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a b s t r a c t

We propose a spheroid-forming lab-on-a-chip that uses micro-rotational flow to control the size of
three-dimensional hepatocyte spheroids. The developed device consists of a microchamber made of
polydimethylsiloxane produced by soft lithography and a perfusion system consisting of a reservoir, a
dampener, a chamber, a shredder channel, and a peristaltic pump to constantly circulate cell culture
medium containing human hepatocellular liver carcinoma cells. Cells are attracted to the center of the
chamber, where they aggregate and form spheroids. The size of the spheroids produced by this device
can be controlled by varying the cell density and the flow conditions. Thus, spheroids of various sizes can
be formed without altering the chamber design. The developed perfusion system permits cultures to be
icrofluidics
icro-rotational flow
icro PIV

stored for a long time by suppressing sudden changes in the micro-rotation flow; this ability was verified
by performing a live/dead assay. Hepatic spheroids with average diameters in the range 130–430 �m
and with a standard deviation of less than 17.2% were successfully produced. Their sizes were found to
depend on the chamber diameter and the cell density. The standard deviation of spheroids with average
diameters between 150 and 200 �m was as low as 16.0%. Micro particle image velocimetry revealed a
spheroid-forming region in the chamber. It also enabled the number of cells that form a spheroid to be

estimated.

. Introduction

Hepatocytes are responsible for metabolic and detoxification
rocesses in the liver. During tissue formation from isolated cells,
heir cell density increases and they acquire more than 500 liver-
pecific functions, including the ability to express new proteins, cell
ignaling, enhancement of their metabolic activity, urea synthesis,
nd bile acid and albumin secretion [1,2]. Therefore, there is a great
emand for in vitro hepatic spheroid-forming devices to acquire
eliable and predictable in vitro data for drug screening and bio-
ogical research. Consequently, in vitro hepatic spheroid-forming
evices are required to form three-dimensional spheroids.

The functions of hepatocytes are related to their sizes [3]. Hep-
tocytes require more oxygen than other cell species. Hepatic
pheroids are similar to tumor masses in that oxygen diffusion is
imited to about 150–200 �m [4]. Hepatic spheroids with diameters
ver 500 �m exhibit a layered structure consisting of a necrotic core
urrounded by viable cells [5,6]. Spheroid-forming devices need to

ave good size controllability in the range 150–500 �m.

Spheroid-forming devices have been developed that employ
scillatory agitation [7], a spinner culture [8], a NASA rotary cell cul-
ure system [9], a polyurethane foam scaffold [10], a rotating radial
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flow bioreactor [11] and a rotating disc bioreactor [12]. They are
straightforward to use and can produce large numbers of spheroids.
However, these devices are unable to control the sizes of individual
spheroids and the devices are much larger than desired.

In recent years, microfluidic technologies have been developed
that enable cells to be manipulated precisely on a micrometer
scale and require only nanoliter to microliter reagent volumes
to control the cell culture conditions [13–15]. Several spheroid-
forming devices based on these technologies have been developed
including devices that use micropatterning of a polyethylene gly-
col hydrogel substrate [16] or of an extracellular matrix [17], a
microcontainer that traps cells [18], a microfluidic embryoid-body
formation device [19] and a microfluidic spheroid-formation device
that uses hydrodynamic trapping of cells [15,1]. These devices are
capable of controlling the region in which cells aggregate and form
spheroids so that the sizes and numbers of cells that make up the
spheroids can be controlled.

