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Abstract The formation of three-dimensional (3D) mul-

ticellular cell spheroids such as microspheres and embryoid

bodies has recently gained much attention as a useful cell

culture technique, but few studies have investigated the

suitability of glass for spheroids formation and culture. In

this work, we present a novel three-dimensional microflu-

idic device made of poly(dimethylsiloxane) (PDMS) and

glass for the easy and rapid synthesis and culture of tumor

spheroid. The cell culture unit is composed of an array of

microwells on the bottom of a glass plate, bigger micro-

wells and elastomeric microchannels on the top of a PDMS

plate. Cell suspension can be easily introduced into the cell

culture unit and exchange with the external liquid envi-

ronment by the microfluidic channels. A single tumor

spheroid can be formed and cultured in each glass cell

culture chamber, the surface of which was modified with

poly(vinyl alcohol) to render it to be resistant to cell

adhesion. As the cell culture medium could be replaced,

spheroids of the human breast cancer (MCF-7) cells were

cultured on the chip for 3 days, reaching the diameters of

about 150 lm. Furthermore, the MCF-7 cells were suc-

cessfully cultured on the chip in 2D and 3D culture modes.

Results have shown that glass is well suitable for multi-

cellular tumor spheroids culture. The established platform

provides a convenient and rapid method for tumor spheroid

culture, which is also adaptable for anticancer drug

screening and fundamental biomedical research in cell

biology.
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1 Introduction

In vitro cell culture has become one of the most important

tools for modern biology research. Cells in all living tissues

interact with their neighboring cells, soluble factors or the

extracellular matrix (ECM) and communicate to establish

unique functions. Generally, the majority of cell culture

systems were based on rigid two-dimensional (2D) sub-

strates (Liu et al. 2010; Sahai et al. 2011); however, the 2D

cell culture systems could not fully match the in vivo

cellular microenvironment and mimic some tissue-specific

properties of cells (El-Ali et al. 2006; Gao et al. 2012).

Recently, researchers have attempted to reduce this gap

between cell-based and animal-based studies by develop-

ing efficient three-dimensional (3D) cell culture systems.

Moreover, 3D cell culture provides more accurate in vivo

microenvironments compared with 2D monolayer culture,

and a number of studies also verify that 3D culture gene

expression profiles have been shown to reflect clinical

expression profiles more accurately than those observed in

2D cultures (Kim 2005; Birgersdotter et al. 2005; Yamada

and Cukierman 2007). The most common strategy for 3D

cell culture was to embed cells in 3D natural or synthetic

hydrogels (Kelm et al. 2003; Chen et al. 2010a; Gao et al.

2010; Yoon et al. 2013; Yu et al. 2010; Shi et al. 2013;

Kalchman et al. 2013). In 3D cell culture research,

hydrogels have been widely used for cell encapsulation and

cell culture. However, the most significant challenge for

the 3D cell culture system is the limitation of mass trans-

port properties. Inadequate transport of nutrients and waste
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would decrease tissue quality, cellular metabolic activity

and cellular viability. There are several disadvantages that

may affect 3D cell culture encapsulated inside hydrogels;

for example, transportation of oxygen and nutrients

through dense hydrogels may need external mechanical

force and the hydrogel-encapsulation models may not be

ideal for cell-dense or ECM-poor cells (Gao et al. 2012;

Ozawa et al. 2013).

