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Abstract
The niche microenvironment in which cancer cells reside plays a prominent role in the growth of
cancer. It is therefore imperative to mimic the in vivo tumor niche in vitro to better understand cancer
and enhance development of therapeutics. Here, we engineer a 3D metastatic prostate cancer model
that includes the types of surrounding cells in the bone microenvironment that the metastatic prostate
cancer cells reside in. Specifically, we used a two-layer microfluidic system to culture 3D multi-cell
type spheroids of fluorescently labeled metastatic prostate cancer cells (PC-3 cell line), osteoblasts
and endothelial cells. This method ensures uniform incorporation of all co-culture cell types into
each spheroid and keeps the spheroids stationary for easy tracking of individual spheroids and the
PC-3's residing inside them over the course of at least a week. This culture system greatly decreased
the proliferation rate of PC-3 cells without reducing viability and may more faithfully recapitulate
the in vivo growth behavior of malignant cancer cells within the bone metastatic prostate cancer
microenvironment.
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Introduction
Cancer stem cells (CSCs) are postulated to be central to establishment of metastases and the
main challenge to the cure of cancer [1-3]. Currently, however, the use of CSCs in research is
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limited by the small number of CSCs that can be isolated, and the spontaneous differentiation
in in vitro cultures. The challenge of in vitro CSC culture is likely due, at least in part, to the
lack of supportive microenvironmental niches [1-5] in conventional two-dimensional (2D)
cultures. Bone metastasis, which is the most severe complication and leading cause of
morbidity and ultimately mortality in prostate cancer [6,7], provides clues for recreating a
supporting CSC niche environment for prostate cancer cells. Recent data from our group
suggests that prostate cancer utilizes the hematopoietic stem cell (HSC) homing mechanisms
to metastasize to the bone marrow and thrive in the niche [8,9]. Based on this hypothesis that
cancers parasitize the niche, we have developed microscale 3D spheroid culture of prostate
cancer cells supported by cells from the HSC niche. Here, we describe a microfluidic 3D culture
system that recapitulates the in vivo growth behavior of malignant prostate cancer cells,
specifically PC-3 cells, through construction of an in vitro bone metastatic prostate cancer
microenvironment.

To develop a supportive metastatic prostate cancer model, we hypothesized that it would be
crucial to culture the cells in 3D along with the surrounding cells in the microenvironment that
the metastatic prostate cancer cells reside in [10-12]. For example, cells are known to proliferate
at a much slower rate that is more physiological when cultured in 3D than 2D [13-15]. It is
also known that prostate cancer cells not only proliferate differently when co-cultured with
other stromal cells or fibroblasts, but can also affect the proliferation rates of the other cell
types under various in vitro and in vivo models [16-18]. We adopted co-culture spheroids as a
3D prostate cancer niche model.

Spheroids are sphere-shaped cell colonies formed by self-assembly that allow various growth
and functional studies of diverse tissues [19]. Spheroids serve as excellent physiologic tumor
models as they mimic avascular tumors and micrometastases [20] and are known to provide
more reliable and meaningful therapeutic readouts [21]. Although these advantages of tumor
spheroids has been widely recognized [22], challenges involved in the tedious procedures
required for formation, maintenance, solution exchange, and microscale cell and fluid
manipulation are still holding back the industry from using the well-validated spheroid tissue
model more widely.

Formation of spheroids occurs spontaneously, in environments where cell-cell interaction
dominates over cell-substrate interactions. Typical methods for spheroid generation include
hanging drops, culture of cells on non-adherent surfaces, spinner flask cultures, and NASA
rotary cell culture systems [23,24]. Recently, various groups have also developed spheroids
on a chip works utilizing microscale technologies such as microwell arrays and microfluidic
devices [25-31]. There have also been spheroid co-culture works including co-culture of
endothelial cells with fibroblasts and smooth muscle cells using hanging drops [22,32,33].
Metastatic prostate cancer cell line PC-3 cells have been co-cultured with fibroblasts using the
NASA rotary cell culture system [19]. Many of these techniques, however, suffer from
problems such as efficiency of forming spheroids, long-term culture, control of spheroid size,
and uniform distribution of small numbers of co-culture cell types across all spheroids. Here,
we apply a microfluidic spheroid formation technology used previously to form embryoid
bodies [34] to the formation of heterogeneous co-culture spheroids of PC-3's supported by
osteoblasts and endothelial cells as a model of the niche microenvironment for prostate cancer
metastasis to the bone.

