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Abstract
The ability of a population of PC3 prostate epithelial cancer cells to become resistant to docetaxel therapy and progress to a 
mesenchymal state remains a fundamental problem. The progression towards resistance is difficult to directly study in hetero-
geneous ecological environments such as tumors. In this work, we use a micro-fabricated “evolution accelerator” environment 
to create a complex heterogeneous yet controllable in-vitro environment with a spatially-varying drug concentration. With 
such a structure we observe the rapid emergence of a surprisingly large number of polyploid giant cancer cells (PGCCs) in 
regions of very high drug concentration, which does not occur in conventional cell culture of uniform concentration. This 
emergence of PGCCs in a high drug environment is due to migration of diploid epithelial cells from regions of low drug 
concentration, where they proliferate, to regions of high drug concentration, where they rapidly convert to PGCCs. Such a 
mechanism can only occur in spatially-varying rather than homogeneous environments. Further, PGCCs exhibit increased 
expression of the mesenchymal marker ZEB1 in the same high-drug regions where they are formed, suggesting the possible 
induction of an epithelial to mesenchymal transition (EMT) in these cells. This is consistent with prior work suggesting the 
PGCC cells are mediators of resistance in response to chemotherapeutic stress. Taken together, this work shows the key role 
of spatial heterogeneity and the migration of proliferative diploid cells to form PGCCs as a survival strategy for the cancer 
population, with implications for new therapies.
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Abbreviations
PGCC   Polyploid giant cancer cell
EA  Evolution accelerator
IF  Immunofluorescence
ZEB1  Zinc finger E-box-binding homeobox 1

Introduction

Clinical studies have shown that polyploid giant cancer cells 
(PGCCs), morphologically-distinct cancer cells commonly 
observed in tumor biopsies [1], correlate with poor response 
to docetaxel chemotherapy in the context of castration-resist-
ant prostate cancer [2]. PGCCs are typically multi-nucleated 
or have an enlarged nucleus containing multiple sets of chro-
mosomes in comparison to most of the cells comprising the 
bulk of the tumor. There are multiple ways PGCCs can form: 
PGCCs can emerge from what would seem to be dead-end 
loss of function events such as abrogated mitotic checkpoint, 
cell fusion [3], failed cytokinesis [4], and DNA endoredu-
plication [5]. Particularly, fusion between cancer cells and 
normal cells, or among cancer cells themselves, has also 
been suspected to contribute to phenotypic evolution during 
different stages of cancer progression and metastasis [6]. It 
has been demonstrated that dual metastasis organotropisms 
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can be achieved in the same cell through spontaneous 
fusion between bone- and lung-tropic sublines of the MDA-
MB-231 breast cancer cell line [7]. However, PGCCs have 
also been observed to emerge from high-stress environments 
such as severe genotoxic stress (gamma irradiation [3, 8]), 
chemotherapy treatment (e.g. bleomycin [5], docetaxel [9, 
10], cisplatin [11]), and hypoxia conditions [12–14], reveal-
ing a more important role for PGCCs. Furthermore, there is 
evidence that these PGCCs possess tumorigenic potential: 
both the mitotic-catastrophe-evaded PGCCs and the prog-
eny derived from PGCCs may have an increased survival 
advantage [2].

Therefore, it is important to understand the conditions 
that lead to the emergence of PGGCs with chemotherapy 
[15]. In vivo animal models have proved difficult to control 
systematically. However, most in vitro cancer cell studies 
are either done in a well-mixed conventional cell culture 
setting with uniform drug concentrations which do not repli-
cate the true complexity of in vivo tumors or from spheroids 
which are difficult to image at the single cell level. The true 
dynamics of PGCC emergence from an ecological perspec-
tive under stress remain unobserved in the context of the 
highly complex heterogeneity of the tumor ecosystem.

In a recent paper we presented an engineered microenvi-
ronment and cell culturing platform, the evolution accelera-
tor (EA) [16], which allows the quantitative study of both 
the interactions of multiple cell types and their movement on 
a spatially-varying chemotherapy concentration landscape 
over a period of several weeks. We now show using our 
technology, in combination with engineered nuclear fluo-
rescence markers, that the survivor cells at high docetaxel 
concentrations are in fact PGCCs. Further, we consider the 
main contribution of this paper to be that very large numbers 
of PGCCs are formed in higher drug regions in our culture, 
and that result from chemotherapy stress gradient (spatially-
varying docetaxel concentration) and diploid cell population 
migration to high drug region. The elevated PGCC emer-
gence and the increased survival of the entire cancer popu-
lation directly depend on the heterogeneous environment.

Our EA technology (Fig. 1) provides a platform to inves-
tigate the emergence of PGCCs and their population dynam-
ics in a chemotherapy induced stress landscape due to the 
following features:

• Fresh media with desired concentration of drug is con-
tinuously provided by syringe pump, which secures a pre-
determined maximal dosage and establishes stable drug 
gradient via cross diffusion (Fig. 1a).

