmbrecht, Germany). Chemicals
diffuse into the hexagonal chambers through the 15-micron wide
and 180-micron long slits between the periphery channels and the
hexagonal array. In order to create the device, a silicon wafer is

fabricated using standard photolithography (using light to pattern
a thin film), deep reactive-ion etching (for 100 µm etch depth),
and silanization. The PDMS (Sylgard 184 silicone elastomer kit)
is mixed and poured onto the silicon wafer, degassed in a vac-
uum chamber, and further cured overnight at 70◦ C. Afterwards,
the PDMS chip is peeled from the wafer and through-holes are
punched through the PDMS allow fluid flow. The PDMS chip is
then bonded with a reservoir and capping layer of PDMS (Fig. 2b)
via oxygen plasma treatment. For gradient experiments (Fig. 5),
black food coloring was added to the uncured PDMS to dissociate
background fluorescence effects.

2.2 Cell culture platform and assembly.

A stainless steel 6-well plate was designed to hold up to 6
LumoxTM dishes as well as 6 devices (Fig. 3a). Each static EA
insert includes an opening for media replenishment, the top of
which is covered by microadhesive sealer. The 6-well plate has
double layer 35 mm glass windows underneath each LumoxTM

dish to maintain thermal isolation and prevent water condensa-
tion. The plate can be set up during experiments lasting up to
several weeks with suitable environmental factors such as an Ibidi
thermal control unit that keeps the cells at 37◦ C and a custom gas
supply that mixes ambient air with the desired 5% CO2. The gas
supply system connects to the dish and pressurizes the LumoxTM

membrane against the chip, ensuring sealing of the chip and the
formation of the hexagonal microenvironments (Fig. 3b). The
flow of normoxia gas can be regulated by gas valves and the gauge
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Fig. 3 Customizable setup allowing for long-term parallel experimentation. (a) Components of a six-well plate designed to hold up to six
microfluidic chips to achieve parallelization. The solid red arrows indicate ports for gas supply influx and efflux, which uniformly pressurizes the chips.
A static EA insert is indicated with a dotted red arrow. (b) Schematic of experimental setup, whereby the six-well plate including microfluidic chips
is placed within an Ibidi incubator that regulates temperature (37◦ C) and humidity (90%). The gas supply that pressurizes the LumoxTM dishes and
seals the microfluidic chips is set to 5% CO2, 20% O2, and 75% N2 and flows in through the port labeled 1, underneath the static EA inserts labeled
2, then out through a port labeled 3.

pressure is typically maintained at around 0.2 psi (1.4× 104 Pa).
The pieces of the six-well plate can be cleaned and reused by a
standard solid autoclave procedure.

2.3 Device operation.

24 hours prior to the start of experimentation, the desired cell
lines are detached with 0.05% trypsin/EDTA (Sigma-Aldrich) and
pelleted. A total of 5× 104 cells are cultured in each LumoxTM

dish on the six-well plate. Cells are allowed to adhere in an incu-
bator. 3 hours before the beginning of the experiment, the PDMS
devices are disinfected via UV exposure for 15− 20 minutes and
treated in an oxygen plasma system for around 30 seconds to cre-
ate hydrophilicity at the microstructure layer. Immediately af-
terwards, pre-warmed culture medium at 37◦ C, degassed in a
vacuum chamber for 5 minutes, is injected into the on-chip reser-
voirs via 22-gauge syringes. The degassing procedure of the me-
dia minimizes chances for entrapment of microbubbles within the
structures on the chip. Note that this procedure sets up a gradient
with the high drug region on the outside of the chip; alternatively,
injected pre-warmed medium with drug reverses the gradient.