Materials and Methods
General Cell Culture

The PC-3 prostate cancer cells originally isolated from vertebral metastases in prostate cancer
patient were obtained from ATCC (Rockville, MD). PC-3 cells were stably transfected via
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DsRed lentivirus (LG501, Biogenova, Rockville, MD) following manufacturers protocol.
After transfection cells were sorted by flow cytometry for the brightest 10% of the population.
PC-3 cells that stably express the DsRed protein are denoted as PC-3DsRed cells. PC-3DsRed

cells were compared to PC-3 cells for several passages and were shown to behave normally.
PC-3DsRed cells were cultured in T-25 flasks (Corning, Acton, MA) and maintained in complete
media consisting of RPMI-1640 (61870; Gibco) supplemented with 10% (v/v) fetal bovine
serum (FBS; 10082; Gibco), and 1% (v/v) penicillin-streptomycin (Invitrogen). The
PC-3DsRed cells were routinely passaged at 70-90% confluence. Human umbilical vein
endothelial cells (HUVECs, Lonza) passage number 2-6 were cultured in endothelial growth
medium-2 (EGM-2, Lonza) in T-25 flasks. The HUVECs were collected by washing and
detaching with 0.25% trypsin/EDTA (Invitrogen). The trypsin solution was neutralized with
10% FBS in DMEM (Invitrogen) and spun down with a centrifuge (ThermoForma, Marietta,
OH) for 5 min at 4°C and resuspended in EGM-2. The spin and resuspension in EGM-2 were
repeated to ensure removal of trypsin. MC3T3-E1 cells are pre-osteoblasts derived from murine
calvarias. When treated with ascorbate, these cells express osteoblast-specific markers and are
capable of producing a mineralized matrix [35,36]. These cells were routinely maintained in
α-MEM (Alpha Minimum Essential Medium; Gibco) supplemented with 15% (v/v) FBS, and
1% (v/v) penicillin-streptomycin. Differentiation of MC3T3-E1 cells into osteoblasts was only
induced when cultured as spheroids by addition of 50 μg/ml ascorbic acid. All cultures were
maintained in a humidified incubator at 37°C, 5% CO2, and 100% humidity.

Fabrication of Microfluidic Devices and Cell Seeding
The microfluidic device consists of a two-layer poly(dimethylsiloxane) (PDMS) device with
two microchannels separated by a semi-permeable polycarbonate membrane (Fig. 1). The
upper channel consists of 28 side-chambers and is a dead-end designed to facilitate cell capture,
whereas the lower channel is continuous to allow for media perfusion. The semi-permeable
polycarbonate membrane was 10 μm thick with 5 μm pores with low cellular attachment
(TMP04700; Fisher). Spheroids are cultured on the upper channel while the lower channel
contains cell culture media. The fabrication of the device is as previously described [34]. The
lower channel is 100 μm in height and 2 mm in width. The dimensions of each cuboidal shaped
side-chamber in the upper channel are 200 × 200 × 200 μm, while the central microchannel
cross sectional area is 200 μm in height and 50 μm in width. Microchannel and membrane
surfaces are treated with 1% w/v Pluronic F108 (BASF) overnight to be resistant to cell
adhesion. Before seeding cells, co-culture media consisting of PC-3 complete growth media
and 50 μg/ml ascorbic acid was introduced into the device and incubated for 1 hr. Pre-mixed
heterogeneous cell suspensions at 1:50:50 PC-3DsRed:HUVEC:MC3T3-E1 ratio were then
introduced into the upper channel using gravity-driven flow. Specifically, the tube connected
to the outlet of the lower channel was lowered to approximately 15 cm below the inlet reservoir
during the cell seeding process. Consequently, gravity resulted from this height difference
between the reservoirs created a suction force through the lower channel that facilitates uniform
seeding of a confluent monolayer of cells in the upper channel. The cells were cultured under
static conditions with daily media exchange through the lower channel.

