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This paper presents a multicellular spheroid chip capable of forming and extracting three-

dimensional (3D) spheroids using removable cell trapping barriers. Compared to the conventional

macro-scale spheroid formation methods, including spinning, hanging-drop, and liquid-overlay

methods, the recent micro-scale spheroid chips have the advantage of forming smaller spheroids

with better uniformity. The recent micro spheroid chips, however, have difficulties in extracting

the spheroids due to fixed cell trapping barriers. The present spheroid chip, having two PDMS

layers, uses removable cell trapping barriers, thereby making it easy to form and extract uniform

and small-sized spheroids. We have designed, fabricated and characterized a 4 � 1 spheroid chip,

where membrane cell trapping barriers are inflated at a pressure of 50 kPa for spheroid formation

and are deflated at zero gauge pressure for simple and safe extraction of the spheroids formed.

In this experimental study, the cell suspension of non-small lung cancer cells, H1650, is supplied

to the fabricated spheroid chip in the pressure range 145–155 Pa. The fabricated spheroid chips

collect the cancer cells in the cell trapping regions from the cell suspension at a concentration of

2 � 106 ml�1, thus forming uniform 3D spheroids with a diameter of 197.2 � 11.7 mm, after 24 h

incubation at 5% CO2 and 37�C environment. After the removal of the cell trapping barriers, the

spheroids formed were extracted through the outlet ports at a cell inlet pressure of 5 kPa. The cells

in the extracted spheroids showed a viability of 80.3 � 7.7%. The present spheroid chip offers

a simple and effective method of obtaining uniform and small-sized 3D spheroids for the next stage

of cell-based biomedical research, such as gene expression analysis and spheroid inoculation in

animal models.
Introduction

Since three-dimensional (3D) cell culture systems provide more

accurate in vivo-like microenvironments1 compared to two-

dimensional (2D) monolayer cell culture systems, uniform 3D

spheroid formation is crucial for cell-based biomedical research

and clinical studies.19–24 In the anti-cancer drug screening and

animal model experiments, for example, the 3D multicellular

spheroids, resembling avascular tumor nodules, are used for

basic biological research on the regulation of tumor cell prolif-

eration, differentiation, and death processes, as well as for
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clinically relevant studies on micrometastases, intervascular

tumors and chemoresistance.25,26,28,29 Recent cancer research2,17,18

also shows that gene expression in the 3D spheroids is much

closer to clinical expression profiles than those observed in 2D

monolayers. Thus, a simple and effective method for obtaining

uniform 3D spheroids is required for gene expression analysis

and cell inoculation in animal models.

The traditional macro-scale spheroid formation methods,16,27

including spinning,3 hanging drop,4 and liquid-overlay5 methods,

are used to obtain 3D multicellular spheroids. The macro-scale

methods form 3D spheroids from the cell suspensions based

on the intercellular interactions in flasks and well-plates;

thus having difficulties in forming uniform and small-sized

(�200 mm) spheroids, which resemble avascular 3D cell–cell

interactions.

Recently, the micro-scale spheroid formation chips6–12 have

been proposed for obtaining uniform and small-sized (10–300 mm)

spheroids from cell suspensions trapped within fixed micro-

structures, where the intercellular interactions are provided by

forces such as centrifugal,6,7 gravitational,8 hydrodynamic,9 and

bio-chemical binding.10–12 The micro spheroid chips,6–12 however,
Lab Chip, 2011, 11, 115–119 | 115
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show difficulties in growing and extracting the 3D spheroids due

to the fixed cell trapping microstructures.

In this paper, we design, fabricate, and characterize a simple

and effective micro-scale spheroid formation chip to form and

extract 3D spheroids using removable cell trapping barriers.

While the previous micro-scale spheroid chips use fixed cell

trapping structures, the present spheroid chip uses removable

cell trapping structures, thus making both spheroid formation

and the extraction processes simple and safe. Furthermore, the

present spheroid chip shows the possibility of being used for

spheroid perfusion culture, since removable cell trapping struc-

tures give 3D spheroids space to grow.
Design and analysis

Spheroid chip

The 4� 1 spheroid formation chip (Fig. 1a) consists of a cell inlet

port and channels, a spheroid outlet port and channels, and

four spheroid wells with the removable cell trapping barriers

controlled by membrane pressure. The membrane pressure port

of Fig. 1a is connected to the channels formed in the membrane

pressure layer of Fig. 1b, while the cell inlet and the spheroid

outlet of Fig. 1a are linked with the array of 4 spheroid wells

prepared in the microfluidics layer of Fig. 1b.