Spheroid culture, the simplest and most feasible 3D cell

culture method without using hydrogels, has been chosen

as a culture model to mimic and study 3D cell culture

(Torisawa et al. 2007). Compared with conventional

monolayer culture, the 3D multicellular spheroids could

display their unique microenvironment inside a spheroid

that simulates more accurately the in vivo microenviron-

ment by reproducing nutrient and signal gradients and by

removing the effect of unnatural adhesion to the modified

surfaces, so they have higher resistivity to chemicals used

during chemotherapy (Yoon et al. 2013). Consequently, the

tumor spheroid model is considered to be efficient since it

has been used in cancer research for more than 40 years

and is currently used in combinatorial therapy-oriented

studies (Hirschhaeuser et al. 2010). Tumor spheroids are

generated conventionally by continuous agitation of cell

suspensions (Agastin et al. 2011; Sakai et al. 2010), cellular

aggregation by sedimentation on non-adherent surfaces

(Hsiao et al. 2009; Ziolkowska et al. 2012, 2013), micro-

fabricated structures (Wu et al. 2008; Jin et al. 2011) and

hanging-drop (HD) method (Wlodkowic et al. 2009; Kim

et al. 2012a). These methods all have their unique advan-

tages and disadvantages for forming tumor spheroids. For

example, the hanging-drop method has been widely used

for the formation of 3D tumor spheroids in biomedical

cancer research. However, this method should be extracted

and seeded into other culture devices to implement the

perfusion culture of spheroids and requires additional off-

chip processes of spheroid formation and extraction (Kim

et al. 2012b). Moreover, it is incapable of precise control of

spheroid size and not amenable to automation for massive

and parallel production of spheroids. Therefore, there is no

consensus on the method of choice for optimal formation

of tumor spheroids, and a variety of alternative methods are

still being developed in 3D culture systems.

In recent years, a number of microfluidic chips have

been developed for on chip formation of 3D tumor spher-

oids. These systems have a relatively short history in cell

culture but have gained interest from researchers in the

biomedical research field because of its ability to produce

precise control of the desired product in an extremely small

and confined space (Wu et al. 2008; Karp et al. 2007; Sakai

and Nakazawa 2007; Hsiao et al. 2009). Microfluidic chips

provide a possibility for single spheroid culture, observa-

tion and analysis, which is particularly useful for research

on cancer tumor physiology. Spheroid formation on chip is

a challenging task, so the proposed solutions required

sophisticated fabrication methods, which can entail limi-

tations for widespread use of such systems (Ziolkowska

et al. 2013). And it is important for tumor spheroid culture

to generate uniform spheroids or control the spheroid

diameter. Microdevices for generating uniform and mas-

sive spheroids have been demonstrated including micro-

well arrays and non-adherent micropatterns. The microwell

array system results in an improvement in homogeneous

mass production of cell aggregates, which allows for high

throughput measurements using the aggregates. Microwell

arrays are frequently fabricated by polyethylene glycol

(PEG) (Karp et al. 2007; Mori et al. 2008), PMMA (Sakai

et al. 2010) or PDMS (Wong et al. 2011; Ziolkowska et al.

2013). Microwell array and micropatterning are highly

effective in massive formation of tumor spheroids, but it

has limitations in subsequent cytotoxicity assays for

selective drug treatment due to lack of fluidic channels

(Kim et al. 2012a). However, to date, few studies have

investigated the suitability of glass microwells for tumor

spheroid formation and culture.

In this paper, we developed a novel microfluidic system

to form and culture tumor spheroid. By using PDMS–glass

hybrid chip, we formed a stable and self-contained system

for 3D cell culture. The system consisted of an array of

microwells and rigid microchannels on the bottom of glass

plate and bigger microwells and elastomeric microchannels

on the top of PDMS plate. The system was fabricated by

the new method of two-step wet etching in glass and a plate

of copper alloy for the master mold of PDMS. It is capable

of forming multicellular tumor spheroid quickly, changing

culture medium for long-term cell culture, and preforming

drug testing. On the contrary to spheroid chips previously

presented (Ziolkowska et al. 2012), the present chip pro-

vides quick spheroid formation and creates uniform

spheroids using glass microwells array. Importantly, we

show that glass wells are well suited for MCF-7 cells for

long-term spheroid culture based on the cell viability and

growth assays. MCF-7 cells were successfully cultured on

the microfluidic chip in 2D and 3D culture modes. In this

sense, this microfluidic device has great potential for

anticancer drug screening.

2 Experimental

2.1 Reagents and apparatus

Polydimethylsiloxane (PDMS) elastomer and Sylgard 184

curing agent were both purchased from Dow Corning

(Midland, MI, USA). SG2506WC glass (6.35 9 6.35 cm2,

with predeposit 145-nm-thick chromium layer and 570-nm-
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thick S-1805 photoresist) was from Changsha Shaoguang