PC-3DsRed Proliferation Tracking and Evaluation of Viability
Co-culture spheroids that formed in the microchannel were imaged by phase contrast
microscopy as well as fluorescence microscopy (Nikon TE-300). The number of PC-3DsRed

cells within each spheroid was tracked by fluorescence everyday for a total of 7 days. On the
last day (day 7) of culture, the spheroids were stained with calcein-AM (Invitrogen) to evaluate
cellular viability. Calcein-AM dissolved in PBS to a final concentration of 1μg/ml was
introduced into both the upper and lower channels and incubated for 30 min at 37°C. Cross-
sections of the co-culture spheroids were subsequently imaged by confocal microscopy.
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Doubling Time Calculation
PC-3DsRed doubling time calculation for the co-culture spheroids inside devices (3D co-culture
in device) was calculated by first fitting an exponential-fit line through the average data points
from the PC-3DsRed proliferation graph (Figure 2e, average number of PC-3DsRed cells/
spheroid vs. time). The equation obtained from the fit was y = 3.1679(e0.0707t) with r2 = 0.9041.
We subsequently set y = 6 (two times the initial average of PC-3DsRed cells per spheroid on
day 1) and solved for t (for the time it takes for the initial number of PC-3DsRed cells at day 1
to double). The final doubling time equals t − 24 (the time it takes for the PC-3DsRed cells
present at day 1 to double). The same method was used to calculate the doubling time of
PC-3DsRed co-culture spheroids cultured on 96 well plates (3D co-culture in dish). For PC-3
doubling time calculation under 2D monoculture in dish, 2D co-culture in dish, and 3D mono-
culture in dish (non-adherent culture), the initial and final number of cells were counted and
the doubling time was solved from the equation N(t) = N(t0) 2[(t-t0)/D] where N(t) = number of
cells at time t (final number of cells), N(t0) = number of cells at time to (initial number of cells),
t = harvesting time, t0 = plating time, t-t0 = time the cells have had to grow, and D = doubling
time. The doubling time is reported in hours.

Spheroid Size Measurements
The size of the co-culture spheroids formed within the microchannel was determined by
measuring their diameters as previously described [34]. Co-culture spheroids that formed in
the microchannel were imaged by phase contrast microscopy as described above. The mean
diameter (d) of the co-culture spheroids was determined using the following equation: d = (a
× b)1/2, where a and b are orthogonal diameters of the spheroid [37]. The average size of the
co-culture spheroids was reported as mean diameter ± standard deviation.

2D Co-culture, 3D Mono-culture, and 3D Co-culture in Dish
For the 2D co-culture experiment, HUVEC and MC3T3-E1 cell suspensions were pre-mixed
at a 1:1 ratio. The heterogeneous cell mixture of HUVEC and MC3T3-E1 cells (support cells)
were subsequently plated as a confluent monolayer on a tissue culture dish. 24 hours later when
HUVEC and MC3T3-E1 cells had already attached to the tissue culture dish, PC-3DsRed cells
were added on top of the confluent monolayer of support cells at a co-culture ratio of 1
PC-3DsRed to 100 support cells. The cells were maintained in co-culture media consisting of
PC-3 complete growth media and 50 μg/ml ascorbic acid. Culture media were changed daily
as in our co-culture spheroid system. The 2D co-culture system was monitored everyday for a
total of 6 days. On the last day of culture (day 6), live stain (Calcein-AM dissolved in PBS to
a final concentration of 1μg/ml) was performed to determine the viability of the PC-3DsRed

cells.

For the culture of PC-3 cells on non-adherent surface as a model for closely aggregated 3D
mono-culture, PC-3 cells were seeded in ultra-low attachment 96-well plates (Corning Costar)
at a density of 5000 cells/well. PC-3 cells were maintained in PC-3 complete growth media
and monitored for a total of 5 days.