• Cells are partially confined within hexagonal wells called 
microhabitats, but they can move from microhabitat to 
microhabitat through channels (Fig. 1b).

• The system allows real-time monitoring at single-cell 
level in bright field and fluorescent channels.

• The system allows for spatially resolved downstream 
immunofluorescence (IF) assays and direct sampling 
removal of cells for further characterization.

• Our experiments are carried out over multiple weeks, 
with constant data collection. This observation of the 
emergence of phenotypes that would not be observed in 
short time experiments.

• The EA technology of semi-isolated populations in a gra-
dient environment accelerates evolutionary dynamics to 
take place over weeks in the lab rather than months in 
conventional in vitro assays.

The technology presented here can with single-cell reso-
lution measure the movement and ploidy status of cancer 
cells over a drug gradient. Lethality usually requires the gain 
of the metastatic phenotype, which enables cancer cells to 
emigrate from the primary tumor and colonize secondary 
sites progressing to lethal metastatic disease. This migra-
tory phenotype has been widely associated with the epithe-
lial–mesenchymal transition [17].

We chose a monomorphic sub-line epithelial phenotype 
of a widely established human prostate cancer cell to lower 
the intrinsic heterogeneity in the initial cancer population 
and highlight the emergence of the mesenchymal phenotype 
under chemotherapy stress. The sub-line we chose is the 
epithelial prostate cancer sub-line PC3-Epi, an E-cadherin/
CDH1-positive-vimentin-negative PC3 derivative described 
by Roca et al. [18]. PC3-Epi cells were genetically engi-
neered with nuclear fluorescence markers to visualize 
chromatin. The mCherry-expressing PC3-Epi cell line was 
transfected with an H2B-GFP plasmid delivered by transfec-
tion reagent lipofectamine 2000 and selected with neomycin 
(G418). The H2B-GFP plasmid (Addgene plasmid # 11680) 

Fig. 1  The distribution of the chemical concentration in EA. a The 
COMSOL Multiphysics® modeling of reagent concentration pattern. 
The diffusion coefficient is  10−9m2/s and the boundary condition at 
the peripheral media trenches is set as 0 and 10 nM. Media flow rate 
is 20 μL/h. The reagent diffuses into the microhabitat array from the 
right three edges and out from the left. b A bright field image of the 
chip. Small slits (15 μm wide) restrict the direct media flow from the 
trenches into the microhabitat array. Large slits (25 μm wide) allow 
cell migration between adjacent habitats
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allows high-resolution imaging of chromatin without affect-
ing cell cycle progression or the chromosomal architecture 
[19] Utilizing this H2B-GFP system, we are able to quantify 
the number of nuclei and area at the single-cell level, allow-
ing us to study the dynamics in the emergence of polyploidy 
as a function of time and variable stress level across the EA 
ecology.

Results

There are two important results: (1) A drug gradient vastly 
increases the emergence of PGCCs at higher levels of doc-
etaxel concentration and improves overall survival of cancer 
population, a phenomenon that cannot be understood using 
fixed drug concentrations in conventional static culture. (2) 
By downstream immunofluorescent analysis, the PGCCs 
emerging at the highest docetaxel concentrations in a gra-
dient landscape show higher expression levels of ZEB1, a 
mesenchymal biomarker that is associated with cancer inva-
siveness and metastatic potential.

The PC3-Epi cells were seeded uniformly before the 
application of the drug in all the experiments. Cells were 
seeded and incubated 12 h before the installation of the 
PDMS microfluidic device by placing the array over the 
cells on the Lumox surface and pressurizing at 0.1 bar pres-
sure from below with 5%  CO2 conditioned gas under nor-
moxia conditions. Media with no drug flow was injected 
through the left three sides of the hexagonal array of the EA 
while media with drug flow was injected through the right 
three sides of the hexagonal array of EA (Fig. 1a). After the 
establishment of a docetaxel gradient over a 24-h period 
(defined as t = 0), time lapse video-microscopy scanning 
was performed every 30 min throughout the experiment to 
capture the dynamics of each individual cell in the array of 
the EA. After 17 days of cell culture, the microfluidic array 
was detached from the Lumox film and cells adhered to the 
Lumox were fixed and permeabilized for downstream immu-
nofluorescent (IF) analysis as discussed below in "Results" 
section.

Two control experiments were performed to examine 
the relevance of gradients and sequestered microhabitats: 
(1) A series of fixed drug concentrations in a series of con-
ventional cell culture. These control experiments were per-
formed in triplicate with the same PC3-Epi sub-cell line but 
seeded into a multiple-well plate with fixed docetaxel con-
centrations from 0 to 10 nM. The media was replenished on 
a daily basis in each well to maintain constant nutrients level 
and docetaxel concentration. (2) The EA experiment was 
repeated, but with single uniform drug concentration across 
the EA landscape (not spatially-varying). This was to check 
if there were some unusual feature of the EA experimental 
environment compared to conventional static cell cultures 

(besides the concentration gradient in the EA experiment 
described above).