Chrome Blank Co. Ltd. (Changsha, China). MCF-7 cells

were kindly provided by Ph.D. candidate Lu Jing from

Department of Pharmacology and Toxicology in Sun Yat-

sen University (Guangzhou, China), and were grown in the

Dulbecco’s modified Eagle’s medium (DMEM) with pen-

icillin, streptomycin, L-glutamine and fugizone that were

purchased from Gibco (Gibco Invitrogen Corporation,

USA). Fetal bovine serum (FBS), trypsin–EDTA and

phosphate buffered saline (PBS) were also obtained from

Gibco (Gibco Invitrogen Corporation, USA). Acridine

orange (AO) and ethidium bromide (EB) were obtained

from SangGon (Sangon Biotech, Shanghai, China). Poly(-

vinyl alcohol) (PVA) was obtained from Aladdin Reagent

(Shanghai, China). Ultrapure (18.2 MX cm) was made by

on Millipore Simplicity system (Millipore, Bedford, MA,

USA), and used for preparation of all aqueous solutions.

A PDC-32G plasma cleaner from Harrick Plasma

(Harrick Plasma, USA) was applied to bond PDMS and

glass chips. Syringe pump (Model TS-1A, Longer pump

Corporation, Baoding, China) was applied for liquid

manipulation. A home-made incubator is applied for tem-

perature control when exchanging the medium in the

microdevice. An inverted fluorescence microscope (Nikon

TS100-F, Japan) coupled with a cooled CCD camera was

applied for image record, results of which were analyzed

by ImageJ software.

2.2 Microfluidic device design

Figure 1a shows a schematic diagram of the microfluidic

chip’s multilayered structure. The structure of the spheroid

chip comprises two layers of PDMS plates and one layer of

cell culture glass substrate. The cell culture unit is com-

posed of an array of microwells on the bottom of the glass

plate and bigger microwells and elastomeric microchannels

on the upper of the PDMS plate. The lower layer is a

combination of cell culture microwells and microchannels

on a glass substrate. The substrate includes 4 9 5 panels of

concave microwells (diameters of 800 lm and depths of

150 mm) and the microchannels (500 lm wide and 50 lm

deep). The microwells were much deeper than the micro-

channels in the glass so that we can prevent aggregates

washing out. The middle layer, a 2 mm thick PDMS plate,

is composed of microchannels (500 lm wide and 50 lm

deep), a 4 9 5 well array (diameters of 1,000 lm and

depths of 150 mm) and four outlets. Liquid channels are

patterned on the layer of the PDMS plate. The PDMS

channel is designed with a dead end to facilitate cell cap-

ture, whereas the lower glass channel is continuous to

allow medium perfusion. The upper PDMS layer has one

inlet (0.8 mm in diameter), which is punched through the

middle layer. The inlet and outlets are connected to a

syringe pump through guiding tubes, which is responsible

for cell injection and culture medium perfusion.

Fig. 1 Structure and fabrication

of the microfluidic device used

for tumor spheroid formation

and culture. a Schematic

illustrations of the 3D layered

structure of the PDMS/glass

microfluidic chip. The chip

consists of two layers of PDMS

plate and one layer of cell

culture glass plate. b A process-

flow diagram of the fabrication

procedure of two-step wet

etching. Description of the steps

is in the test. c Photograph of

the fabricated microfluidic chip
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2.3 Microfluidic device fabrication

The microfluidic device used for tumor spheroid culture

was fabricated from PDMS and glass. Prior to bonding

PDMS and glass, cell culture microwells and micro-

channels were patterned onto a glass plate by standard

photolithographic technique and wet chemical etching

methods. Briefly, the designed chip pattern was printed on

a negative film mask. Then, the chip pattern was trans-

ferred onto a SG-2506 borosilicate glass, with photoresist

coating by UV light exposure for 60 s. The desired chip

image was developed after treatment with developer

(0.5 % NaOH) for 30 s. After washing with ultrapure

water, the glass plate was dried and heated at 120 �C for

45 min. After that, the untreated photoresist was solidated

and the glass plate was soaked in chromium etchant for

another 1 min to wash away the exposed chrome. Then,

the exposed micropatterns on the surface of glass slide

were etched in buffer oxide etchant (HF/NH4-

F = 1.0 M:1.0 M) at 30 �C. Moreover, we used a two-

step wet chemical etching and controlled the etching time

to make the different depth of microwells and micro-

channels (Sun and Yin 2006). Firstly, the microwells and

microchannels in the glass plate were etched with

HF ? NH4F for 50 min. Secondly, several adhesive tapes

were taped across microchannels areas, and the micro-

wells of exposed areas were etched for another 100 min.