For the culture of PC-3DsRed co-culture spheroids on non-adherent dish, pre-mixed
heterogeneous cell suspensions at 1:50:50 PC-3DsRed:HUVEC:MC3T3-E1 ratio were first
formed into 30 μl hanging drops with ∼500 cells/drop. After 1 day in culture when
PC-3DsRed co-culture spheroids were formed, each spheroid was then transferred to each well
in a non-adherent 96-well plate. PC-3DsRed co-culture spheroids were maintained in co-culture
media consisting of PC-3 complete growth media and 50 μg/ml ascorbic acid and monitored
over 7 days. Half of the total volume of culture media was exchanged by fresh media daily.
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PC-3DsRed CD133+ Cell Sorting
PC-3DsRed CD133+ cells were isolated using CD133 Cell isolation kit, according to the
manufacturer's protocol (Miltenyl Biotec). Briefly cells were made into single cell suspension
by using cellstripper (Mediatech, Inc., VA), washed with PBS and resuspended into Macs
Buffer supplemented with 0.5% BSA. The cells were labeled with CD133 microbeads for 30
minutes after blocking Fc receptors with FcR Blocking reagent. After labeling, the cells were
washed with MACS buffer. Magnetically labeled CD133 positive cells were passed through
LS columns (Miltenyl Biotech). Cells were eluted with MACS buffer.

Results and Discussion
Formation of PC-3DsRed Co-culture Spheroids within Microchannel (Spheroid Size, Media
exchange, Distribution of PC-3DsRed Cells)

A schematic of the microfluidic device comprised of two microchannels separated by a semi-
permeable membrane is shown in Figure 1a-b. The PC-3DsRed co-culture spheroids form
through a process shown in Figure 1c. Heterogeneous cell mixture of PC-3DsRed, MC3T3, and
HUVEC cells at 1:100 PC-3DsRed to support cells ratio was introduced into the upper channel
as a monolayer. Since the microchannel surfaces were rendered resistant to cell adhesion, the
cells self-aggregated to form co-culture spheroids within 1 day in culture. Figure 1d shows the
actual images of the co-culture spheroid formation process. Despite the dead-end upper
channel, cells could still be introduced into the upper channel through gravity-driven seeding
with suction from the lower channel through the semi-permeable membrane. Furthermore, due
to the circular flow pattern inside the cuboidal-shaped side-chambers (Figure 1c), the cells
preferentially settled into the side chambers and tended to aggregate into circular shapes during
seeding. Such automatic formation of semi-aggregated cellular mass during the seeding process
facilitated the subsequent spheroid formation. The sizes of the spheroids were relatively
uniform and synchronous in their formation. The area of each side chamber as dictated by the
microchannel size specification provided control of uniformly-sized spheroids. In our device,
the area of each side chamber (200 μm by 200 μm) was 4 × 104 μm2. Since the size of each
cell was about 10 μm in height, the estimated volume of a confluent monolayer of rounded,
unattached cells in each chamber was approximately 4 × 105 μm3. To achieve this volume, the
estimated diameter of each spheroid would have to be 90 μm, which was approximately the
size of the spheroids that we consistently obtained in our experiments (86 ± 12 μm). The
microchannel size specifications can easily be adjusted to allow uniform spheroid formation
of various other sizes [34]. In addition, the compartmentalization afforded by the 5 μm semi-
permeable polycarbonate membrane allowed convenient exchange of media from the bottom
channel while non-attached spheroids were cultured on the top channel without perturbation
of the spheroid positions and convective washout. The side-chamber design further introduced
compartmentalization to keep co-culture spheroids stationary for easy continuous PC-3DsRed

cell tracking despite daily culture media exchange.