To initiate the experiment, the medium within the LumoxTM

dishes (with cells adhered) is replaced by 1 mL of prewarmed and
degassed medium. Chips are then placed directly on top of the
gas-permeable LumoxTM membranes by approaching the surface
at a 15◦ angle to minimize bubble formation. Each chip is then
clamped into place onto the culture dish and a sheet of microad-

hesive sealer is spread over the top of the PDMS chip to minimize
medium evaporation. The entire six-well plate is placed into an
on-stage incubator on the motorized stage of an inverted epiflu-
orescence microscope. The gas supply pressurizes the LumoxTM

membranes against the PDMS chip to ensure sealing of the device.
Medium with drug can be replenished every 2 days by extracting
or injecting 1 mL directly through the microadhesive sealer from
or into the area surrounding the PDMS chip. The reagent of inter-
est then diffuses into the hexagonal cell culture region, setting up
a gradient with the normal culture medium diffusing out through
the through-holes on the reservoir.

2.4 Data acquisition and image processing.

To generate population data with sufficient temporal resolution,
we utilized in this paper time-lapse image acquisition on an in-
verted epifluorescence microscope with a motorized x-y stage, fo-
cus knob, shutter, and filter cubes. Fluorescence images may also
be taken manually at desired time points. In our experiments, we
employed the Nikon NIS-Elements software to acquire stitched
images across various channels at 10x magnification with auto-
focus routines. Images were taken every hour, with experiments
possessing the ability to run on the time scale of weeks.

After the experiment, images were converted to TIFF format
and compressed (Fiji/ImageJ software). Fluorescence intensities
were quantified via ImageJ and relevant algorithms such as back-
ground subtraction and particle analysis to determine cell number
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were performed (Supplementary Material). MATLAB ver. R2019a
and Graphpad Prism 8.3.0 were employed for graphical output.

3 Results and discussion

3.1 Demonstration of gradient generation.

We modeled the process of gradient formation numerically via
the diffusion equation with fixed boundary conditions (COMSOL
Multiphysics). The COMSOL simulation demonstrates the distri-
bution of reagent concentration (Fig. 4a) and magnitude of dif-
fusion flux (Fig. 4b) in the static EA at steady state, with the
diffusion coefficient set to be 10−9 m2/s and boundary conditions
of 0 nM and 10 nM. We consider two scenarios: 1) the 10 nM
reagent diffuses out from the top reservoir, into the hexagonal ar-
ray, and then diluted at the open boundary at the bottom, and
2) the 10 nM reagent is added in the outer region, diffuses into
the hexagonal array, then diluted by the on-chip reservoir. The
results of these two cases (Fig. 4a — b and Fig. 4c — d) are sym-
metrical. The line profile of the diffusion flux magnitude around
the circular outer boundary is plotted in Fig. 4e. The total loss
of reagent is equal to the integral of the diffusion flux magnitude
over the corresponding surface area, which gives the dissipation
of the reagent per second as 4.4×10−19 mol/s. Note that the total
amount of reagent in the reservoir or medium buffer is 2×10−11

mol, such that the dissipation of the reagent is negligible within
the period of the experiment (Fig. 4f). Therefore, during the
period of the experiment, we may assume the concentration of
reagent stays constant on the boundary.

Compared with flow-driven gradient generators, this static dif-
fusion mechanism requires a longer time to establish the con-
centration profile pattern. To measure the timescale of gradient
generation and to validate the predictions of our simulations, we
performed a gradient test with a fluorescent hydrophilic small-
molecule organic dye, rhodamine-6G. The reservoir of the static
EA was filled up with 0.1 mM rhodamine-6G. In order to block the
background fluorescent signal from the rhodamine-6G within the
reservoir, we employed a black PDMS chip by mixing black food-
dye into the PDMS elastomer prior to the curing process. The
gradient of fluorescence intensity, which is directly proportional
to the concentration of rhodamine-6G, increased monotonically
and reached equilibrium by 24 hours after chip installation (Fig.
5a,b). Four indicated areas on the chip show that a stable lin-
ear gradient is established through 8 days after the start of the
experiment, once normalized for background light intensity (Fig.
5c,d).