We propose a three-dimensional spheroid-forming lab-on-a-
chip that is capable of controlling the size of spheroids using a
micro-rotational flow. Cells containing a perfusion medium are
introduced to a microchamber in which a micro-rotational flow is

generated. Cells are attracted to the center of the microchamber by
the hydrodynamic force and they aggregate in the center forming
spheroids. The device can create spheroids with diameters rang-
ing from 150 to 430 �m with good accuracy. The device is superior
to other microfluidic devices in that the spheroid size can be con-

ghts reserved.
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ig. 1. (a) Schematic diagram of the spheroid-formation chamber fabricated by
icrolithography. It consists of three layers with two inlet channels tangential to

he cylinder in the middle layer and two outlet channels tangential to the cylinder
n the upper layer. (b) Photograph of the fabricated device (scale bar: 9 mm).

rolled by altering the cell density of the medium without the need
o change the geometry of the device. The device provides a space
or spheroids to grow since they are concentrated about the center
f the chamber by hydrodynamic forces.

. Experimental

.1. Chamber design and fabrication

We used polydimethylsiloxane (PDMS) (Silpot 184 W/C, Dow
orning Corp.) as the device material. PDMS is commonly used as
n artificial construct to mimic biological structures due to its low
ost, manufacturability, and superior material properties such as
igh gas permeability and excellent biocompatibility [20]. Leclerc
t al. were able to achieve enhanced hepatic functions by supplying
ufficient oxygen from a layer sandwiched between PDMS cham-
ers [21]. Our device supplies oxygen to the cells by the circulating
ulture medium as well as by diffusion through the PDMS walls.

The microchamber we designed (see Fig. 1) is a circular cylin-
er with two inlet channels that are tangential to the cylinder at
he bottom and two outlet channels at the top. Micro-rotational
ow is generated by fluid flowing from the two inlet channels. The
hamber was formed by the following photolithographic process.
irst, a negative photoresist SU-8 (SU-8 10, MicroChem Corp.) was

atterned to produce circular cylinders and channels with chamber
eometries on a clean glass slide by photolithography. We used two
symmetric geometries for the molds. Degassed liquid PDMS was
oured over the SU-8 mold to form a chamber and two channels, as
hown in Fig. 1. The PDMS structures were cured on a hotplate at
Fig. 2. Schematic diagram of the spheroid-formation device consisting of a PDMS
microchamber and a perfusion system with a reservoir, a shredder channel, a pul-
sation dampener and a peristaltic pump.

65 ◦C for 6 h and then peeled off from the mold. The inlets and out-
lets in the upper layer and the inlets and the chamber in the middle
layer were formed by a punch. After exposing the bonding surfaces
of the PDMS structures to oxygen plasma, the upper and middle
layers and the bottom cover were aligned and bonded. The chan-
nels were designed to be 100 �m in width and 100 �m in height.
The chambers were 2 mm in height and 2–4 mm in diameter.

2.2. Cell culture and preparation

Human hepatocellular liver carcinoma cell line (HepG2) (DS
Pharma Biomedical Co., Ltd.) was grown in minimum essential
medium supplemented with 10% FBS (DS Pharma Biomedical Co.,
Ltd.) and 2 mM glutamic acid, 2 mM pyruvic acid and 1% non-
essential amino acid (DS Pharma Biomedical Co., Ltd.) at 37 ◦C in
a humidified atmosphere of 5% CO2 and 95% air. Cells cultured
in a 75 cm2 culture flask were detached by ethylenediaminete-
traacetic acid (EDTA) (DS Pharma Biomedical Co., Ltd.) and trypsin
(DS Pharma Biomedical Co., Ltd.) and were subsequently cultured
for 30 min in a medium containing 1000 PU/ml dispase (Sanko Jun-
yaku Co., Ltd.). The cell densities were adjusted after collecting cells
by centrifugation before performing experiments with them.

2.3. Set-up of the perfusion system

The three-dimensional spheroid-forming device needs to pro-
vide the rotating spheroid with a steady flow of cell suspension
for a sufficiently long time [21]. This is challenging since both the
culture medium and cells circulate in the system.