In order to track and monitor the small number of prostate cancer cells within co-culture
spheroids, we used PC-3 cells stably transfected with the fluorescent protein DsRed
(PC-3DsRed). PC-3DsRed cells were co-cultured with osteoblasts (MC3T3-E1), and endothelial
cells (HUVEC) in the microfluidic device to mimic a “niche”-like microenvironment. The
choice of support cells was based on the fact that PC-3 cells were first isolated from prostate
cancer metastasis to the bone. Furthermore, it has been suggested that the process of prostate
cancer metastasis to the bone is similar to the homing of HSC's to the bone marrow [6,8,9].
Prostate cancer cells that successfully established metastasis at the bone marrow seem to
parasitize the HSC niche and harvest the normal machinery from the niche microenvironment
to facilitate growth and survival [6,8,9]. To mimic this HSC niche for prostate cancer cell
culture, we chose a co-culture cell ratio of 1:100 PC-3DsRed to support cells, which had
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previously been shown to yield the best supporting niche microenvironment for HSC's
(unpublished results). Figure 1e shows an image of PC-3DsRed co-culture spheroid. The
PC-3DsRed cells were red while green represented live cells (Calcein-AM live stain). The
PC-3DsRed cells were clearly distinguished from all the other support cells by its red
fluorescence. The spatial arrangement of the PC-3DsRed cells within the spheroid was relatively
random, with PC-3DsRed cells located everywhere throughout the spheroids. Our microfluidic
device was able to ensure the incorporation of small numbers of PC-3DsRed cells inside co-
culture spheroids with intimate contact with the support cells. In addition, the distribution of
PC-3DsRed's across all spheroids in the device was relatively uniform. Since 10,000 cells were
introduced into the device that consists of 28 side-chambers, the initial number of cells in each
chamber was about 350 cells/chamber. At the co-culture ratio of 1 PC-3DsRed to 100 support
cells, the theoretical number of PC-3DsRed's was 3.5 cells/chamber. This was in good agreement
with the number we obtained in our experiments with an average of 3 ± 2 cells/spheroid on
day 1 in culture. Except the three chambers at the dead-end of the device in which there were
fewer cells seeded overall, PC-3DsRed cells were uniformly distributed along the length of the
device at the consistent co-culture ratio of 1 percent. Uniform distribution of the PC-3DsRed

cells across all co-culture spheroids allows for a consistent pool of 3D tissue samples for a
wide variety of applications such as anti-cancer drug sensitivity testing experiments.

PC-3DsRed Proliferation and Viability (2D vs. 3D, Co-culture vs. Mono-culture)
The PC-3DsRed cells were tracked for their proliferation within each spheroid by their
fluorescence everyday for a total of 7 days. The growth pattern and viability of the
PC-3DsRed cells within the 3D co-culture environment over the course of 1 week is shown in
Figure 2. Figure 2a-c show the optical and fluorescent time-lapse images of PC-3DsRed cells
cultured within MC3T3 and HUVEC co-culture spheroids. In this particular co-culture
spheroid, there was only one PC-3DsRed cell on day 1 of culture, which gradually proliferated
into two cells by day 4, and again doubled to four cells by day 7. This showed that
PC-3DsRed cells were still able to proliferate inside co-culture spheroids. PC-3DsRed cells were
still alive after 7 days in culture inside spheroids as shown in Figure 2d with a representative
section of the PC-3DsRed co-culture spheroid obtained using confocal microscopy. Live cells
were stained with Calcein-AM and appeared to be green while PC-3DsRed cells expressed red
fluorescence. Since all the red cells co-localize with the viable green color, all the PC-3DsRed

cells were able to survive under the 3D co-culture environment after 7 days in culture. Together,
these results demonstrated that PC-3DsRed cells were able to survive and proliferate inside
osteoblast and endothelial cell co-culture spheroids. As shown in Figure 2e, PC-3DsRed's mainly
remained quiescent and proliferated at a relatively slow rate in 3D co-culture environment.
PC-3DsRed cells merely proliferated from an average of 3 cells/spheroid to an average of 5
cells/spheroid. The doubling time of the PC-3DsRed cells under the 3D co-culture environment
was estimated to be 212 h (about 9 days). Such proliferation rate of PC-3DsRed cells inside
spheroids is much slower than the traditional 2D mono-culture (doubling time ≈ 24 h).
Although the in vivo metastatic prostate cancer cell proliferation rate is not exactly known, we
believe that our prostate cancer cell co-culture spheroid system mimicking the in vivo prostate
cancer cell niche microenvironment more faithfully recapitulated a reasonable physiologic
growth pattern of prostate cancer cells in vitro. The in vivo doubling time of PC-3 cells was
roughly determined to be between 1 to 2 weeks from various PC-3 in vivo culture experiments
[38-40], which was in good agreement with the observed PC-3DsRed doubling time in our in
vitro microfluidic 3D spheroid co-culture system.