In the spheroid wells of Fig. 1b and Fig. 1c, the cell trapping

barriers are formed and removed respectively by the inflation

(Fig. 1b) and the deflation (Fig. 1c) of the thin deformable

membrane layer, sandwiched between the membrane pressure

layer and the microfluidics layer. The use of the membrane layer

as a valve originated from the Quake group.13 The cell suspen-

sion, supplied to the cell inlet port of Fig. 1a, is distributed to

4 spheroid wells, while the pressure, supplied to the membrane

pressure port of Fig. 1a, deflects the deformable membrane to

form the horseshoe-shape cell trapping barriers inside the well.
Fig. 1 Spheroid formation and extraction in a spheroid well of the 4 � 1 sph

spheroid chip; (b) the cell trapping barrier is formed for spheroid formation

extraction.

116 | Lab Chip, 2011, 11, 115–119
The inflated cell trapping barrier (Fig. 1b) collects the cells

from the cell suspension to form a multicellular 3D spheroid. At

reduced pressure, the deflated membrane (Fig. 1c) removes the

cell trapping barrier, thus allowing the spheroid to exit to the

spheroid outlet.
Removable cell trapping barriers

We designed the diameter of the cell trapping region as 200 mm in

order to obtain the 200 mm-diameter spheroids, widely used for

drug screening.14 We needed to decide the width and thickness

of the cell trapping barrier such that the 200 mm-diameter

cell trapping region is defined by the inner surfaces of the cell

trapping barrier. The maximum height of the cell trapping barriers

should cover the height (100 mm) of the spheroid wells in order

to keep cells inside the cell trapping region. We decided to make

the height of the spheroid well 100 mm to obtain the spheroids with

the shape of an ellipsoid of revolution. If we need to form a sphere

shape, we can adjust the height of the microfluidic channel to

200 mm and increase the membrane pressure to form higher cell

trapping barriers. The maximum stress of the cell trapping barriers

should be lower than the PDMS bonding strength of 7.1 MPa.15

From the deflection and stress analysis of the PDMS membrane

using COMSOL Multiphysicsª simulation tool, we decided on

the dimensions of the cell trapping barrier as shown in Fig. 1c,

which satisfies the conditions mentioned above.

The deflection and stress simulation of the designed cell trap-

ping barrier (Fig. S1, ESI‡), indicating that the 30 mm-thick

and 300 mm-wide horseshoe-shape cell trapping barrier generates

the maximum deflection of 99.7 mm (Fig. S1a, ESI‡) with

a maximum stress of 5.61 MPa (Fig. S1b, ESI‡) at a membrane

pressure of 50 kPa. As shown in Fig. 1c, the diameter of the

spheroid well is designed to be 1 mm.
eroid chip using the removable cell trapping barriers: (a) top view of the

and incubation; and (c) the cell trapping barrier is removed for spheroid

This journal is ª The Royal Society of Chemistry 2011
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Fig. 2 Fabrication of the spheroid chip: (a) fabrication process showing

the cross section across B–B0 in Fig. 1b; (b) fabricated 4� 1 spheroid chip

and an enlarged spheroid well with the measured dimensions.
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Cell inlet guide channels

The inflated and deflated cell trapping barriers in the spheroid

well (Fig. 1b and Fig. 1c) modify the fluidic resistance and the

flow patterns between the cell inlet and the spheroid outlet. We

analyzed the flow velocity and pattern near the entrance of the

cell trapping barriers (Fig. S2, ESI‡) using the COMSOL Mul-

tiphysicsª simulation tool based on a 3D fluid-structure inter-

action model of Fig. 1c. The inlet velocity vectors in Fig. S2a,

ESI,‡ illustrate the influence of the inlet guide length on the flow

patterns at the entrance of the cell trapping barriers, where the

cell inlet pressure of 100 Pa is applied to the 100 mm-high horse-

shoe-shape cell trapping barrier in Fig. 1c. For the 100 mm-long

inlet guide (Fig. S2a, ESI‡), the cells tend to go out of the cell

trapping region rather than remain trapped inside the region

due to the high fluidic resistance of the cell trapping barrier.