We developed an original perfusion system that consists of
a peristaltic pump (SJ-1220, Atto Corp.), a reservoir, a pulsation
dampener and a shredder channel to provide a steady flow of cell
culture medium containing HepG2 to a rotating spheroid over a
long time (see Fig. 2). The components in the system are described
below:

2.3.1. Pump
The pump in the perfusion system needs to exchange old
medium with fresh medium, prevent cell damage and maintain
the desired flow speed so that micro-rotational flow is generated
in the chamber. Several perfusion systems have been developed
that can culture cells by perfusing only the culture medium by a
syringe pump [22], a stir bar [23] and a peristaltic pump [20]. A
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ig. 3. (a) Photograph of the shredder channel fabricated by microlithography. T
ggregations of cells are broken up by shear stress and/or trapped in the channel
hannels of the chamber becoming clogged.

yringe pump is unable to hold enough medium for long-term cell
ulture nor can it exchange old medium with fresh medium. A stir
ar may damage cells because it makes physical contact with cells
nd it cannot achieve a sufficiently high flow rate to generate micro-
otational flow in the chamber [23]. In terms of minimizing cell
amage and achieving the desired flow speed, a peristaltic pump is
he most suitable for our purposes.

.3.2. Dampener
A peristaltic pump generates a pulsatile flow since it forces the

iquid being pumped out of the tube by intermittently compressing
he tube [24]. To prevent pulsatile flow, we connected a pulsation
ampener to a peristaltic pump (see Fig. 2). An air pocket trapped

n the dampener absorbs pulsations from the pump.

.3.3. Reservoir
A small-volume (5 ml) tank was developed to ensure that the

erfusion system was compact. The cells and culture medium to
e circulated in the system are stored in the reservoir. Reagents
hat dye or chemically stimulate cells are supplied to the system
rom the reservoir. It has an outlet at its base to prevent cells from
esiding too long in the reservoir; otherwise cells will aggregate
nd form undesired spheroids in the reservoir.

.3.4. Shredder channels
Occasionally cells aggregate and form spheroids in the tubes and

eservoir. This can clog the channels and cause unstable perfusion
ow. Spheroids either did not form at all or when they did form they
id not remain in the chamber. This was because large cell aggre-
ations clogged the channels and rendered the micro-rotation flow
nstable. We used shredder channels to prevent large cell aggre-
ates from entering the chamber (see Fig. 3). The narrowest channel
as designed to be 80 �m in the central section, since the width

f these channels needed to be narrower than the inlet and outlet
hannels (=100 �m) in the chamber to prevent large cell aggre-
ations from entering the inlet and outlet channels. The shredder
hannels either break aggregates up by shear stress or, when the
inding force of an aggregate is too strong to break the aggregate
p, the aggregate becomes trapped in one of the channels.

.3.5. Connections and tubes
The system requires a high-density cell suspension to form
pheroids in the chamber. However, we observed that some cells
ettled to the bottom of tubes while circulating so that the cell
ensity of the suspension decreased as perfusion of the culture
ontinued. By downsizing the perfusion system and using narrow
1 mm diameter) tubes, we were able to maintain a constant cell
ensity.
rrowest channel is 80 �m wide in the middle section (scale bar: 1 cm). (b) Large
aggregations of cells flow in the channel. This is to prevent the inlet and outlet

2.3.6. Cameras
Video images were acquired using a CCD camera (MTF-DFK, Nip-

pon Roper Co., Ltd.) and stationary and fluorescence images were
obtained by a CCD camera (Cool SNAP-cf, Nippon Roper Co., Ltd).

2.4. Live/dead cell viability assay

A spheriod that had formed was left to rotate for one day and it
was then stained by 4 �M calcein–acetoxymethyl ester (AM) and
8 �M ethidium homodimer-1 (EthD-1) by exchanging the circulat-
ing medium with a medium that contained these two dyes. This
was done to detect living cells.

2.5. Micro particle image velocimetry system for flow structure
analysis

Fluorescent polystyrene particles with a diameter of 2.0 �m
(G0200, Moritex Corp.) were used as tracer particles. They had
peaks in the absorption and emission spectra of 505 and 515 nm,
respectively.