We also investigated the diffusion of rhodamine-6G into PDMS
as a potential source of error, as PDMS is known to absorb small
chemical molecules26,27. In our case, we typically work with
small, charged molecules which should not have high diffusion
constants within a well-cured (24 hours at 60◦ C) PDMS polymer.
However, to test this assumption, we measured the increase in
fluorescent intensity of a sealed PDMS pillar over time (Fig. 6a).
We can obtain a rough estimate of the upper bound of the diffu-
sion coefficient of a charge dye (rhodamine 6G) through PDMS

by considering the 1D diffusion equation

∂c
∂ t

= D
∂ 2c
∂x2 ,

where intensity I ∼ c. The pillar is around 760 µm in length and
thus ∆x ≈ 380 µm. We take maximum fluctuations of around 100
units of intensity across the pillar, and employ 1 unit of intensity
per day as ∂c

∂ t by taking the standard error of the slope of the
best-fit line to the linear portion of Fig. 6b. This calculation as-
sumes all fluctuations in observed intensity across the pillar are
attributed to diffusional effects and therefore correspond to an
upper bound. We find that diffusion effects of the dye into the
PDMS is negligible after controlling for background noise, with an
calculated upper bound for the diffusion coefficient of rhodamine-
6G into PDMS as 1.7 · 10−10 cm2/s, a very small number com-
pared to the diffusion of the dye in water, which is on the order
of 10−5 cm2/s (Fig. 6c, d). Therefore, we do not believe that
small molecule diffusion through PDMS significantly influences
the static gradient. Notably, the lack of active source (pump)
guarantees bubble-free and static fluid dynamics, which ensures
stable chemical gradient across the chip. This pump-free con-
figuration is compatible with commercial-sized well plates and
allows for much higher experiment throughput. The aforemen-
tioned advantages allow the cell culture device to be an ideal
platform to investigate the population dynamics of cancer cells
in a chemotherapy-induced stress landscape.

3.2 Population dynamics of bone marrow stroma and cancer
cells.

To determine the capability of the device to provide suitable
conditions for cellular propagation under a chemotherapeutic
gradient over long time scales, PC3-EPI, a E-cadherin/CDH1-
positive/vimentin-negative PC3 clone with epithelial phenotype
described previously25, was co-cultured with HS5, a human bone
marrow fibroblast stromal cell line (ATCC). PC3-EPI were engi-
neered via lentiviral vector to possess nuclear histone fluores-
cence with green fluorescent protein (GFP) and constitutive cy-
toplasmic fluorescence with mCherry25. Docetaxel was used to
generate linear gradients of 0 to 15 nM across the static EA. Em-
ploying the platform as described in Fig. 3, we performed 6 si-
multaneous experiments that included gradient verification, no
gradient, and varying gradient conditions (Supplementary Fig.
1). Real-time imaging of cells were conducted with three differ-
ent channels, brightfield, mCherry, and GFP, across the entirety
of each static EA at 10x magnification every hour. Images were
stitched together in the NISElements software, and analysis was
conducted after importing to ImageJ/Fiji software. Image pro-
cessing and cell counting were achieved with a custom protocol
and set of algorithms (Supplementary Fig. 2). Movies of relevant
gradient and control experiments are provided in Supplementary
Material.