Increased PGCCs formation and enhanced docetaxel 
tolerance in a gradient

A docetaxel gradient ranging from 0 to 5 nM was estab-
lished across the EA. Time-lapse video-microscopy using 
large-area image stitching was done throughout the span of 
the experiment. The concentration of docetaxel in each EA 
microhabitat was determined by COMSOL Multiphysics® 
simulation. Figure 2 presents the progression of the PC3-
Epi cells in the EA versus time. We developed a custom 
image processing macro on ImageJ to track and pseudo-
colorize the cells by mean diameter. Further details are 
described in the "Methods" section. Cells pseudo-colored 
green have diameters greater than 80 μm; smaller cells are 
pseudo-colored red. The detection accuracy ranges from 75 
to 90% depending on cell confluence. Before the application 
of chemotherapy, the number of cells in each microhabi-
tat was relatively uniform. The average cell size was also 
identical across the device. After 250 h of chemotherapy 
treatment, cells gradually died out around the edges with the 
highest dosage of docetaxel. However, there were still some 
extremely large cells that appeared and survived within the 
extreme environment at the high dosage areas. The distinct 
cell morphology and increased ploidy confirm the emerging 
large cells as PGCCs.

We now look inside the EA in detail and quantify cell 
populations as a function of the local drug concentration. 
PGCC PC3 cells have been previously described to emerge 
when cultured in the presence of docetaxel in conventional 
culture [2]. Our results show that the number of PGCCs 
depends strongly on the existence of a gradient and not just 
the local value of the drug concentration. An EA experiment 
was performed with 0–10 nM docetaxel to fully cover the 
cytotoxic response range of PC3-EPI cells. The growth of 
PC3-EPI cells in conventional single wells and in the EA is 
compared in Fig. 3a, b. At the left edges of the EA where the 
drug concentration is 0 nM the cells reached and maintained 
100% confluence. In regions of increasing docetaxel concen-
trations, the cell confluence was basically unchanged until 
a steep drop was observed from 3 to 6 nM. In the single-
well control experiment by the 10th day, the cell confluence 
decreased significantly at lower docetaxel concentrations of 
2 nM.

To better visualize cell viability across docetaxel concen-
trations under both scenarios, the total cell confluence on the 
10th day at different docetaxel concentrations is shown in 
Fig. 4a. Within each subpopulation, the density of PGCCs 
was quantified (Fig. 4b), and the corresponding fractional 
population of PGCCs is shown in Fig. 4c.
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As shown in Fig. 4a, the overall cell population bound-
ary shifted positively for about 2 nM when the drug gradi-
ent was presented. The cell confluence profile of the EA 
gradient experiment shifted towards higher drug concen-
trations compared with control experiment—the popula-
tion remained fully confluent until around 2 nM.

Compared with the control experiment, where the cells 
were cultured in conventional single-well with no doc-
etaxel gradient, a striking result with respect to PGCCs was 
observed. The number of PGCCs per unit area was vastly 
enriched and more PGCCs resided in region with higher 
dosage of docetaxel (Fig. 4b), revealing the importance of a 

Fig. 2  PC3-EPI cultured in the EA in stress gradients (spatially-
varying docetaxel concentration) (from 0 to 5 nM) for 18 days. Cells 
below 80 μm diameter are colored red and cells with diameter above 
80 μm are colored green. Regions E and F at the 0 and 5 nM drug 
gradient at t = 0 respectively are expanded, as are regions G and H 

at t = 12 days. Note that at t = 0, cells at low and high dosage region 
E and F had similar morphology and cell size, while at t = 12, cells 
at high dosage region H had significantly larger size compared with 
cells at low dosage region G
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Fig. 3  The population dynamics of PC3 and PGCCs in the EA and 
isolated wells. a PC3-EPI cells were cultured in conventional single-
well plates with different docetaxel concentrations. Growth media 
was replenished on a daily basis with assigned dosage of drug to 
maintain constant nutrients level and docetaxel concentration. The 
growth curves show the progression of PC3-EPI in terms of conflu-
ence in a well-mixed environment. b PC3-EPI were cultured in the 

presented microfluidic EA device with docetaxel gradient (0–10 nM). 
The progression of PC3-EPI was quantified by measuring the conflu-
ence of cells in each microhabitats as a function of time. Each micro-
habitat corresponds to a drug concentration determined by COMSOL 
Multiphysics® simulation. Note in single-well control, cell conflu-
ence dropped drastically at 2 nM docetaxel and higher dosage, while 
in EA experiment, cells remained highly confluent at 3 nM
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gradient in PGCC emergence. Within the range of 2–4 nM 
docetaxel, the density of PGCCs increased by a remarkably 
large factor (from ∼ 4 1/mm2 to ∼ 35 1/mm2, nearly 10×) in 
the EA when with a drug gradient in comparison with both 
control conditions (the conventional single wells and the EA 
with uniform drug concentration).