Cells detached by EDTA and trypsin were cultured for 30 min
in a medium containing 1000 PU/ml dispase (Sanko Junyaku Co.,
Ltd.). The cell density was adjusted to 690 × 104 cells/ml after
collecting the cells by centrifugation. We used a 3-mm-diameter
chamber for this experiment. Fluorescent particles were then
added to this cell suspension at a concentration of 650 × 104 par-
ticles/ml. The optical system for micro particle image velocimetry
(PIV) consisted of an inverted fluorescence microscope, an objec-
tive lens (Nikon Corp., Plan Fluor, 4) and a cooled CCD camera
(Phantom v 7.1, Vision Research, Inc.). A mercury lamp provided
excitation light to the microchannel after the light had passed
through an excitation filter (450–490 nm) and a dichroic filter
that reflects wavelengths below 505 nm. Particle images were cap-
tured by the CCD camera through the objective lens after the light
had passed through an emission filter that transmits wavelengths
longer than 520 nm. Velocity vectors were calculated from the par-
ticle images, and the ensemble averaging technique was applied
to 100 instantaneous velocity vectors to reduce measurement
errors.

3. Results and discussion
3.1. Spheroid formation

When the medium was introduced into the chamber at a volu-
metric flow rate of 1.1 ml/min, micro-rotational flow was observed
throughout the chamber (see Fig. 4(a)). The volumetric flow rate
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ig. 4. (a–(d) Process of cell aggregation in the chamber. Cells rotated around the en
ow rate was reduced to 0.4 ml/min, they started to aggregate in the center of the
fter (b) 30 s (c) 60 s and (d) 120 s, respectively. After culture for 24 h, the spheroid
espectively show an optical image and fluorescence images of calcein AM and EthD

as then reduced until a small region, in which the velocity was low
ompared to other regions, was formed at the center of the chamber
see Fig. 4(b)). In our experiments, the volumetric flow rate at which
pheroids were formed was approximately 0.4 ± 0.05 ml/min. The

ow rate varied between individual devices; we conjecture that this

s due to manufacturing variations, especially those in the assembly
f the inlets and outlets.

The cells gradually aggregated and formed spheroids over
pproximately 120 s. These spheroids remained in the chamber and
rea of the chamber stably at a flow rate greater than 1.1 ml/min at (a) 0 s. When the
er and formed a spheroid after 120 s. (b), (c) and (d) show the aggregation of cells
ained with calcein AM and EthD-1 to verify the viability of the cells. (e), (f) and (g)

cale bar: 200 �m).

continued to spin (see Figs. 4(c) and (d)). The developed perfusion
system provided stable flow to the chamber during the experiments
and produced a long-lived culture (>1 day). Fig. 4(e)–(g) respec-
tively show an optical image and fluorescence images of a formed

spheroid stained with calcein AM and EthD-1 after one day. No
fluorescence was observed from the EthD-1 in the cells, but fluo-
rescence was observed from the calcein AM (compare Fig. 4(f) and
(g)). These images demonstrate that cells in the spheroid lived in
the chamber for one day.



ctuators B 147 (2010) 359–365 363

b
o
b
o
d

d
d
t
w
f
s
w
u
t
v
s
d
m
f
b

Fig. 5. Spheroid sizes as a function of cell density for five different chamber diam-
eters.
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The center region where the spheroid was formed was confined
y micro-rotational flow and no cells flowed into this region from
utside. Consequently, the spheroid size is determined by the num-
er of cells in the confined region, which is given by the product
f the cell density and the volume of the region, which is in turn
etermined by the chamber diameter.