We designed the length of the inlet guide to be 250 mm for an

improved flow velocity pattern (Fig. S2b, ESI‡), suitable for cell

trapping.
Fig. 3 Measurement of the cell inlet pressure depending on time for the

initial cell inlet pressures of 200 Pa and 250 Pa, respectively: the cell inlet

pressure is decreasing from the initial cell inlet pressure, while the

hydraulic height, h of Fig. 1a, is decreasing from the initial hydraulic

height due to the gravity flow of the cell suspension from the inlet port to

the outlet port.
Fabrication process

The fabrication process of the spheroid chip, illustrated in

Fig. 2a, is composed of three processing steps: 1) membrane

pressure layer fabrication, 2) microfluidic layer fabrication, 3)

PDMS membrane bonding between the two layers. We fabri-

cated the membrane pressure layer and the microfluidic layer

from the PDMS micro-molding process using the 100 mm-thick
This journal is ª The Royal Society of Chemistry 2011
SU-8 2100 (Microchem, Newton, MA) photoresist mold on

silicon wafer (spin rate: 10 s @ 500 rpm, 30 s @ 3000 rpm,

exposure time/energy: 6 s @ 20 mW m�2 for 120 mJ cm�2). A

30 mm-thick PDMS membrane is obtained by the spinning of

the PDMS pre-polymer mixture on a silicon wafer for 30 s at

3200 rpm. After the O2 plasma treatment of the PDMS surfaces,

the PDMS membrane is sandwiched and bonded between the

two layers. Dicing of the 4 � 1 spheroid chip from the bonded

layers completes the fabrication process. Fig. 2b shows the

fabricated 4 � 1 spheroid chip and the enlarged view of a

spheroid well with the dimensions measured from the fabricated

device.
Experimental results and discussion

We use the non-small lung cancer cells of H1650 and supply

the cell suspension at the concentration of 2 � 106 ml�1 to the

inlet port of Fig. 1a. Cells were originally obtained from ATCC.

H1650 cells were cultured in T-25 flasks (Greiner, Germany)

and maintained in complete media consisting of RPMI-1640

supplemented with 10% (v/v) fetal bovine serum (FBS) and

1% (v/v) penicillin-streptomycin (Invitrogen). The H1650 cells

were routinely passaged at 70–80% confluence. The cell culture

was maintained in a humidified incubator at 37 �C, 5% CO2, and

100% humidity.
Cell trapping barriers

From the fabricated devices, we have verified the formation of

the cell trapping barrier (Fig. 3a) using the inflated membrane

at a pressure of 50 kPa. The cell trapping barrier height,

measured as 100 � 2.5 mm at a membrane pressure of 50 kPa,

agrees well with the theoretical value of 99.7 mm estimated from

Fig. S1a, ESI.‡
Lab Chip, 2011, 11, 115–119 | 117
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Fig. 4 Cell trapping, clustering, and spheroid formation within the

horseshoe-shaped cell trapping barrier, deformed by the membrane

pressure of 50 kPa: (a) initial cell trapping; (b) final cell clustering; and (c)

the spheroid formed after 24 h incubation.
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Cell filling and clustering

The cell suspension loaded at the inlet port of Fig. 1a generates

the hydraulic pressure due to the height difference between the

fluids in the inlet and outlet ports, thus allowing the cells to flow

into the 4� 1 spheroid chip. In Fig. 3, we have monitored the cell

inlet pressure depending on time for the initial cell inlet pressures

of 200 Pa and 250 Pa, respectively.