It was finished by flushing the structure with distilled

water, acetone and dried in airflow. As a result, the

dimension of the cell culture microwells was 150 lm in

depth while the microchannels were 50 lm in depth.

Thus, the cell culture wells and microchannels were

fabricated to provide suitable culturing microenviron-

ments in glass, as shown in Fig. 1b.

The middle and top layers were fabricated using PDMS

due to its hydrophobicity and gas permeability. The master

mold of the upper layer was a blank glass plate. The middle

PDMS microfluidic chips were fabricated by copper molds

using computer numeric control (CNC) milling technique,

which was developed by our group (Yang et al. 2013).

Firstly, the designed microstructure was precisely carved

by a CNC milling machine. The copper master mold was

fabricated and rinsed with pure water, dried and stored for

PDMS molding. Then, PDMS base and curing agent were

mixed in the weight ratio of 10:1 and degassed thoroughly

by a vacuum pump for about 0.5 h. The mixed PDMS was

poured onto the copper mold and cured in an oven for 1 h

at 80 �C. The PDMS replica was peeled off carefully from

the mold and cut into the designed shape. The inlet and

outlets were punched with a flat-tip syringe needle for

guiding tubes. Finally, the top PDMS layers and the bottom

glass substrate were irreversibly bonded by oxygen plasma

treatment for 90 s.

2.4 Cell culture

MCF-7 cells were used as the model cells to demonstrate the

functionality of the microfluidic device. The cells were rou-

tinely cultured in traditional cell culture dishes in a humidified

atmosphere at 37 �C with 5 % CO2, using Dulbecco’s mod-

ified Eagle’s medium (DMEM) supplemented with 10 %

FBS, 100 lg/mL penicillin and 100 lg/mL streptomycin.

When the cells had become confluent, they were washed with

PBS and passaged. The cell passage was achieved with stan-

dard 0.25 % trypsin and neutralized with medium. Then, the

cell suspension solution was centrifuged at 1,300 rpm for

4 min, and the cells were resuspended in cell culture medium.

Finally, we could inject the appropriate cell suspension into

the cell culture microfluidic device for the following experi-

ments. Meanwhile, monolayer cell culture in cell culture glass

dishes and PDMS-covered glass dishes was carried out.

2.5 3D Spheroids formation

Tumor spheroid formation in the microfluidic device was

demonstrated by the MCF-7 breast cancer cells. Prior to

experiment, the microfluidic device was washed with

deionized water, 70 % ethanol and PBS, and then we ster-

ilized the microfluidic device using UV treatment for

30 min. To prevent cell adhesion, 0.5 % weight solution of

PVA in deionized water was introduced to the device and

left for 1-h incubation. After being washed, the cell sus-

pension was introduced into the device using syringe pump.

It was very important to remove all the air or bubbles in the

channels before cell injection. Then, the system was sealed

and placed in a culture chip for incubation for 48 h at 37 �C

in a 5 % CO2 humidified air atmosphere before injection of

fresh medium. To form a single cell microsphere in each

cell culture well, the microfluidic chip was sloped at

approximately 10� using a PDMS plate within 48 h of

culture (sloping culture). Thereafter, the chip was cultured

under a flat condition for normal culture. Culture medium

was exchanged every 48 h at a flow rate of 1 lL/min for

60 min. Meanwhile, we kept the temperature which was

controlled by a home-made incubator during the exchange

process. For control experiments, tumor spheroids were

formed on various substrates, including flat PDMS-covered

glass dishes, traditional glass dishes and concave micro-

wells in the microfluidic chip (normal 2D and 3D culture).

All substrates were coated with 0.5 % weight solution of

PVA to prevent cell attachment.