For the control experiment, the fractional population of 
PGCCs without chemotherapeutic stress is 2%. At 1 nM, 
the fraction of PGCCs increased to 9%. Above 2 nM, the 
population was exclusively composed of PGCCs. In con-
trast, the fraction of PGCCs of the EA gradient experiment 

is significantly lower within the range of 1–3 nM docetaxel, 
which implies the coexistence of a large number of diploid 
cells (> 300 1/mm2) and PGCCs at 1–3 nM docetaxel. In 
contrast, in a conventional well plate, almost no diploid cells 
at all survived after 10 days in 2 nM docetaxel.

In order to verify that the difference in population dynam-
ics between the EA gradient experiment and the single-well 
control experiment is not due to technical artifacts associated 
with our cell culture platform, we performed a set of control 
experiments in the EA with uniform docetaxel dosage, 0 
and 2 nM. As shown in Fig. 4, the result was in accordance 
with the single-well controls. Therefore, the phenomena of 
increased survival of PC3-Epi population under high dosage 
are indeed the result of the heterogeneous environment (the 
stress gradient).

Characterization of PGCCs emergence: 
poly‑ploidization mechanism and ZEB1 expression

The large cells at the highest docetaxel concentrations had 
very distinct morphologies. The cell diameter had increased 
by an order of magnitude, from the ordinary 10–15 to 
100–200 μm. Real-time single-cell characterization of 
nuclear dynamics was performed by simultaneous two-
channel imaging of PC3-Epi cells co-expressing cytoplasmic 
mCherry protein and H2B-GFP labeled histones. Supple-
mentary Fig. 1 shows some examples of the heterogeneity 
of the mechanisms by which the original diploid PC3-Epi 
cells became PGCC cells including both failed cytokinesis 
and cell fusion. A video of these complex dynamics in one 
microhabitat can be found in the Supplementary Material, 
H2B-GFP-EPI.avi. The soft-condensed matter aspects of 
these dramatic cell fusion events is a subject that needs to 
be pursued [20].

Most chemotherapeutic agents have been reported to 
induce EMT in the vast majority of solid cancers [21–23]. 
As a first step towards probing the hypothesis that the emer-
gence of PGCCs is a critical process in metastasis via the 
EMT process, we cultured PC3-Epi in the EA with a doc-
etaxel gradient (from 0 to 5 nM) for 20 days, as shown in 
Fig. 5a. IF analysis was performed subsequently to further 
characterize the expression level of ZEB1, a mesenchymal 
biomarker that is associated with cancer invasiveness and 
metastasis.

PC3-Epi is an established monomorphic cell sub-line 
without mesenchymal characteristics. After being exposed 
to docetaxel gradient for 20 days, there was a significant 
elevation of ZEB1 expression in the population, as shown 
in Fig. 5b. Each dot represents the average ZEB1 level of 
cells in the corresponding microhabitat. The expression level 
increased significantly around and beyond the lethal high 
cytotoxicity boundary, similar to the PGCC distribution pat-
tern demonstrated in Fig. 2.

0 2 4 6 8 10
Docetaxel Concentration (nM)

101

102

F
ra

ct
io

na
l P

op
ul

at
io

n 
of

 P
G

C
C

s 
(%

)

Fractional Population of PGCCs across
Docetaxel Concentration Landscape on Day 10

EA with Docetaxel Gradient
Single-well Control
EA with Uniform Docetaxel

0 2 4 6 8 10
Docetaxel Concentration (nM)

0

20

40

60

P
G

C
C

s 
D

en
si

ty
 (

1/
m

m
2 )

PGCCs Density across
Docetaxel Concentration Landscape

EA with Docetaxel Gradient
Single-well Control
EA with Uniform Docetaxel

0 2 4 6 8 10
Docetaxel Concentration (nM)

0

50

100
C

on
flu

en
ce

 (
%

)