Since we have previously demonstrated that cells can be cultured normally inside a membrane-
type device [34,41], the device should not affect cellular proliferation. We cultured
PC-3DsRed co-culture spheroids on non-adherent dishes to confirm their proliferation behavior.
Proliferation rate of PC-3DsRed cells cultured on non-adherent dishes (doubling time ≈ 205 hrs)
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was very similar to that cultured inside devices. Since a hanging drop method is difficult to
culture spheroids for a week because of difficulty of changing culture media, and also non-
adherent dish culture is difficult to monitor each spheroid because of aggregation of spheroids,
spheroids were made by the hanging drop method and each spheroid was then transferred to
each well in a non-adherent 96-well plate. The fact that the PC-3DsRed cells proliferated at a
considerably slower rate inside the co-culture spheroids was not device-dependent. Rather, the
proliferation of cells inside these two-layer semi-permeable membrane devices seem to be cell
type-dependent as other cell types cultured under both 2D and 3D conditions were still able to
proliferate inside the devices.

We compared PC-3DsRed proliferation in our co-culture spheroid system to 2D co-culture in
dishes. PC-3DsRed, HUVEC and MC3T3-E1 cells were co-cultured under 2D dish environment
at 1:100 PC-3DsRed to support cells ratio and PC-3DsRed proliferation was monitored everyday
for a total of 6 days. On day 1 of culture, there were very few PC-3DsRed cells present (Figure
3a-b). But by day 6, it was clear that the PC-3DsRed cells had proliferated extensively (Figure
3e-f), with an estimated doubling time of ≈ 29 hrs. Furthermore, viability experiments
confirmed that most of these actively proliferating PC-3DsRed cells were still alive on day 6
(data not shown). These results demonstrated that the complex interplay of various soluble
factors involved in prostate cancer and support cells co-culture was not enough to mimic the
physiologic microenvironment. This finding also implied that mere cell-cell interaction in a
2D context between PC-3DsRed cells and support cells was not sufficient to recapitulate a
physiologic proliferation rate of the prostate cancer cells. Therefore, a physiologic
microenvironment not only involves cell-cell interaction, but 3D environment is also a critical
factor.

We also compared PC-3DsRed 3D co-culture spheroid inside the device to PC-3DsRed 3D mono-
culture inside the same device. Instead of introducing heterogeneous mixture of the co-culture
cells into the device, pure PC-3DsRed cells were seeded. PC-3DsRed cells did not form spheroids
but quickly aggregated into cell clusters within one day of culture. Over 7 days of culture, it
was clear that the PC-3DsRed cells proliferated under such 3D mono-culture environment inside
the device (data not shown). However, because it is difficult to quantify the number of
PC-3DsRed cells inside the device, we estimated the PC-3DsRed doubling time under 3D mono-
culture condition by investigating the effect of blocking cell-substrate attachment on PC-3
cells. Initially, PC-3 cells were seeded in ultra-low attachment 96-well plates at a density of
5000 cells/well. PC-3 cells quickly aggregated into cell clusters of various sizes within 1 day
in culture (Figure 3g), but they did not form spheroids. Nevertheless, such close-packed, non-
adherent culture condition resembled PC-3 3D mono-culture in dish. Over the 5 days of culture,
PC-3 cells still proliferated at a comparative rate (doubling time ≈ 36 h) as the normal 2D
mono-culture condition (Figure 3h). In addition, almost all PC-3 cells were still alive after 5
days in culture as demonstrated by live/dead stain (Figure 3i). This showed that PC-3 mono-
culture under such closely-aggregated 3D-like environment was still not sufficient in
recapitulating a more physiological growth rate of prostate cancer cells. Various PC-3-support
cells interaction may be imperative in inducing the more physiological proliferation of
PC-3DsRed cells under the 3D co-culture spheroid condition. One other interesting
characteristic of our co-culture spheroids was that the support cell did not seem to be
proliferating. This was a desired characteristic as the endothelial cells and osteoblasts mainly
function to support the PC-3DsRed cells without depleting the nutrients in the
microenvironment.