2.6 Computational modeling

Fluid flow in the designed structure was simulated using

MEMS Module of COMSOL Multiphysics software ver-

sion 4.3a.
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2.7 Cell analysis

In the case of MCF-7 cells, the size of the spheroid was

calculated by measuring its diameter. Two orthogonal

diameters, a and b, were measured and used to calculate the

geometric mean diameter using ImageJ software. The mean

radius (r) of the spheroid was determined according to the

following equation:

r ¼ 1=2 a � bð Þ1=2:

Cell viability was assessed using a combination of AO

and EB. AO is a vital dye that stains both live and dead

cells, while EB stains only cells that have lost membrane

integrity. Live cells will appear uniformly green, whereas

late apoptotic cells will stain orange with dots in the nuclei

as a consequence of chromatin condensation, and necrotic

cells will also stain orange, but these have a nuclear mor-

phology resembling that of viable cells, with no condensed

chromatin. Therefore, living cell rate can be calculated by

the morphological assessment. A mixture solution of

100 lg/mL EB and 100 lg/mL AO in 100 mM PBS buffer

was applied to the cell for 3 min before washed away by

the PBS buffer. For AO/EB-labeled cells, cell viabilities

were judged by the color of intracellular fluorescence. The

resulting fluorescence were imaged by the fluorescence

microscope analyzing system and analyzed by IMAGEJ

program.

3 Results and discussion

3.1 Microfluidic design

We have fabricated a novel microfluidic chip comprised

of two layers of PDMS plate using copper molds and one

layer of cell culture glass plate using wet etching tech-

nology to generate 3D spheroid (Fig. 1a). The two layers

of PDMS are composed of an inlet on the top layer, four

outlets and an array of big wells and channels on the

bottom of the second layer. The array of small wells on

glass plate is manually aligned with the 4 9 5 PDMS

well array for bounding. The upper channels of the

middle layer are designed with a dead end for facilitating

cell capture, and the channels of bottom layer are allowed

medium perfusion. The wide microchannels (500 lm

wide and 50 lm deep) could decrease the shear stress of

the fluid flow for cells, and the height of microchannels

can prevent the spheroids washing out from the wells.

After most of the cells have aggregated to form a

spheroid, the redundant cells were easily washed off by

flushing the fresh culture medium into the microchannels.

Each cell culture well (diameters of 800 lm and depths of

150 mm) on glass plate is deeper than the microchannel

and protects the cells from direct expose to the medium

exchange.

Wet etching has long been applied for the fabrication of

microfluidic glass chip (Huang et al. 2013; Chen et al.

2010b). However, in recent years, it always deemed as a

second choice because of isotropic etching character. This

isotropy character could lead to opposite effects on con-

caved and convex structures for glass chip fabrication (Xu

et al. 2012, 2013). Thus, we try to turn this disadvantage to

an advantage by fabricating concave wells in the micro-

fluidic chip to form the tumor spheroid instead of using

PDMS cylindrical wells. Some studies have demonstrated

that concave microwells are more effectively generate

homogeneous tumor spheroid than planar PDMS surfaces

or cylindrical microwells (Wong et al. 2011). Moreover,

using two-step wet etching, we could get multidepth

microfluidic channels and wells on glass plate. Figure 1b

shows the two-step wet etching fabrication process. This

may trigger our further exploration to the fabrication and

application of glass chip.

In addition, the microfluidic would promote the forma-

tion of tumor spheroid because the height of inlet is much

higher than the outlets. Although static cell culture is often

used in the spheroid formation, they cannot facilitate the

cells to form a single spheroid. Therefore, we developed an

intermittent dynamic culture mode for this study. We

applied hydrostatic pressure to establish a minute volume

difference between the inlet and outlets, which resulted in a

slow flow through the cell culture wells. These ways pro-

vide a dynamic environment in the microwells, allowing to

form tumor spheroids rapidly.

3.2 Cell seeding and simulations

The uniformity of the cell seeding is considered to be one

of the most important steps or markers of the experiment.

Uniformity of spheroid sizes is attributed to the uniformity

of cell seeding density. For anticancer drug assays,

homogenous tumor spheroids are necessary for statistical

analysis. Computational simulations (Fig. 2a) have shown

uniform fluid flow in the microchannels. The experimental

results indicated that cell seeding uniformity was good and

standard deviation between the rows was lower than 10 %

(data not shown). Cells introduced to the system were

distributed uniformly in all of the four microchannels. It

was observed that the cell culture reservoir was placed

under the same row parallel to the channel. Figure 2b–d

shows different simulation results of the fluid flow using

COMSOL Multiphysics of fluid motion in the designed cell

culture device. If the wells on the PDMS plate are the same

size as the wells on the glass plate, it is difficult for the

device to align correctly and satisfy uniformity. If a
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microfluidic device have been fabricated and aligned

badly, we cannot see good uniformity of cell seeding.