Total Confluence across
Docetaxel Concentration Landscape on Day 10

HA with Docetaxel Gradient
Single-well Control

HA with Uniform Docetaxel

EA with Docetaxel Gradient
Single-well Control
EA with Uniform Docetaxel

A

B

C

Fig. 4  Cell population versus docetaxel concentration on day 10. a 
Total confluence. Compared with single-well control, in the EA with 
docetaxel gradient there were far more cells at higher docetaxel levels 
from 2 to 4 nM. b The density of PGCCs. Within the range of 2–4 
nM docetaxel, the density of PGCCs increased by a large factor in the 
EA when with a drug gradient in comparison with the control condi-
tions. c The fractional population of PGCCs. Within the region where 
PGCC density greatly increased, the fractional population of PGCCs 
was very low (10% or less), meaning there were an extremely large 
number of diploid cells. The coexistence of PGCCs and diploid cells 
could be correlated with elevated PGCC emergence. Under all sce-
narios, PGCCs were the only survivors at 4 nm and above
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The normalized histogram Fig. 5c shows that the ZEB1 
level of PGCCs was increased compared with diploid cells. 
As shown in Fig. 5d where PGCCs coexisted with diploid 
cells, most PGCCs stained more positively than diploid 
cells. The fact that PGCCs have statistically significant 
mesenchymal biomarker expression compared with the 
diploid cells suggests that the PGCCs are equipped with 
greater phenotypic plasticity, conferring a superior adap-
tation potential in order to survive stressful environment. 
Our data show a great deal of heterogeneity within our EA, 
as would be expected in a tumor.

Quantification of cancer population dynamics 
and cell migration

To identify the underlying mechanism of the increased 
polyploidization events in docetaxel gradient, it is neces-
sary to quantify key parameters which regulate population 
dynamics. Here we modified the well-known logistic growth 
equation applied to both diploid and polyploid cells by intro-
ducing the polyploid transformation term. We can fit the 
equation to data from single-well control experiments to 
determine the parameters. We also tracked cell motion and 
quantified the migration events that occurred in the EA with 
docetaxel gradient. The acquired parameters would then be 
used to described cancer population dynamics with and 
without cell migration factors as discussed in the Discussion 
section, revealing the fundamental role of cells migration 
over a stress gradient in tumor development.

First, we assume that the cancer population is composed 
of 2 interchangeable phenotypes, the diploid cancer cells 
(u) and the PGCCs (v). The cancer population is broken up 
into 11 subpopulations in a linear microhabitat array. Each 
subpopulation i is locally homogeneous and connected to 
the adjacent subpopulations i − 1 and i + 1 . A docetaxel 
gradient (0 to 10 nM) is stably established across the micro-
habitat array so that the local docetaxel concentration within 
each subpopulation is C

i
= i − 1 (nM). The local popula-

tion dynamics of diploid cells ( u
i
 ) and PGCCs ( v

i
 ) in the 

subpopulation i can be described using a set of non-linear 
differential equations based on the logistic growth equation,

where the docetaxel concentration dependent parameters 
G

i
 , T

i
 and D

i
 are proliferation rate of diploid cells, trans-

formation rate from diploid to PGCCs, and death rate of 
PGCCs, respectively. The transformation from PGCCs to 
diploid progeny was not observed within the time frame of 
the experiment and is therefore absent in the Eqn k

u
 and k

v
 

are the cell capacity limiting constants of diploid cells and 
PGCCs, which are independent of the dosage of docetaxel. 
u(G

i
− k

u
(u + v)) is considered the density-dependent effec-

tive proliferation rate of diploid cells, while uT
i
− k

v
v(u + v) 

is considered the effective PGCC emergence rate. M
im,i and 

M
em,i are the amount of cell migration into/out of subpopula-

tion i. Although PGCCs have been observed to be extremely 
deformable and can migrate through the slits, the migra-
tion probability is very low compared with diploid cells. 
Therefore we assume the migration of PGCCs to be zero. 
The mechanism of chemotherapy-induced diploid cell death 
is generalized as a 2-step process, mitotic arrest followed 

(1)

du
i

dt
= u

i
(G

i
− k

u
(u

i
+ v

i
) − T

i
) +M

im,i −M
em,i,

dv
i

dt
= u

i
T
i
− v

i
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v
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i
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i
) − D

i
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Fig. 5  ZEB1 expression level of PC3-Epi after being cultured in doc-
etaxel gradient, from 0 to 5 nM, for 20 days. a The mCherry fluo-
rescent image of the entire EA. b The heat-map of ZEB1 expression 
level across the device. Each dot represents the average ZEB1 level of 
cells in the corresponding EA. c The normalized histogram of ZEB1 
level of PGCCs and diploid PC3-Epi cells showing the significant 
elevation of ZEB1 expression in PGCCs. d The color-mapped ZEB1 
intensity in one EA element where PGCCs coexisted with diploid 
PC3-Epi cells. PGCCs stain more positively than diploid cells
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by delayed mitosis-linked cell death. Therefore, the drug 
induced diploid cell death is included in transformation term 
u
i
T
i
 and PGCC death term v

i
D

i
.

The aforementioned parameters G
i
 , T

i
 , D

i
 , k

u
 and k

v
 can be 

obtained by fitting the equations to single-well control data 
of diploid and PGCCs as a function of time in different doc-
etaxel concentration, as listed in Table 1 in the Supplementary 
Material. The migration terms were ignored in the single-well 
control experiment where no migration occurred. The total 
cell number as a function of time and the fractional population 
of PGCCs measured in single-well control experiments were 
fitted using the weighted least-squares method. As shown in 
Supplementary Fig. 2(A), the equation describes the popula-
tion progression reasonably well.

