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We  propose  a microfluidic  experimental  platform  for  producing  size-controlled  spheroids.  Cells  were
aggregated  into  chambers  arranged  in  an  array  by  microrotational  flow  within  120  s to  form  spheroids.
The  cell  density  of  the  initial  medium  and  hydrodynamic  flow  in  the  developed  array  could  be  adjusted
eywords:
io MEMS
icrofluidics
icrorotational flow

pheroid

while  keeping  the  device  geometry  the  same  to control  spheroid  size  with  a  standard  deviation  of  less
than  19%  of the  mean.  Using  this  device,  spheroids  of HepG2  cells  of various  size  categories  could  be
maintained  for  three  days  in  the chamber  with  medium  exchange  and  could  be continuously  evaluated
for  topology  and  hepatic  functions.  Furthermore,  CYP1A1  activities  were  found  to  increase  with  time  to  a
constant  level  at three  days.  These  results  demonstrate  that  this  device  is  readily  applicable  to  producing
and  maintaining  spheroids  for  in  vitro  drug  screening  and  biological  research.

© 2011 Elsevier B.V. All rights reserved.
. Introduction

Cells live and function in the human body by interacting with
eighboring cells and the extracellular matrix. Several cell types

orm spheroids, giving rise to functions not present in individual
ells [1,2]. For example, aggregation of hepatocytes into spheroids
esults in the emergence of about 500 liver-specific functions, such
s expressing new proteins and cell signaling. These spheroids
ppear to have tissue-like structures and a larger number of and
ore complex metabolic functions than are present in individual

ells.
Numerous devices for producing three-dimensional culture

odels have been developed in the last two decades to bridge the
ap between in vitro assays and animal models [3–5]. These devices
educe experimental error and the costs associated with drug
creening. The development in recent years of microfluidic tech-
ology, which permits manipulation of cells on a micrometer scale,
as been used in devices for forming spheroids. Spheriod forma-
ion devices employ micropatterned surfaces with a polyethylene
lycol hydrogel [6] or extracellular matrix [7],  a microcontainer
o trap cells [8],  and microfluidic hydrodynamics [9] or hydro-
ynamic force [10] to achieve cellular patterning of embryonic

tem cells. Spheroid formation platforms used to measure physi-
logically active substances need to satisfy four requirements: (1)
ood controllability in the formation of spheroids; (2) allowance for

∗ Corresponding author. Tel.: +81 45 566 1430; fax: +81 45 566 1495.
E-mail address: ota-mikilab@keio.to (N. Miki).

924-4247/$ – see front matter ©  2011 Elsevier B.V. All rights reserved.
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spheroid growth; (3) allowance for culturing of formed spheroids
for an extended period of time (i.e., longer than one day) with mor-
phological observations at any time; and (4) allowance for input of
reagents to the system that dye or chemically stimulate cells.

We previously reported a hepatic spheroid-forming chamber
that uses microrotational flow to control the size of spheroids [11].
Perfusion media containing hepatocytes were introduced into a
microchamber in which microrotational flow was generated. Cells
were collected at the center of the microchamber, where they
aggregated and formed spheroids. Spheroids with diameters in the
range 130–430 �m (with a standard deviation of about 15% of the
mean) could be formed. The reported spheroid-forming chamber
was  superior to other microfluidic devices in that the spheroid size
could be controlled by varying the cell density of the medium and
without altering the device geometry. Further, the chamber pro-
vided space for spheroid growth in the center with hydrodynamic
support. However, the device reported in the previous study had
limitations [11]. Throughput was  low due to having only one cham-
ber. The perfusion system frequently became clogged with cells,
which disrupted flow in the chamber and allowed spheroids to flow
out of the chamber. Consequently, tests were limited in duration
to one day.

In the present study, to increase the spheroid production rate,
we designed an array consisting of five sets of chambers arranged
in series; each set consists of three chambers connected in parallel.