We describe a representative experiment in Fig. 7, which shows
the progression of PC3-EPI cancer cells and HS5 stromal cells
within the static EA chips under the conditions of either no do-
cetaxel present or a 15 nM gradient of docetaxel, with cancer cell
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Fig. 4 COMSOL Multiphysics R© simulation of the static diffusion mechanism and theoretically predicted gradients in microfluidic device. (a)
Simulated reagent concentration distributions across the chip in the case where reagent diffuses outwards from the on-chip reservoir. Reagent diffuses
from the nine circular through-holes at the top of the chip, into the hexagonal array, then diluted through the open boundary at the bottom of the array.
Boundary conditions were set as 10 nM at the through-holes and 0 nM at the open boundary. (b) Magnitude of diffusion flux in the same simulation
as in (a), with red arrows indicating direction of diffusion. The diffusion coefficient was set to be 10−9 m2/s. (c) Simulated reagent concentrations
across the chip with reagent diffusing inwards from the outer region, with normal media in the on-chip reservoir. Boundary conditions were set as 0
nM at the through-holes and 10 nM at the open boundary. (d) Magnitude of diffusion flux in the same simulation as in (c), with red arrows indicating
direction of diffusion. The diffusion coefficient was set to be 10−9 m2/s. (e) Line profile of diffusion flux magnitude around the entirety of the chip
boundary. (f) Concentration of reagent over time depending on where the reagent is located. Within 30 days, the concentration of the reagent in
either the reservoir or the medium changes by around 6%, which is robust enough for practical experimental purposes.
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Fig. 5 Verification of gradient generation across multiple days. (a) A static EA with reservoir filled with 0.1 mM of rhodamine6G, a fluorescent
dye, at t = 24 hours post-installation. The marked black line indicates the fluorescence intensity line profile measured vertically across the chip. (b)
Line profiles of fluorescence intensity as shown across the chip in (a) at various time points. The gradient stabilizes at around 24 hours. Peaks in the
profile reflect uneven changes in the intensity as the border of a microhabitat is crossed. (c) Observation of four indicated areas on the static EA, with
reservoir filled with rhodamine6G dye. (d) Longitudinal time profile of the four areas in (c) across 8 days, indicating that intensity and corresponding
gradient remain stable across the device and across time.

Fig. 6 Insignificant contribution of diffusion of dye through PDMS. (a) Analysis is focused on the pillar on PDMS indicated with a yellow line.
This pillar is sealed to the LumoxTM membrane with dye occupying the space surrounding the pillar. (b) Increase in the intensity of the center of the
pillar over the course of an 8-day experiment. (c) Line profile of the pillar in part (a) over time. The curves generally reveal a uniform profile within
the pillar at any particular point in time, with the average intensity increasing quickly then leveling off. Since there is always a uniform profile within
the pillar, there are negligible diffusional effects. (d) Ratio of the intensity outside the pillar Iout (first point in each profile in part (c)) to the average
intensity within the pillar Iin over time. The ratio is relatively conserved through time, implying that general increases in intensity are background
noise effects and do not affect Iout or Iin in varying ways.

Journal Name, [year], [vol.],1–12 | 7

Page 7 of 13 Lab on a Chip



Fig. 7 Visualization of proof-of-principle coculture of PC3-EPI (nuclear GFP stain, colored as green) and HS-5 (processed brightfield, colored
as red) without drug and with docetaxel gradient (0 to 15 nM). (a — c) Co-culture of PC3-EPI and HS-5 without drug in a control experiment,
with images shown on days 0, 3, and 6. The scale bar shown in (a) applies to both (b) and (c). PC3-EPI cells achieved confluency by day 3. (d — f)
Co-culture of PC3-EPI and HS-5 with docetaxel in a gradient ranging from 15 nM (outside region) to 0 nM (on-chip reservoir), at days 0, 3, and 6.
The scale bar shown in (d) applies to both (e) and (f).