The migration factor is determined by cell tracking meas-
urement of the EA experiment with docetaxel gradient (0–10 
nM). As shown in Supplementary Fig. 2(B), the cell emigra-
tion events in each microhabitat is roughly linearly correlated 
to the cell number within the microhabitat in a period of 45 
h. In addition, there is no dependency between drug concen-
tration and emigration/cell count ratio. If they are alive, they 
migrate independent of drug concentration. Finally, there is 
no observable tendency for diploid cells to migrate toward 
higher or lower drug concentration. Their migration is random. 
Therefore, the emigration and immigration terms M

em
 and M

im
 

can be described as

The slope of the regression line in Supplementary Fig. 2(B) 
is about 0.9, which means the migration probability � for 
each cell is ≈ 0.9/45 = 0.02 (1/h).

(2)
M

em,i = �u
i
,

M
im,i =

1

2

(

M
em,i−1 +M

em,i+1

)

=
�

2

(

u
i−1 + u

i+1

)

,

Discussion

The presented population study demonstrated that the gra-
dient stress environment generated a population that could 
survive at stress levels that could not be achieved when 
the environment had no gradient. When a stable docetaxel 
gradient was applied in the EA for 10 days, we observed a 
cytotoxic transition between fully confluent zone and the 
PGCC-dominant zone. Compared with the control experi-
ment, the lethal high cytotoxicity boundary shifted from 2 
to 6 nM, and the density of PGCCs was enriched in region 
with higher dosage of docetaxel.

The underlying mechanism of the aforementioned obser-
vation is studied using mathematical model described in Eq. 
(1). The model demonstrated that the coexistence of prolif-
erative and resistant phenotypes with the ability to migrate 
across a spatially-varying stress landscape could lead to sig-
nificant improvement of survival of cancer cells. With the 
parameters in Eq. (1) quantified based on single-well experi-
mental data, the population dynamics of both single-well 
control and EA experiment with docetaxel gradient can be 
reconstructed without introducing any other free parameters, 
as demonstrated in Fig. 6a, b. The only difference between 
the modeled single-well control and modeled EA experi-
ment is the migration factor. Compared with the experimen-
tal result presented in Fig. 4a, c, the modeling results share 
similar features. The total cell confluence shifted about 2 
nM, and the density of PGCCs increased dramatically within 
the similar range of docetaxel concentration. To be clear, 
Eq. (1) does not include other potential mechanisms such 
as niche construction in densely populated domain or the 
diffusion of cell signaling molecules which may confer an 
advantage to cells in adjacent regions.
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Fig. 6  The modeling of cancer population as a function of docetaxel 
concentration on day 10. a Total cell confluence versus docetaxel 
concentration. b Density of PGCCs versus docetaxel concentration. 

The modeling of both cell confluence shifting and PGCC abundance 
are in accordance with the features of experimental results
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The basic reasoning for the observed population dynam-
ics can be grasped from a game theory analogy [24], as 
shown in Fig. 7a. In a conventional cell culture plate, when 
the cells are exposed to chemotherapy above a certain dos-
age, the cells will either become polyploid or more likely 
apoptotic. The maximum number of PGCCs would be pre-
determined by the initial diploid density, since diploid pro-
liferation would be limited. Consider the case when the 
cancer cells are exposed to a stress gradient. In the high 
drug concentration region the cells die but a portion of the 
population become polyploid in response to the chemo-
therapy, but with low numbers and slow to zero growth 
rates. In the meantime, the population in the low drug con-
centration region is dominated by the highly-proliferative 
diploid phenotype that continues to proliferate. Most sig-
nificantly, this large number of diploids can now migrate 
into higher drug regions, acting as generators of PGCCs. 
Therefore, unlike the conventional cell culture plate, the 
population in the high stress zone is replenished by cell 

migration and thus the number of PGCCs is not limited by 
the initial size of population in the high drug region. This 
qualitative explanation is supported by our quantitative 
model as demonstrated in Fig. 7b, c. The diffusive migra-
tion of diploid cells creates a positive cell influx from low 
to high drug concentration (Fig. 7b). The accumulated 
cell influx, which consists of proliferative diploid cells, 
leads to higher diploid population in region with higher 
docetaxel concentration. The migrated diploid cells then 
rapidly transform to PGCCs, because the transformation 
rate is increased by the stress from the drug. As a result, 
many more PGCCs are formed in a gradient environment 
than in uniform drug environments.