This arrangement enabled us to form a mean of 11 spheroids per
trial with size control comparable to the previous device. Modifi-
cation of the device enabled culturing of spheroids of a specified
diameter over a longer duration, which produced higher yields.

dx.doi.org/10.1016/j.sna.2011.03.051
http://www.sciencedirect.com/science/journal/09244247
http://www.elsevier.com/locate/sna
mailto:ota-mikilab@keio.to
dx.doi.org/10.1016/j.sna.2011.03.051
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ig. 1. (a) Schematic diagram of spheroid formation array. (b) Hepatocyte cell sphe-
iods are produced by microrotational flow at the center of the chamber.

sing the modified device, we formed spheroids of HepG2 cells, and
nvestigated the function of detoxification enzyme, cytochrome
450, by measuring ethoxyresorufin-O-deethylase (EROD) activity
fter three days of culturing. The results of this study demonstrate
he potential of the developed array for biological research.

. Experimental

.1. Array design and fabrication

To increase spheroid production throughput, we designed an
rray of 15 microchambers arranged in 5 sets connected in parallel
nd 3 chambers coupled in series; each microchamber is a circular
ylinder with two tangential inlet channels at the base and two  out-
et channels at the top (see Fig. 1). Microrotational flow is generated
y the fluid flowing from the two inlet channels. Water pressure

oss increases with increasing number of chambers connected in
eries. The water pressure loss in the inlet and outlet channels in
he chamber [12] is given by

p  = �
(h + W)L

4hW

(
�U2

2

)
,

here h is the height, W is the width, L is the length, U is the
ow speed, and � is the density. � is the friction coefficient of the
ectangular channel and it is given by

 = 64
Re

kc,

here kc is determined from the channel aspect ratio and Re is the
eynolds number.

In the channels, kc = 0.90, Re = 1.2 × 103, h = 100 �m,  W = 100 �m,
 = 2.6 mm,  and U = 0.92 m/s, giving �p  = 264 Pa. From the
agen–Poiseuille equation, the pressure loss of the circular
ylinder in the chamber is given by

p = 32�LU

D2
,

here D is the diameter, U is the flow speed, and � is the viscosity.
n the circular cylinder, D = 3 mm,  L = 1 mm,  and U = 2.6 mm/s, giv-
ng �p  = 7.3 Pa. Thus, the total water pressure loss in one chamber
s1063 Pa. Up to five sets of chambers could be coupled in series, as
he high water pressure required for more than five chambers may
ause fractures in the PDMS device.
In addition, we designed the geometry of the three chambers
onnected in parallel such that the differences in the water pres-
ure loss are sufficiently small to allow spheroids to be formed and
aintained in all chambers (Fig. 1). Water pressure loss occurs in
tors A 169 (2011) 266– 273 267

three areas of chambers connected in parallel: inlet channel tan-
gential to the chamber cylinder, rectangular sections, and straight
sections in a channel that transfers the medium to the chamber at
the periphery of a set. Water pressure losses in the rectangular and
straight sections occur only in chambers at the periphery of a set,
and this may  give rise to different flow velocities in chambers at
the periphery and in the center of a set.

The array was  made from polydimethylsiloxane (PDMS) (Silpot
184 W/C, Dow Corning Corp.) (Fig. 2a); it was formed by the follow-
ing process. First, a negative photoresist SU-8 (SU-8 10, MicroChem
Corp.) was patterned to produce circular cylinders and channels
with array geometries on a clean glass slide by photolithography.
We used two different geometries for the upper and middle lay-
ers (Fig. 2(a-1) and (a-2)). Liquid PDMS was poured into the mold
and cured on a hotplate at 65 ◦C for 6 h. The cured PDMS was then
peeled from the mold. A punch was  used to open the inlets and out-
lets in the upper layer and the inlets, chamber, and through-holes
in the middle layer. The upper layer, middle layer, and bottom cover
were aligned and bonded using an oxygen plasma treatment. In this
study, spheroids with diameters of about 180 �m were targeted
since cell necrosis occurs in the cores of spheroids with diameters
greater than 180 �m [13,14]. We  formed a SU-8 mold with a 3-mm-
diameter chamber, which could form spheroids with diameters in
the range 130–240 �m [11]. The channels connecting the chambers
were 100 �m wide and 100 �m high (Fig. 2(b)).