In summary, under normal 2D mono-cultures, PC-3DsRed, HUVEC, and MC3T3-E1 cells all
proliferated at a relatively fast rate. When grown as 3D mono-cultures, PC-3DsRed, HUVEC,
and MC3T3-E1 cells proliferated, died, and stayed relatively quiescent, respectively. When all
three cell types are co-cultured in 2D, there seemed to be proliferation of all three cell types.
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But interestingly, co-culture of all three cell types in 3D seemed to be no death of the HUVECs,
quiescence of the MC3T3-E1 cells, and slow proliferation of the PC-3DsRed cells. These non-
additive synergistic effects of co-culture contributed to a stable co-culture system, which
contrasts with rapid proliferation of PC-3 cell mono-cultures in 2D and 3D, with the rapid
proliferation in 2D but death of 3D spheroids of endothelial cell mono-cultures, and with rapid
proliferation in 2D but slow growth of 3D spheroids of osteoblasts. Such cellular behavior may
be a combination of effects from various soluble and insoluble factors, direct heterotypic cell-
cell interactions between PC-3DsRed and support cells in a semi-confined 3D context, and the
unique extracellular matrix (ECM) composition contributed by all co-culture cell types leading
to various proliferation inhibitory and survival effects through integrin signaling. Various other
co-culture examples also exhibit promoting effects from support cells as well as synergistic
cross-talk between co-culture cell types [16,32-33]. The results highlight the importance of
culturing cells not only in 3D but also with appropriate co-culture of cells.

CD133+ PC-3DsRed Co-culture Spheroids
CD133 is a potential marker for prostate cancer stem cell (CSC), and therefore the CD133+

population is believed to be enriched for CSCs. The 3D co-culture spheroid system was
therefore also applied to CD133+ PC-3DsRed cells. Figure 4a-c shows the time-lapse images of
CD133+ PC-3DsRed cell co-culture spheroids with MC3T3-E1 and HUVEC at 1:100
CD133+ PC-3DsRed cells to support cells ratio. In this particular co-culture spheroid, the only
CD133+ PC-3DsRed cell present on day 1 (Figure 4a) did not proliferate inside the spheroid
throughout the 7 days of culture (Figure 4b-c). The same cell was kept alive but quiescent
inside the spheroid for a week. Figure 4d shows the graph of the overall CD133+ PC-3DsRed

cell proliferation pattern inside co-culture spheroids over 7 days. There seemed to be a slight
decreasing trend in the average number of CD133+ PC-3DsRed cells per spheroid over the first
4 days. This might be due to the fact that a greater number of cells were dying in the first few
days as these CD133+ PC-3DsRed cells might have been stressed more during the sorting
process. The remaining viable cells seemed to stay quiescent or start to proliferate slowly. The
greater variability in the CD133+ PC-3DsRed cell proliferation and survival between different
spheroids also explains the larger standard deviation seen on day 4 and day 7 of culture. Overall,
the CD133+ PC-3DsRed cells cultured inside co-culture spheroids supported by HUVEC and
MC3T3-E1 cells were able to survive but did not proliferate much over the course of 1 week.

Under traditional 2D mono-culture condition, these CD133+ PC-3DsRed cells can easily
differentiate to loose their cell surface marker. In our 3D co-culture spheroid system, the
CD133+ PC-3DsRed cells remained mostly quiescent without much proliferation. Further
experiments are needed to characterize in more detail the survival, proliferation, and the
maintenance of the CD133 marker in these cells. The type and ratio of supporting cells used
may also be critical for maintaining the cell surface marker of these cells. Nevertheless, our
system demonstrated a unique culture method that may be able to capture the CD133+

population of PC-3's at the quiescent stage. Such model would be suitable for the development
of anti-cancer drugs that target CSCs. As mentioned earlier, new therapeutics that specifically
target CSCs are much needed, but currently it has been extremely difficult to maintain and
culture CSCs in vitro. Our microfluidic 3D co-culture spheroids system efficiently provides
physiologic 3D prostate cancer and CSC tissue constructs as models for anti-cancer drug
sensitivity testing on the general tumor population as well as CSCs.