Microsystem alignment and bonding were crucial steps of

fabrication, which must have a significant effect on the cell

seeding uniformity. However, for our device, it is easy to

fabricate and align correctly and rapidly. It is observable

that the cell culture well should be in the center of the

channel, which is important for the cell spatial uniformity.

During our work, most of the microfluidic chips are fully

usable in the experiment.

3.3 Glass modification

Cell detachment on the glass plate is an important factor for

the formation of tumor spheroid, so the modification of the

glass surface with different substances has been investi-

gated. The attachment of cells to various substrates is often

dictated and controlled by the ability of adhesion proteins to

adsorb onto the polymer surface, and cells cannot adhere to

a surface unless cell adhesion proteins are present. In gen-

eral, the driving force for protein adsorption to hydrophilic

surfaces is enthalpic, whereas the driving force for

adsorption to hydrophobic surfaces is entropic (Nuttelman

et al. 2001). In particular, PVA is one of the very few vinyl

polymers soluble in water that has been studied intensively

because of its attractive features for medical applications

such as good film-forming ability, processability and high

hydrophily. PVA does not support cell attachment due to its

highly hydrophilic nature. Although cell adhesion proteins

bind stronger to surfaces with greater hydrophobicity, there

is an associated loss of activity. Bovine serum albumin

Fig. 2 Simulation results of the fluid flow using COMSOL Multi-

physics of fluid motion in the designed microfluidic device. a The

simulation of fluid flow for two cell culture units in the chip. b The

designed cell culture unit. The channel is 500 lm wide and 50 lm

deep. Cell culture concave microwell is 800 lm wide and 150 lm

deep on glass plate, and the PDMS microwell is 1,000 lm wide and

150 lm high on PDMS plate. c The cell culture glass microwell

without PDMS microwell. d The theoretical cell culture PDMS unit.

The cell culture microwell is cylindrical and the cylindrical microwell

is 800 lm wide and 150 lm deep

Fig. 3 Schematic illustration of the culture models of MCF-7 cells

according to the substrate: a plane glass surface, b non-adhesive plane

surface, c concave glass microwell, d non-adhesive concave micro-

well. The surface was modified with PVA to render it to be resistant

to cell adhesion
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(BSA) or PEG was commonly used to modify the PDMS

surface to form the spheroid, but the modification time and

effect were not elaborated in detail. These materials

reproduce to some extent the structural properties of the

ECM, and they do not provide specific peptide recognition

sequences required to promote cell attachment via surface

receptors such as the integrin (Zajaczkowski et al. 2003). In

this work, the glass was coated with 0.5 % (w/v) PVA and

3 % (w/v) BSA separately, and the PBS was used as a

control. After the surface modification for 1, 12 and 24 h,

respectively, MCF-7 cells were introduced to the glass dish,

and then, the culture dish was incubated in a CO2 incubator

for 24 h to allow the cells to form tumor spheroid. In

Fig. 4a, we found that MCF-7 cells could form tumor

spheroid on PVA-coated glass after 1 h or BSA-coated

glass after 24 h. After BSA treated for 12 h, it was not clear

to form spheroids and some cells adhered to the surface.

They all could keep their health morphology and have a

high cell viability. Hence, PVA, a non-degradable flexible

biocompatible polymer, was finally selected as the material

for tumor spheroid on chip.

3.4 Spheroid formation

Culture of tumor spheroid on a non-adhesive surface was

used as a macroscale reference to the tumor spheroid

Fig. 4 MCF-7 cells cultured on

flat glass dish. a The effect of

different surface modification of

glass on MCF-7 cell culture.

Scale bar is 200 lm. b Time-

lapse images of MCF-7 cells

cultured on the plane glass

surface, PDMS surface and

PVA-coated glass surface. Cell

viability was also performed.