Fig. 8 Population spatial distribution of cancer PC3-EPI for control and gradient experiments. (a) Analysis performed on images such as those
shown in Fig. 7 to determine the population fraction of cancer cells in a control experiment with no drug gradient at t = 0 days. The population
fraction is charted as a heatmap within the hexagonal array, with each circle corresponding to a microhabitat in the static EA. Each colored dot follows
the range depicted in the color bar to the right representing the average PC3-EPI fractional population calculated for each representative time point
for both the drug gradient (15 nM) and control (0 nM) experimental series. (b) Similar plot as in (a) but at t = 3 days. (c) Similar plot as in (a)
but at t = 6 days. (d) Time evolution of cancer population fraction for the control experiment across four distinct areas of the EA chip (A, B, C, D
as shown in (c)). Data are displayed as a moving mean with n = 3. Error bars correspond to the mean ± moving standard deviation of adjacent 3
data points. (e) Population fraction of cancer cells in a representative experiment with a 15 nM docetaxel gradient at t = 0 days. The drug gradient
is established from the bottom of the chip (high-drug area) to the top of the chip (low-drug area). (f) Similar plot as in (e) but at t = 3 days. (g)
Similar plot as in (f) but at t = 6 days. (h) Time evolution of cancer population fraction for 15 nM gradient experiment at the same areas of the EA
chip (A, B, C, D as shown in (g)), where data are displayed with moving mean (n = 3) ± moving standard deviation (n = 3).
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Fig. 9 Exemplification of evolutionary phenomenon of emergence of poly-aneuploid cancer cells (PACCs) in high-stress areas. (a) PACCs
are indicated with white arrows. Brightfield, red, and green channels overlay capturing non-labeled stromal cells only visible in pure brightfield and
PC3-EPI fluorescently-labeled nuclear and cytoplasmic cellular components of each cell displayed respectively in the red and green channels. Image
taken from boxed region from Fig. 7f for Day 6 within the 15 nM gradient. (b) Average PC3 cell size per microhabitat across the chip for Day 6
populations as in Fig. 8g based on percentage area coverage by cancer cell cytoplasm.

nuclei colored as green (GFP fluorescence) and stromal cells col-
ored red (processed brightfield). The gradient is established with
the high-drug region at the bottom of the chip (Fig. 7c,d). To
better understand these dynamics, we quantified these cell count
data and demonstrate population behavior in Fig. 8. In particular,
we describe the cancer population proportion pγ , defined as

pγ =
γ

γ + s
,

where γ and s are the cell counts for PC3-EPI and HS5, respec-
tively. In the control condition without docetaxel, PC3-EPI can-
cer cells grew homogenously across the microhabitats to reach
high confluence by 3 days (Fig. 8a — d, Supplementary Fig. 3),
with the time scale of growth comparable to previous experiments
with pump-driven devices21. However, within the 15 nM gradi-
ent experiment, with an originally relatively uniform populations
of both cancer and stromal cells, by day 3, a marked transition
in cancer cell population fraction occurs, revealing differential ef-
fects of docetaxel as a function of drug concentration (Fig. 8e—h,
Supplementary Fig. 3). The continuous transition in population
dominance of cancer cells is maintained and magnified through
6 days of experimentation (Fig. 8g). The population fractions
plotted in Fig. 8d, h correspond to the time course of particular
microhabitats denoted in Fig. 8c, g. The curves for both Fig. 8d,
h are relatively smooth, and the gradual transition from growth
to failure to survive suggests that, locally, the drug concentration
has a monotonically increasing negative effect on cancer cell pro-
liferation. The observation of the transition in cancer fractional
population dominance was similarly noted across separate exper-
iments (Supplementary Movies).

Notably, whereas on the population level, cancer cells fail to
survive in high-drug areas, we observe that among the cancer
cells that do survive, many of the cells consistently surviving in
areas of high stress exhibit an enrichment of the poly-aneuploid
phenotype with enlarged cell size and either an enlarged nucleus
or multiple nuclei (Fig. 9a), corroborating the results of Lin et al.
(2019)25. Accordingly, the average cell size per microhabitat in-
creases across the chip within the 15 nM gradient experiment at 6
days, suggesting an enrichment of these cells at higher drug con-
centration under the assumption that phenotypically larger cells
correlate with a poly-aneuploidy subpopulation (Fig. 9b). Stud-
ies have reported previously the association between higher DNA
content (> 4n) and cell volume, both in the context of eukary-
otic cells in general and in cancer28–30. In particular, we have
previously shown that large size and polyploidy are key defining
features of PACCs and have demonstrated that when PACCs are
formed, either by fusion or failed cytokinesis, that their size is in-
creased25,31. Future study will focus on the mechanism of evolu-
tion of these resistant cells, their characterization via downstream
analysis, and the potential role of stroma in mediating resistance.