Conclusion
We describe the design and fabrication of a platform for efficient microfluidic 3D co-culture
of metastatic prostate cancer cells within a “niche”-like construct. In addition to promoting
reliable formation of uniformly-sized spheroids, our system also ensures uniform distribution
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of the small number of PC-3 cells as well as the other co-culture cell types across all spheroids
within the device. In addition, the side-chamber microchannel design keeps the spheroids
stationary during media exchange for easy tracking of the PC-3's during extended longer term
cultures. Using these capabilities, we created 3D cancer “niche”-like microenvironments with
high cell viability and a more physiological slower growth behavior of prostate cancer cells.
The microscale 3D tumor tissue constructs may be valuable as a model for testing drugs that
target the cancer microenvironment as well as the cancer cells themselves in their more
quiescent state in the niche. Although this paper focused on prostate cancer cells and their
niche, the technology described is versatile and should be readily applicable for culture of
various other types of cells in a physiological 3D setting.
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FIGURE 1.
Schematic illustrations of the microfluidic spheroid formation device design (a-b) and
PC-3DsRed co-culture spheroid formation process (c). The device consists of two PDMS
microchannels separated by a semi-permeable polycarbonate membrane with 5 μm pores. The
upper channel is a dead end channel with 28 side-chambers to culture spheroids, and the lower
channel has flow through capability for culture medium. Before seeding cells, the channel and
membrane surfaces are rendered resistant to cell adhesion. The heterogeneous mixture of
PC-3DsRed and support cells (MC3T3-E1 and HUVEC) at 1:100 co-culture ratio are introduced
into the upper channel as a confluent monolayer. The cells preferentially settle inside the side-
chambers and self-aggregate to form PC-3DsRed co-culture spheroids within 1 day of culture.
(d) Actual time-lapse images of PC-3DsRed co-culture spheroid formation within microchannel
(side-chambers: 200 × 200 × 200 μm, central microchannel: 50 μm width, 200 μm height).
Optical images were taken immediately after seeding and 1 day after introducing the cells. (e)
Optical and fluorescent images of a PC-3DsRed co-culture spheroid after 1 day of cultlure in
the microfluidic device. Red = PC-3DsRed cells, Green = MC3T3 and HUVEC (support cells).
Scale bar is 200 μm.
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FIGURE 2.
Time-lapse images of PC-3DsRed proliferation within HUVEC and MC3T3-E1 co-culture
spheroid in side-chambers of the microfluidic device. Optical images of the co-culture
spheroids and fluorescent images of PC-3DsRed cells on day 1 (a), day 4 (b), and day 7 (c) of
culture. (d) A confocal section of PC-3DsRed co-culture spheroid illustrating the viability of
PC-3DsRed cells. Red = PC-3DsRed cells, Green = Live cells (Calcein-AM stain), Yellow = Live
PC-3DsRed cells. (e) Graph of PC-3DsRed proliferation pattern inside co-culture spheroids over
a course of 1 week. Y-axis shows the average number of PC-3DsRed cells per spheroid (error
bars are standard error), x-axis is the time in days. Scale bar is 200 μm.
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FIGURE 3.
Time-lapse images of PC-3DsRed proliferation under 2D co-culture with MC3T3-E1 and
HUVEC (a-f). Red = PC-3DsRed cells. Time-lapse images of PC-3 proliferation on non-
adherent surface (g-h) and day 5 viability (i). Red = dead cells, Green = live cells. Scale bar is
200 μm.

Hsiao et al. Page 14

Biomaterials. Author manuscript; available in PMC 2010 June 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



FIGURE 4.
Time-lapse images of PC-3DsRed CD133+ cell proliferation within HUVEC and MC3T3-E1
co-culture spheroid in side-chambers of the microfluidic device. Optical images of the co-
culture spheroids and fluorescent images of PC-3DsRed CD133+ cells on day 1 (a), day 4 (b),
and day 7 (c) of culture. (d) Graph of PC-3DsRed CD133+ cell proliferation pattern inside co-
culture spheroids over a course of 1 week. Y-axis shows the average number of PC-3DsRed

CD133+ cells per spheroid (error bars are standard error), x-axis is the time in days. Scale bar
is 200 μm.
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