We have observed the cell flows near the cell trapping barrier

for varying cell inlet pressures. At cell inlet pressures higher than

155 Pa, the cells are bounced out of the cell trapping barrier and

are moved directly to the outlet. At inlet pressures lower than

145 Pa, the cell flow was too weak to drive cells into the trapping

region. As a result, we observe that the cell inlet pressure required

for cell filling is in the range of 145–155 Pa for the fabricated

device. Fig. 4 shows the cells initially trapped (Fig. 4a) and the

cells finally clustered (Fig. 4b) in the cell trapping region,
Fig. 5 Size and viability measurement and spheroid extraction: (a) the

bright-field image of the spheroid, from which the edge of the spheroid is

detected and the size of the spheroid is measured; (b) the fluorescence

image of the spheroid tagged by Calcein-AM probe, from which the

viability of the spheroid is verified by green fluorescence; (c) the spheroid

formed in the chip; (d) the spheroid extracted from the chip.

118 | Lab Chip, 2011, 11, 115–119
respectively. After the cell filling, we washed the channel by

supplying fresh media solution to the cell inlet port of Fig. 1a.

Incubation and spheroid formation

The cell clusters of Fig. 4b formed in the cell trapping barrier are

incubated for 24 h in an environment of 5% CO2 and 37 �C, while

the membrane pressure is maintained at 50 kPa, thus resulting

in the 3D spheroid (Fig. 4c) formed by cell–cell interactions

among individual cells. We also observed the viability of the four

spheroids formed in the 4 � 1 spheroid chip based on the Cal-

cein-AM cell viability analysis. The green fluorescence image

(Fig. 5b) of the spheroid experimentally verifies the viability of

the spheroid formed in the spheroid chip.

Spheroid extraction

We quantitatively measured the cell inlet pressure required for

the spheroid extraction by gradually increasing the cell inlet

pressure. As a result, we observe that cell inlet pressures of

greater than 5 kPa extract the spheroid from the spheroid well

without a cell trapping barrier. Fig. 5c shows the spheroid

formed in the fabricated chip. It is also observed that the

spheroid (Fig. 5d) extracted from the fabricated chip maintains

its size and morphology after extraction. For a simple spheroid

extraction, pipette aspiration of spheroid solution from the

spheroid outlet is also applicable.

Size and viability characterization

The diameter of the extracted spheroid has been measured by the

MATLABª image processing tool. From the projected area,

A, of the spheroids detected from the boundary of spheroids,

we obtain the diameter, D. The diameter of the 4 spheroids ex-

tracted from the 4 � 1 spheroid chip has been measured as

197.2 � 11.7 mm, demonstrating the size uniformity within the

deviation of 5.9% as well as the size precision within the size

error of 1.4% of the spheroids formed and extracted from the

4 � 1 spheroid chip. Additionally, we have data of 195.23 �
1.66 mm, and 231.38 � 11.17 mm from different chips with

the same conditions, verifying the repeatability and robustness of

the device.

We have also characterized the viability of the extracted

spheroid. We detach the cells from the extracted spheroids

using trypsin EDTA solution and treat the cells with Trypan

blue dye. We count the number of the viable cells and mea-

sure the percentage of the number of viable cells as 80.3 �
7.7%. Therefore, we have demonstrated that the present spheroid

chip is effective at forming and extracting uniform viable

spheroids.

Conclusions

We have designed, fabricated and characterized a novel 3D

spheroid formation and extraction chip using removable cell

trapping barriers. The present 4 � 1 spheroid chip has formed

and extracted the 3D spheroid in the diameter of 197.2 �
11.7 mm, maintaining the viability of 80.3� 7.7%. The device was

designed for only four spheroids to simply verify the possibility

of the present spheroid chip. However, by connecting the wells in
This journal is ª The Royal Society of Chemistry 2011
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parallel, we can achieve high-throughput experiments. The

inflated cell trapping barrier shows an efficient cell trapping

performance at the membrane pressure of 50 kPa for cell inlet

pressures of 145–155 Pa. The deflated cell trapping barrier

enables us to extract the formed spheroid through outlet ports at

the cell inlet pressure of 5 kPa. The present spheroid chip is

capable of forming and extracting uniform and precise 3D

spheroids within the size deviation of 5.9% and a size error of

1.4%, thus making it possible to use the spheroids for gene

expression analysis and cell inoculation in animal models.

Furthermore, the present spheroid chip has the possibility of

being used for drug screening by culturing the spheroid on chip

by perfusion.
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