4 Conclusions

In this paper, we have designed a static microfluidic-based cancer-
on-chip device with the ability to generate stable and controlled
gradients of chemotherapy across connected microenvironments.
This system presents a novel static gradient generation method,
alleviating the need for pump-driven flow-based methods, signifi-
cantly reducing experimental workload and increasing through-
put. We modeled computationally the formation of a two-
dimensional gradient on the time scale of weeks and validated
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the ability for the microfluidic static EA to maintain this gradient
utilizing fluorescent dyes.

There is a need for more representative in vitro models to re-
produce the tumor microenvironment prior to animal models in
the drug development pipeline in order for a better prediction
of cancer progression as well as responses to drugs within dy-
namical stress landscapes. Within these local environments, for
example, the cooperative interaction between tumor cells and
the surrounding environment has been characterized as survival
strategies against drugs32,33. Specifically, prostate cancer is well-
known for predominantly metastasizing into bone marrow. The
bone marrow provides an environment for metastasized prostate
cancer, allowing the cancer cells to stay dormant for a period of
time before transitioning into the proliferating phase34,35. The
process of how and why prostate cancer can be triggered to
exit dormancy state and proceed to subsequent secondary tumor
growth remains poorly understood.

Our evolutionary accelerator (EA) device offers a robust, high-
throughput method to recapitulate elements of the complex in
vivo microenvironment by allowing for multiple cell types to in-
teract on a fitness landscape, driven by faster evolution in a low-
N limit of isolated but connected populations. In comparison to
other platforms to probe the roles of tumor-stroma interactions in
chemotherapeutic resistance36, we demonstrate the implications
of population heterogeneity to cellular response to a drug gra-
dient, recapitulating the drug-induced evolutionary stress within
the tumor microenvironment through chemotherapy. We have
previously shown, for example, that in such systems with weakly
connected microhabitats, cells that become stress-resistant or mu-
tants in one area can migrate to areas of even higher stress since
they will possess greater fitness relative to other cells25. Further-
more, since the total number of cells is greatly decreased in areas
of higher stress, the mutants can more easily establish themselves
within that new habitat25.

As a proof-of-principle demonstration of our microfluidic sys-
tem, we studied the co-culture of PC3-EPI prostate cancer cells
with HS5 human bone marrow cells under a gradient of doc-
etaxel. We employed extended time-lapse imaging on an on-
stage incubator with high spatial and temporal resolution. We
find a continuous transition in cancer cell proliferation and sur-
vival across the same chip on a population level, both in terms of
raw cell count and relative fractional population when compared
to the stromal cells. We further observe the emergence of large
poly-aneuploid cancer cells at high-drug regions on the chip as a
consequence of drug-induced genomic instability. We note that,
within our technology, nutrient content within media diffuses uni-
formly throughout the hexagonal microhabitat array in theory;
nevertheless, more validation needs to be conducted to ensure
that cellular dynamics are not affected by local metabolite deple-
tion within the microenvironments. If necessary, channel sizes
could be modulated accordingly. Further, the precision of stromal
cell automated counting faces limitations due to the nonunifor-
mity of brightfield imaging but can be alleviated by employing
fluorescently labeled stromal cell lines. Further work will involve
downstream sequencing analysis of resistant subpopulations and
explore the role of cell migration within the evolutionary dynam-

ics.

This device will be important to future studies on the com-
plex interactions between multiple cell types in a heterogeneous
micro-ecological stress landscape. We hope that this work will act
as a more robust preclinical platform for drug development and
contribute to better understanding of how issues such as drug
heterogeneity may have implications for tuning of chemotherapy
scheduling, drug resistance, or recurrence.
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20-word sentence of text highlighting novelty of work: A microfluidic platform was developed 
that generates a gradient of chemotherapy via diffusion to study evolutionary dynamics 
of cancer.
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