Fig. 5 shows the spheroid diameter as a function of the cell
ensity and chamber diameter. We could consistently control the
iameter of the spheroids in the range 130–430 �m and the ratio of
he standard deviation to the mean was less than 17.2%. Spheroids
ith diameters ranging from 145 to 432 �m were successfully

ormed in a 4-mm-diameter chamber by varying only the cell den-
ity from 6.6% to 12.0%. The ability to control the size of spheroids
ithout altering the design of the device is highly beneficial for
sers. Spheroids could not be formed in chambers that were less
han 2 mm in diameter, possibly due to the low throughput or
olume. A cell density of greater than 480 × 104 cells/ml was neces-
ary to form spheroids in a 2.5-mm-diameter chamber while a cell
ensity of greater than 280 × 104 cells/ml was necessary for a 3.0-
m-diameter chamber. The standard deviation was within 13.2%

or spheroids with diameters in the range 150–200 �m, which has

een reported to be the optimum range for spheroid sizes [4].

ig. 6. Velocity vector distribution obtained by micro PIV in the chamber in which a three-dimensional spheroid is rotating when the flow rate was 0.4 ml/min at distances
f (a) 10 �m, (b) 50 �m, (c) 100 �m and (d) 200 �m from the base of the chamber (scale bar: 1 mm).
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Fig. 7. (a) Flow velocities in the x-axis direction as a function of distance along the y-axis crossing the center of the chamber at 0.4 ml/min at heights between 10 �m and
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he same as those in (a).

.2. Measurement of flow velocity vectors in the chamber

We measured velocity vectors in a 3.0-mm-diameter chamber
y micro PIV at a volumetric flow rate of 0.4 ml/min when a three-
imensional spheroid rotated in the chamber. Fig. 6(a)–(d) show
he micro-rotational flows generated in the chamber at heights of
0, 50, 100 and 200 �m from the base of the chamber, respectively.
ig. 6(c) and (d) clearly reveal confined regions of about 1 mm in
iameter in the center of the chamber (where the flow velocity is
uch lower than in the outer regions). Fig. 7(a) and (b) respectively

how flow velocities in the x and y-axis directions as functions of
istance along the y-axis. Fig. 7(a) indicates that the flow velocity
arallel to the x-axis was greater at the edge of the chamber than
t the center and that micro-rotational flow was generated in the
hamber. Fig. 7(b) shows that the flow velocity parallel to the y-axis
as almost zero for y = ± 500 �m and at heights below 200 �m.

his indicates that the confined region was formed below a height
f 200 �m from the base of the chamber. Micro PIV verified that
icro-rotational flow is generated in the chamber and that the con-

ned region has approximate dimensions of �1000 �m × 200 �m.
iven that the HepG2 cells are 10–15 �m in size, the number of cells

n the spheroid was estimated to be approximately 1000. Under
hese conditions, the spheroid formed was 180 �m in diameter.
he filling rate of cells in the spheroid is estimated to be about 50%.
ince spheroids have been reported to contain some gaps [25], this
stimated filling rate appears to be reasonable.

. Conclusion

In this study, we developed a lab-on-a-chip that is capable of
orming 3-D spheroids hydrodynamically with good size controlla-
ility. The perfusion system used consists of a reservoir, a pulsation
ampener, a shredder channel and a peristaltic pump and it enabled

ong-term culture of a spheroid for periods of over one day. A
ive/dead viability assay verified that almost all the cells in the
pheroid (<180 �m) were alive. The diameter of hepatic spheroids
an be controlled in the range 130–430 �m (150–200 �m) with a
tandard deviation of less than 17.2% (13.2%) by varying the cham-
er diameter and cell density. Spheroids with diameters ranging
rom 245 to 432 �m were created by the same device by vary-
ng only the cell density, demonstrating the advantages of the

roposed device. Micro PIV revealed hydrodynamically confined
egions where a spheroid forms and resides and enabled the num-
er of cells in a spheroid to be estimated. This device has the
otential to be a technological innovation in biology by forming
bridge between cell research and tissue research.
axis represents the direction to the right of the horizontal axis in the images of the
nts the down direction of the vertical axis in the images. (b) Flow velocities in the
l/min at heights between 10 �m and 400 �m. The origin and axes of the graph are
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