To emphasize how and where PGCCs are produced in the 
EA, the effective PGCC emergence rate can be calculated by 
multiplying local diploid population u

i
 and transformation 

rate T
i
 and subsequently subtracting the population capacity 

limiting term v
i
k
v
(u

i
+ v

i
) , as shown in Fig. 7c. The mod-

eling result shows that the random migration of diploid cells 

Fig. 7  Explanation of elevated PGCC emergence in chemotherapy 
gradient as opposed to a well-mixed environment. a Schematic figure 
of the game theory analogy. In conventional culture, cells with drug 
dosage reach high confluence and the fraction of PGCCs remains low. 
The cells in high dosage well either undergo apoptosis or polyploidi-
zation, leaving only the PGCCs in the culture. In the EA gradient 
experiment, on the other hand, the populations under different level 
of stress are interconnected. The diploid cells continue to proliferate 

in EA areas with low drug, and can migrate to high drug EA areas, 
providing new source of PGCCs but at a high risk of death. b Diploid 
cell migration influx as a function of docetaxel concentration on day 
10. Diploid cells are constantly supplied into higher docetaxel con-
centration region. c The effective PGCC emergence rate defined as 
T
i
u
i
 subtracted by population capacity limiting term v

i
k
v
(u

i
+ v

i
) . By 

simply allowing cell migration, the effective PGCC emergence rate 
can be greatly affected
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is sufficient to give rise to an elevated PGCC emergence 
observed in experiment.

Realistic biological environments typically have popula-
tion and drug gradients of many different values, so the basic 
phenomena must be explored over many values simultane-
ously. In this paper, we have demonstrated that the observed 
increased survival of the cancer population and the enrich-
ment of PGCCs in the chemotherapeutic stress environment 
is facilitated by a gradient in stress levels. We have also dem-
onstrated with our microfluidic EA that the emergent PGCCs 
have significant up-regulation of mesenchymal biomarker 
ZEB1 compared with the diploid cells, implying that PGCCs 
were more capable of exploring the phenotypic landscape 
and finding better survival and metastatic strategies. The 
mechanism of how PGCCs become resistant is beyond the 
scope of this paper. Instead, the highlight of this work is that 
what appears to be a rare event in homogeneous environ-
ments can be amplified in a stress gradient. Our observation 
provides an insight into the development of drug resistance 
in tumor tissue: when more tumorigenic and highly-evolv-
able polyploid cell subpopulations are generated during the 
treatment due to the environmental heterogeneity, it is more 
likely that the tumor becomes resistant.

It has been reported that the technology based on semi-
isolated populations in a gradient environment accelerates 
the evolutionary dynamics to take place over weeks in the 
lab rather than months in conventional static culture in vitro 
assays [16, 25, 26]. For instance, Wu et al. demonstrated that 
the degree of doxorubicin resistance of multiple myeloma 
increased 16-fold after 48 h of doxorubicin gradient expo-
sure [25], and Lin et al. presented the microfluidic system 
which allows the observation of on-chip docetaxel resistance 
development and relapse of prostate cancer PC3 in 2 weeks 
[16]. However, there has been no satisfactory explanation for 
how rapid evolution is achieved. Our results and the game 
theory analogy could also provide microscopic evidence 
for the underlying mechanism: the continuous production 
of PGCCs which possess high phenotypic plasticity and 
chromosomal instability.

There is in addition a strong resemblance between the 
polyploidization response of cancer cells to chemotherapy 
resulting in increased fitness and the emergence of multi-
nucleated bacterial [27] when Escherichia coli are treated 
with the genotoxic antibiotic ciprofloxacin. Multi-chromo-
some-containing bacteria are able to divide asymmetrically 
at sub-lethal concentrations of ciprofloxacin and produce 
progeny with increased resistance. The mechanism of bac-
terial filament formation is analogous to the generation of 
PGCCs, which suggests a unified fundamental role of poly-
ploidy emergence in conferring resistance.

We note that it has been extensively demonstrated 
that cell dynamics within tumor microenvironment can 
be a crucial factor in tumor progression, drug resistance 

development, and cancer metastasis [28, 29]. For instance, 
stromal cells have been demonstrated to suppress the apop-
tosis signal of cancer cells, mediate de novo drug resist-
ance [30], and contribute to CCR5-dependent promotion 
of metastatic tumor growth [31]. Immune cells are also 
known to promote epithelial–mesenchymal transition 
(EMT) and generate cancer stem cells within the can-
cer ecosystem [32, 33]. These intercellular dynamics are 
typically difficult to study in vitro in the context of envi-
ronmental heterogeneity. Although not presented in this 
paper, our current work includes co-cultures of cancer and 
stromal cells in an effort to address these issues.

Using a heterogeneous environment typical of a real 
biological system has allowed us to see how the mixture 
of normal diploid cells and the PGCCs can result in better 
fitness to high levels of therapy such as docetaxel. This 
suggests the clinical value of identifying vulnerabilities 
of PGCCs might be targeted as critical targets [34]. Ide-
ally, we should be able to identify some vulnerabilities of 
PGCCs that even diploid cancer cells generically do not 
have, in a way that would not trigger a stress response in 
the diploid cancer cell tumor population, which unfortu-
nately usually leads to increased resistance. An important 
therapeutic implication of our findings is that inhibiting 
centrosome clustering might well retard the development 
of drug resistance in tumors. Inhibiting centrosome clus-
tering would be a promising therapeutic target because 
it would be likely to prevent an effective response to a 
stressful drug.