3. Perfusion system set up

Since it takes at least one day to produce spheroids with
enhanced functions [6],  the device in the present study was
designed to have a steady flow over a long duration. The following
modifications were made to the perfusion system that employed a
peristaltic pump, a reservoir, a dampener, and shredder channels
for the production of HepG2 spheroids in our previous study [11].
In this system, the pump generates pulsatile flow by intermittently
compressing the tube, and the dampener absorbs these pulsations
by trapping air. Shredder channels consisting of 60 channels are
used to prevent large cell aggregations from entering the inlet and
outlet channels. These channels either break up such aggregations
by shear stress or trap them.

To prevent cell aggregations from entering and becoming
trapped in the channels as was observed in the previous system
due to variation in velocity distributions after one day, we  mod-
ified the reservoir and added a filtration system in parallel with
the shredder channels to remove cells that had not been formed
into spheroids (Fig. 3). This modified system maintained a constant
rotational flow in the chamber enabling higher yields and allowed
spheroids to be cultured for longer than in the previous system.
A new filter system was  designed to prevent clogging in shredder
channels tangential to the chamber. Shredder channels in the pre-
vious model became clogged after one day due to the formation of
cell aggregations in the tubes and reservoir causing unstable per-
fusion flow and giving rise to unstable microrotational flow. The
components of this newly developed system are briefly described
below.

3.1. Reservoir

We used a four-sided pyramid reservoir chamber rather than a
cubic one to prevent the formation of undesired cell aggregations
and to reduce chamber volume (Fig. 4). In addition, an outlet at the

base of the reservoir prevents cells from residing too long in the
reservoir, to prevent cells from aggregating and forming spheroids
in the reservoir. Reagents that dye or chemically stimulate cells are
supplied to the system from the reservoir.
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Fig. 2. Spheroid formation array. (a) Fabrication process. Array designs

.2. Filtration system

Cells often form undesired aggregations and clog channels in
he chamber during long-term culture because excess cells that
o not form spheroids continue to circulate in the system. There-
ore, we developed a filtration system to remove excess cells from
he media. Media are passed through a filtration system consisting
f a peristaltic pump and a Terufusion® Final Filter PS (Terumo;
ore size: 0.2 �m)  to remove free cells, bacteria and debris, which
terilizes the media.

.3. Filter

The newly designed filter (Fig. 5) consisted of four parts: Upper

Fig. 5a(A)) and lower (Fig. 5a(D)) polypropylene plates hold in
lace a filter (pore size, 30 �m;  track etched membrane, It4ip;
ig. 5a(B)) and a silicon sheet (Fig. 5a(C)). A channel 2 mm deep,

 cm wide, and 2 cm long was made in the upper and lower plates,
-1) middle and (a-2) upper layers. (b) Photograph of fabricated device.

and a well 8 mm  deep, 1 cm wide, and 1 cm long was  made in
the lower plate. The silicon sheet was  used to increase the adhe-
sion between the upper and under plates, and together, this unit
was  used as the filter. In use, the medium containing cells flows
through the channel in the under plate and cells and cell aggrega-
tions (>30 �m)  are trapped on the filter or settle in the well in the
under plate. The developed filter effectively traps small aggrega-
tions on the filter or in the well. However, small cell aggregations
and cells were perfectly confined in the device, and then the cell
density in the medium gradually decreased. Accordingly, after the
spheroids had formed, we exchanged the filter for the shredder
channels to prevent decreases in cell density.

4. Cell experiment
HepG2 cells were cultured in EMEM (DS Pharma Biomedical Co.,
Ltd.) and detached by EDTA and trypsin (DS Pharma Biomedical
Co., Ltd.). To prevent cell aggregation, cells were subsequently cul-



H. Ota, N. Miki / Sensors and Actuators A 169 (2011) 266– 273 269

F
a
a

t
(
p
a
c
a
i
3
a

F
v

ig. 3. Spheroid formation device consisting of an array and a perfusion system with
 reservoir, shredder channels, a dampener, a filtration system, a peristaltic pump,
nd a filter.