Green and red fluorescence

indicates viable cells and dead

cells, respectively. The same

frames could not have been

captured due to fluidity of the

batch culture. Scale bar is

200 lm (color figure online)
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microsystem (Fig. 3). Glass is a hydrophilic material and

should be modified to render it with more hydrophilic

property. PDMS is a hydrophobic material so that it may

prevent cell attachment to form spheroids. Figure 4b

showed the optical and fluorescence images of the spheroid

culture on the plane dish for 5 days. MCF-7 cells were

cultured on PDMS-covered dishes and PVA-coated glass

dishes to compare their results. We also performed the

MCF-7 cells cultured in classic way using cell culture glass

dish. There was no impossible for changing cell culture

medium in culture dish because the cells gravitated and

aggregated to form several spheroids which were sus-

pended in the whole medium. However, we found that

hydrophobic PDMS surface could prevent cell attachment

but some cells still adhered to the PDMS surface. MCF-7

cells on PDMS-covered dishes cannot form aggregates or

spheroids, and we should enhance the effect using the PVA

to modify the surface. Meanwhile, MCF-7 cells cultured on

PVA-coated glass dishes could form aggregates within

24-h culture. It was observed that several spheroids were

inhomogenously formed on the plane non-adhesive glass

dish which provides bad uninform size uniformity. After

48 h cultivation, tumor spheroids on non-adhesive glass

dish have high cell viability. On the sixth day, gradual

decrease in cell viability can be observed.

Figure 5a, b illustrates the concept of how tumor

spheroid forms in the novel chip. Briefly, the microwells

and microchannels of the microfluidic device were treated

by PVA to be resistant to cell adhesion. Then, MCF-7 cells

are introduced to the whole volume of the microsystem and

gravity enforced cells to the sides of cell culture wells.

Since the wells are resistant to cell adhesion, the cells self-

aggregate to form tumor spheroids. After 48 h cultivation,

we remove unaggregrated cells in the microwells and

several small tumor spheroids in the microchannels. The

spheroid size is already larger than the height of the mi-

crochannel. At last, the tumor spheroid becomes substan-

tially spherical due to continued cell proliferation.

The size of spheroid formed on the chip was attributed

to the concentration of the injected cell suspension. If the

number of cells introduced into the device was too low, it

was difficult to form a single spheroid. It can cause several

small spheroids in each well. On the other hand, if too high

number of cells was introduced to the device, it is

Fig. 5 Formation of

multicellular tumor spheroids in

the microwells. a Scheme for

the spheroids formation using

normal culture and sloping

culture methods. b Schematic

diagram of the process for the

spheroids formation in the

microsystem. c The image of

MCF-7 aggregation within first

24 h by normal culture

method(a) and sloping

method(c). Scale bar is 200 lm
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unhealthy for cells to form spheroids because of the toxic

metabolism in the microwells. Too high density also had a

bad effect on the uniformity of cell seeding density. During

our practice, 1–8 9 107 cells/mL was optimal and it pro-

vided good results. In order to wash out unaggregrated

cells, cell culture medium was introduced into the micro-

fluidic device at the rate of 1 lL/min by syringe pumps.

The choice of flow rate was limited by the damage of cells

caused by the shear stress. According to the formula (Kim

et al. 2007), shear stress \0.001 dyn/cm2 is known as

Fig. 6 Results of MCF-7 cells

cultured in the microfluidic

device for 2D and 3D. a Optical

images of a microwell for 2D

standard monoculture at day

0(a), day 1(b), day 3(c), tumor

spheroid culture at day 0(d), day

2(e), day 3(f) by 3D normal

culture method and tumor

spheroid culture at day 0(g), day

1(h), day 3(i) by 3D sloping

culture method. Scale bar is

200 lm. b Size of tumor

spheroids cultured in the

microfluidic system by 3D

sloping culture. Results

compared with a control of 2D

standard culture of MCF-7 cells.

c The formation ratio of tumor

spheroids by the 3D normal and

sloping culture methods. d The

percentage of spheroids

diameter in the total population.

The average diameter was

150 lm. The images were used

to measure the diameters of

spheroids after generating the

spheroids
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harmless for cells on the surface of the culture chamber. In

the present work, the flow rate was obviously below the

shear stress to disturb cell function.