Methods

Cell lines and reagent

The human prostate cancer line PC3, originally established 
from a patient with bone metastasis, was obtained from 
the American Type Culture Collection (ATCC, Manas-
sas, VA). PC3-Epi and PC3-EMT cells were generated in 
the Pienta lab as previously described by Roca et al. [18]. 
PC3-Epi is an E-cadherin/CDH1-positive/vimentin-nega-
tive PC3 clone and PC3-EMT is a mesenchymal deriva-
tive that has an E-cadherin-negative/vimentin-positive 
phenotype.

All the cells are cultured in RPMI 1640 (Gibco, Grand 
Island, NY) supplemented with 10% fetal bovine serum 
(Sigma-Aldrich, St. Louise, MI) and 1X Anti-anti (Gibco, 
Grand Island, NY). To generate chemotherapy gradient, 
desired dosage of docetaxel (Selleck Chemical LLC, Hou-
ston, TX) was dissolved in RPMI media and filled into 
syringes, tubings and reservoirs of the device.
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Fabrication of the PDMS device

The design and setup of the system are based on our 
previous publication [16]. As shown in Supplementary 
Fig. 3A, the tri-layered PDMS device consists of a res-
ervoir layer, a capping layer and a micro-engineered 
PDMS EA pattern, bonded together by oxygen plasma 
treatment. The reservoir layer was designed to trap air 
bubbles from the tubings. The PDMS EA pattern is fabri-
cated by standard lithography techniques. A silicon wafer 
was patterned by photolithography and deep reactive-ion 
etching for 100 μm, followed by silanization for PDMS 
molding. Sylgard® 184 silicone elastomer kit was mixed 
and poured onto the silanized silicon mold, degassed and 
cured at 70 °C overnight. The PDMS chip may later be 
peeled off from the mold, bonded with the reservoir and 
capping layer.

Experiment setup

Supplementary Fig. 3(B) illustrates the components of 
our customized Lumox™ plate holder. This customized 
holder is designed to provide thermal equilibrium condi-
tion, high relative humidity (above 90%) and ideal gas 
composition for cell growth. The gas channels allow 
gas inflow which pressurizes cell culture membrane on 
Lumox™ plate and seals the chip.

A day before an experiment, the cells shall be seeded 
into the Lumox™ plate with cell culture inserts, prefer-
ably exclusively in the region where the EA pattern is 
going to cover. At most six Lumox™ plates can be held 
on the customized Lumox™ plate holder. The PDMS 
device shall be sterilized by UV exposure and kept in 
an aseptic environment.

To initiate the experiment, the PDMS device shall be 
connected to syringes via tubings. The syringes, tubings 
and the on-chip reservoirs are filled up media with rea-
gent of interest and the PDMS pattern should be properly 
wetted. The chip is then placed directly on top of the 
Lumox™ plate where the cells grow. After settling the 
devices, the gas supply system is then connected to the 
gas channels in the customized Lumox™ plate holder, 
pressurizing the space between the Lumox™ plate and 
the six wells, pushing the Lumox™ membrane against the 
PDMS device to secure the sealing of the device.

The entire culture can be placed on incubator micro-
scope set around 37 °C and 5%  CO2 conditioned gas for 
long term time lapse scanning. After weeks of image 
acquisition, the chip can be removed and the cells can be 
fixed and sampled for further downstream analysis with 
immunofluorescence or DNA/RNA sequencing.

Image processing

The images presented in this paper were captured by Nikon 
TE2000 microscope with NIS-Elements imaging software. 
Images were converted into TIFF format for sequential 
image processing and measurement using Fiji [35].

To categorize cells by size as demonstrated in Fig. 2, we 
created a custom image processing macro on Fiji based on 
the “rolling ball” algorithm (https ://image j.net/Rolli ng_
Ball_Backg round _Subtr actio n) to enhance cell segmentation 
and improve the performance of Particle Analysis feature 
in Fiji (https ://image j.net/Parti cle_Analy sis). To begin with, 
we performed rolling ball algorithm on the original image 
with the rolling ball diameter set to be larger than that of the 
largest cell in the region of interest in order to remove coarse 
background variations. Sequentially, we performed rolling 
ball algorithm on the background-subtracted image with the 
rolling ball diameter lower than that of the smallest cell. 
This process is sensitive to intensity variations and there-
fore highlights the cell boundaries. Finally, we subtracted 
the boundary-highlighted image from the background-sub-
tracted image to create a better-segmented image, which was 
then analyzed using Particle Analysis feature in Fiji for cell 
categorization by given diameter threshold.
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