ured for 30 min  in a EMEM medium containing 1000 PU/ml dispase
Sanko Junyaku Co., Ltd.). Spheroid formation experiments were
erformed in an array using cell densities of 200 × 104, 500 × 104,
nd 1300 × 104 cells/ml. The temperature and pH of the medium
irculating in the system were maintained by thermostatic bath

nd circulating CO2 gas, respectively. First, the medium contain-
ng cells was introduced into the array at a volumetric flow rate of
.3 ml/min until stable flow of the cells around the entire array was
chieved. Second, the flow rate was gradually reduced to the flow

ig. 5. (a) The filter consists of four parts: (A) an upper plate with a channel, (B) a filter, (C
iew  of the filter. Small cell aggregations accumulate in the well or are trapped in the we
Fig. 4. Reservoir was  assembled from three parts: (a) part with a chamber, (b) cover,
and (c) silicon sheet. The silicon sheet was  used to increase adhesion between the
part with a chamber and the cover.

rate (approximately 1.2 ml/min) at which cells accumulate near the
center of the chamber and form spheroids [11]. The closed region

fluidically maintained the spheroids in the center of the chamber
[11]. After spheroids formed, the filter pathway was  used to prevent
cell aggregations from entering the chamber (instead of closing the
shredder channel pathway). To capture images of the spheroids,

) a silicon sheet, and (D) a lower plate with a channel and a well. (b) Cross-sectional
ll and filter.
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Fig. 6. Image of a spheroid stained with calcein AM.

 medium containing 4 �M calcein AM (Invitrogen) was added to
he reservoir and spheroids were incubated for 20 min. Station-
ry two-dimensional fluorescence images were captured using a
CD camera (Cool SNAP-cf, Nippon Roper Co., Ltd. and EOS Kiss
3, Canon) and a confocal microscope (LSM7DUO, Carl Zeiss). The
aximum and minimum diameters were measured using Image J.

. Live/dead cell viability assay

Cells in the spheroids were incubated for 20 min  in a medium
ontaining 4 �M calcein acetoxymethyl ester (AM, Invitrogen) and

 �M ethidium homodimer-1 (EthD-1, Invitrogen) to stain living
ells. Two-dimensional fluorescence images were then captured
sing a CCD camera.

. Cytochrome P450 activity

Cytochrome P450 activity was determined using the method of
ehnia et al. [15]. Medium containing dicumarol (3,3′-methylene-
is (4-hydroxycoumarin), Wako) and 3-methylcholanthrene
Sigma–Aldrich) was added starting one day before measure-

ent. On the day of measurement, spheroids were incubated for
0 min  in medium containing 20 �M resorufin ethyl ether (EROD,
igma–Aldrich) and 80 �M dicumarol, the medium was exchanged
wice with a fresh medium to remove residual dye, and fluores-
ences in images were measured to calculate the EROD activity.
ased on the fluorescence images obtained using EROD, hepatic

unction activation could be determined [21].

. Results and discussion

.1. Spheroid size distribution in chamber and array

Microrotational flow was generated in the entire chamber at a
olumetric flow rate of 3.3 ml/min. As the flow rate was reduced,
he cells gradually aggregated and formed spheroids over about
20 s (Fig. 6). The spheroids had circular or elliptical profiles in two-
imensional images with random rotations (i.e., the rotational axis
as constantly changing) at the center of the chamber, indicating

hat the spheroids are ellipsoidal or spherical.

Spheroids formed in a mean of 11 of the 15 chambers during

ve trials, and the spheroid formation throughput was 11 times
igher than that for the single chamber device. Failure to produce
pheroids was attributed to fabrication errors.
Fig. 7. Spheroid size distribution in array with different starting cell culture con-
centrations.

A volumetric flow rate of 1.2 ml/min was required to maintain
stability and rotation of formed cell aggregations. The spheroid for-
mation mechanism and the duration required to form spheroids
were the same as in the single-chamber device. However, the vol-
umetric flow rate required to generate microrotational flow and to
ensure that the spheroids remain in the chamber was three times
higher than that in a single-chamber device [11]. This is because
three chambers are connected in parallel in each set. As the number
of chambers connected in parallel in one set increases, the volumet-
ric flow rate required to generate microrotation and to ensure that
spheroids remain in the chamber increases.