3.5 Culture of spheroids and viability assay

The first 24 h culture is critical for the success of the

spheroid formation. We compare the formation of spher-

oids in the microfluidic device with normal and sloping

method. The experiments were repeated thrice for each

method. In Fig. 5c, it was found that the formation of the

spheroid was slower in the microsystem than in the PVA-

covered glass dish. After 24 h of incubation, a cancer

aggregate of the MCF-7 cells was formed in the micro-

wells, whereas the same number of cells aggregated more

than ten clusters by normal culture method. In Fig. 6a, on

day 2, the cells still formed several fragments in irregular

clumps. Subsequently, we found that more than two

spheroids were formed in the microwell on the chips under

normal stationary tumor spheroid culture. The spheroids

possessed smooth surfaces and high circularity, and the

spheroid configuration was maintained despite further cell

proliferation. Some cells were found to be adhered to the

bottom surface of the microwells. Previous studies (Sakai

and Nakazawa 2007) had demonstrated that the formation

of a single spheroid in each microwell was difficult for the

conditions in which the microwell diameter exceeded

500 lm. The cells in small-diameter microwells can easily

aggregate and form single spheroids, whereas those in

large-diameter microwells aggregate and form several

small spheroids. The microwell diameter of 800 lm is too

large for a single spheroid formation, and the culture

medium is static, which cannot promote a single spheroid

synthesis. To solve this problem, we used the sloping

culture technology to form a single spheroid in each mi-

crowell of the chips with a microwell diameter of more

than 800 lm. Meanwhile, the device could facilitate the

spheroids because of the intermittent dynamic culture. In

case of MCF-7 cells, as the sloping culture technology and

fluxion of the culture medium are combined, tumor

spheroid formation must be promoted. The results showed

that spheroids on chip under sloping dynamic culture were

formed within 3 days of culture, but spheroid formation

which took the shape of almost perfect under stationary

culture occurred in 5 days of culture.

The image of the tumor spheroid growth was observed

by optical microscope. Diameters of spheroids were mea-

sured using image analysis software. The growth of tumor

spheroids is presented in Fig. 6a. We observed that cell

aggregation was noticeable after a 1 day culture with the

formation of primitive. After 3 days of culture, the average

size of spheroids was about 150 lm and 90 % of the

spheroids had the diameters of 140–160 lm. Between days

3 and 5, spheroids were 150 lm in diameter and then

remained constant (Fig. 6b). After 5 days of culture, cell

viability assay was performed using the live/dead cell

viability assay. The cell viability was over 90 %. To

compare different results, monolayer 2D culture, glass dish

spheroid culture and normal stationary spheroid culture

were performed. The formation ratio of tumor spheroids by

the 3D normal and sloping culture methods is shown in

Fig. 6c. The proportions of microwells containing spher-

oids were about 15 % (1 day), 40 % (2 days) and 80 %

(3 days) by 3D normal culture, while the proportion in

device was about 80 % (1 day), 90 % (2 days) and 96 %

(3 days) by 3D sloping culture, which was much higher

than the 3D normal culture method. Formation and culture

of multicellular tumor spheroid in the designed microsys-

tem have some advantages over previous studies. It can

easily form a single tumor spheroid by sloping culture

method. The handing of the spheroids produced is

straightforward because the spheroids are trapped in the

microwells. Our data showed that applicability of glass

substratum for spheroids formation is well suited.

4 Conclusions

We studied a novel microfluidic system that enabled the

easy and rapid formation and culture tumor spheroid and

the influence of glass substrate on the formation of tumor

spheroids. The three-dimensional microfluidic platform

comprised of two layers of PDMS plate using copper molds

and one layer of cell culture glass plate using wet etching

technology. The results show that spheroids could be

formed naturally and uniformly with the microstructure

and cultured for 3 days to the diameter of 150 lm due to

strong cell–cell interactions and the exchange of cell cul-

ture medium via the microchannels. The high cell viability

was maintained within this time. Our results also demon-

strated that the suitability of glass microwell chip for tumor

spheroid culture is well suited. It is expected to be widely

used for live cell applications and promising applications in

the future. The established platform provides a convenient

and fast method for tumor spheroid culture, which is

adaptable for analysis of cell-to-cell interactions and fun-

damental biomedical research. Moreover, the system can

be easily coupled with a concentration gradient generator

(Yang et al. 2011, 2013; Jedrych et al. 2011) to form a

prospective system for anticancer drug screening on tumor

cells.
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