The spheroids were nearly circular or ellipsoidal because cells
adhered to each another in a random manner in rotation in the con-
fined region [11]. In this study, we defined the spheroid diameter
as the mean of the long and short axis lengths. Spheroids formed
in an array with 3-mm-diameter chambers and starting cell den-
sities of 200 × 104, 500 × 104, and 1300 × 104 cells/ml had mean
(standard deviation) sizes of 134 ± 25, 180 ± 30, and 237 ± 40 �m,
respectively, and the standard deviations represented 18.7%, 16.6%,
and 16.9% of the mean, respectively (Fig. 7). Our previous study
with a single-chamber device showed that the standard deviation
was  15% of the mean for hepatic spheroids with diameters in the
range 130–430 �m.  The present results demonstrate that spheroid
diameter is well controlled in an array with 15 chambers.

Curcio et al. reported size distributions for spheroids formed
using a rotating-wall polystyrene system and a rotating-wall mem-
brane system [14]. They were unable to create spheroids with
diameters over 150 �m,  even by varying the cell density in the
medium. However, many spheroids with diameters less than
150 �m could be created in a single experiment, representing a
high proportion (92.2%) of the total number of spheroids.

A culture array using a collagen/polyethylene glycol microcon-
tact printing technique could create 200 spheroids on a single chip
[16] and the spheroids on a Col/PEG SM chip had a uniform diame-
ter distribution (155 ± 8 �m).  A cell trapping microcontainer had a
high throughput and high controllability of spheroid size by physi-
cally trapping cells. These devices can produce more spheroids in a
single assay with more highly controlled spheroid size than in our
system. However, our array uses only hydrodynamic forces to con-
centrate the medium in the center of the chamber and thus provides
space for spheroids to grow.
In this study, we  used HepG2 to verify the effectiveness of the
array in forming spheroids. In the future, spheroid formations of
primary cell cultures of various organ cells [17] and stem cells (e.g.,
embryo stem cells or induced pluripotent stem cells) will have
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Fig. 10. Morphology of HepG2 aggregations at (a) 0, (b) 1 (c) 2, and (d) 3 days during
spheroid formation. (d) Change in spheriod diameter. Legend on the right indicates

F
c

ig. 8. Percentage of formed spheroids residing in the chamber for the previous and
ew systems for 0, 1, 2, and 3 days.

any applications in biological research and drug screening [9].
t will be important for spheroid formation chambers to have space
or spheroid growth since spheroids formed from stem cells grow
o large sizes [18].

.2. Long-term culture of spheroids

Several days are required to enhance the connections between
he constituent cells of spheroids through adhesion molecules such
s integrin and cadherin and to improve the functions of spheroids
19]. Therefore, spheroid forming devices need to provide rotating
pheroids with a steady flow of cell suspensions for several days and
llow in situ monitoring of morphology and function. Fig. 8 shows

 comparison of residence time in the chambers for the previous
nd new devices. No spheroids remained in the chamber of the
revious device after two days because of the inability to maintain
ow in the chamber. The system developed in the present study
nabled more than 80% of the formed spheroids to gently rotate
nd be cultured in the chamber for three days (Fig. 8).

Fig. 9a shows an optical image and Fig. 9(b) and (c) shows
uorescent images of formed spheroids stained with calcein AM
nd EthD-1, respectively, after three days. Little fluorescence was
bserved from EthD-1 stained cells, but fluorescence was observed
rom calcein (compare Figs. 9(b) and (c)), indicating that the
pheroids have a high cell viability after three days in the chamber.
Fig. 10 shows that the size of all spheroids remained constant
ver three days. The maximum relative change in the spheroid sizes
ver three days was 1.5% (see Fig. 10(d)). Liu et al. [20] demonstrate
sing WST-1 assay that the number of cells in a spheroid formed

ig. 9. Spheroid stained with calcein AM and EthD-1 after culturing for three days to det
alcein AM and (c) EthD-1.
number of spheroids. In the legend, “average” refers to mean ratio for all spheroid
sizes normalized to the size at 0 h. Left axis represents sample size and right axis
shows the ratio.

from HepG2 using a gyratory shaker remained constant over 21
days [20]. On the other hand, cell aggregations formed from HepG2
by a hanging-drop culture produced a compact spheroid after one
day [19] and became smaller with time, shrinking rapidly over the
first 12 h. As the hanging-drop culture involves culturing and aggre-
gating cells in a drop of culture medium suspended from the lid of
a culture dish, cells settle out and aggregate due to microgravity
acting on each drop. Thus, a gravitational force directed toward
the center of the chamber constantly acts on the cells, forcing the
spheroids to shrink. In the chamber of this device, hydrodynamic
forces (which are not directed toward the center of the chamber)
confine a formed spheroid to the center of the chamber, and the
sizes of spheroids did not vary over three days.

7.3. Time-dependent change in hepatic function of formed
spheroids

Fig. 11 shows that the metabolic function (as indicated by

CYP1A1 activity) of the formed spheroids increased over time. Hep-
atic function activation was  assessed by analyzing fluorescence
images obtained using EROD [21]. In this analysis, the change in the
fluorescence intensity with time may  depend on the spheroid size.

ermine cell viability. (a) Optical image and fluorescence images obtained using (b)
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Fig. 11. CYP 1A1 activities of HepG2 at 0, 1, 2, and 3 days for small, medium, and large
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spheroids using collagen/polyethylene glycol micropatterned chip , J. Mater.
roups of spheroids with mean diameters in the ranges 110–140 �m,  160–180 �m,
nd 200–245 �m, respectively.

ence, the spheroid sizes of the three groups at 0 h were measured
nd used to determine the control value percentages.

In humans, hepatocytes mainly activate the detoxification
nzyme CYP1A1 and partially activate detoxification enzymes
YP1B1, CYP2C9, and CYP3A4 [22,23].  HepG2, which retains var-

ous hepatic functions, has a low CYP activity. However, Wilkening
t al. verified by reverse transcriptase polymerase chain reaction
RT-PCR) that HepG2 has high CYP1A1 and CYP3A7 activities [24].
urthermore, expression of CYP1A1 in HepG2 was directly demon-
trated by GFP [25]. Therefore, we chose to use the EROD method,
hich can be used to measure CYP1A1 activation, to verify activa-

ion of detoxification enzymes.
The EROD activity of spheroids formed by our array increased

fter one day and became constant after two days (see Fig. 11). As
entioned above, it is possible that fluorescence intensity depends

n spheroid size. However, Fig. 11 shows that the sizes of all
hree types of spheroids remained constant over three days. Conse-
uently, it is not necessary to consider size effects. In addition, in the

ight of Westerink’s study [20], it is high unlikely that the number
f cells in a spheroid increases by a factor of three or four without

 change in the spheroid size. Thus, it is reasonable to assume that
he detoxification activity of the spheroids increases with time and
ecomes saturated after two days.

We  identified spheroids based on their sizes and performed
ROD assays. Spheroids in small, medium, and large groups
ad diameters in the ranges 110–140 �m,  160–180 �m,  and
00–245 �m,  respectively. Tamura et al. demonstrated that the
lbumin secretion activity per cell remains almost constant in
pheroids with diameters in the range 133–267 �m over three days
16]. Our CYP1A1 results corroborate their results. The presence of
ecrotic cells in spheroids is undesirable for drug screening and
iological research. Therefore, spheroids with diameters less than
80 �m are suitable for drug screening and biological research since
heir function increases over two days.

. Conclusion

In this study, we demonstrated the effectiveness of our newly
eveloped array for forming and measuring three-dimensional
pheroids of various sizes. An array consisting of 15 chambers pro-
uced a mean of 11 spheroids per trial, and spheroid diameter

as controlled in the range 130–237 �m.  The standard deviations

f the spheroids produced from initial cell densities of 200 × 104,
00 × 104, and 1300 × 104 cells/ml were 18.7%, 16.6%, and 16.9% of

[

tors A 169 (2011) 266– 273

the means, respectively. Therefore, the standard deviation of the
spheroid size was  less than 19% of the mean.

The developed device, which consists of an array, a reservoir,
a dampener, shredder channels, a filtration system, a filter, and
a peristaltic pump, enabled observation of spheroids and mea-
surement of the hepatic functions for periods of over three days.
Experiments performed with the device indicated that the sizes
of the formed spheroids remain constant and that their CYP1A1
activities increase over time.
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