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the drug. Small variations of concentration were accessed 
across varied ranges; the IC50 value of DOX in the MDA-
MB-231 cell line was thus utilized on this device, pre-
cisely and quickly. The IC50 value calculated in this work 
is consistent with the range published elsewhere. With 
this device, hundreds of data points per compound drug 
screening can be tested in one experiment, which will be an 
essential key to determine customized drug dosage and to 
make possible personalized medicine.

Keywords  Static microwell array · Chemical 
concentration gradient · Cell-based drug testing · IC50 value

1  Introduction

Most discussion in personalized medicine, which is a pri-
ority of pharmaceutical development, relates to pharmaco-
logical therapies (Ginsburg and McCarthy 2001). With the 
development of personalized medicine, there is tremendous 
interest, in the pharmaceutical industry, in high-throughput 
cell-based screening platforms that are capable of rapidly 
providing precise information on a drug–dose response 
(Eribol et al. 2016). For personalized screening and thera-
peutic inventions, the drug–dose response for an individual 
patient is a major unmet need across many diseases, such 
as cancer and allergic diseases (Jonas et  al. 2015). The 
most commonly used conventional cell-based systems for 
drug screening are built on a basis of 96- or 384-well plates 
and large-scale robotics for liquid handling (e.g., the solu-
tion containing cells and a drug at varied concentrations). 
In the pharmaceutical industry, drug screening is thus a 
tedious and costly process.

Creating a droplet array or microwell array for a cell 
culture and generating a concentration gradient in a 
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microfluidic system are the important aspects of biological 
and medical applications. Droplet-based microfluidics are 
being widely promoted as a substitute for a conventional 
well-plate-based screening platform, in which scaling 
down of the sample size is difficult because of fluid evapo-
ration and pipetting errors (Dressler et al. 2014; Pompano 
et  al. 2011). With droplet-based microfluidics, the droplet 
arrays fall into two broad categories: a mobile droplet array 
in which droplets are continuously generated using micro-
fluidic methods (Abate et al. 2010; Ng et al. 2015), and a 
static microwell array in which the minuscule liquid are 
stored at predefined locations, to mimic conventional well 
plates (Bao et al. 2015; Bithi et al. 2014; Hung et al. 2005). 
The static microwell array is more suitable for drug screen-
ing because it allows concurrent and long-term monitor-
ing of several individual microwells in the same field, as in 
well plates.

Injection with a pipette and a diffusion chamber and 
diffusion through hydrogels are the most commonly used 
conventional methods to create a chemical gradient (Kim 
et al. 2010; Somaweera et al. 2016). Several generators of 
a concentration gradient in a microfluidic system have been 
developed. The gradient generators can be classified largely 
into two groups according to their principle of the genera-
tion of a gradient—based on diffusion (Burdick et al. 2004; 
Kim et  al. 2009; Vickerman et  al. 2008) and convection 
(Holden et al. 2003; Huang et al. 2015; Jeon et al. 2000). 
Most diffusion-based gradient generators lack the dynamic 
manipulation of a concentration profile; a reservoir of a 
limited size also affects the gradient stability. In a convec-
tion-based gradient generator, streams of fluids composed 
of varied concentration are brought together in a micro-
fluidic channel in which the solutes are allowed to diffuse 
across the interface as they flow down the microchannel. 
The most popular convection-based gradient generator 
is a microfluidic channel network (Dertinger et  al. 2001) 
because it is flexible in creating and maintaining gradients 
of varied shapes over long time scales.

With the development of microfluidic technology, espe-
cially the droplet array platforms of various types and the 
established technique of a gradient generator, the rapid, 
cheap and high-throughput alternatives for drug screening 
have attracted extensive attention (Dittrich and Manz 2006; 
Neuži et al. 2012). Microfluidic devices incorporating a gra-
dient generator with multiple cell-culture chambers or drop-
let arrays are being developed (Chang et al. 2014; Sun et al. 
2011; Xu et al. 2013; Yeh et al. 2011; Gao et al. 2012). These 
devices show a response of the compartmentalized cells to 
varied concentrations of a drug and serve to determine the 
pharmacodynamic parameters, such as half-maximal inhibi-
tory concentration (IC50 value) of the drug, which is impor-
tant to ascertain the potency, efficacy and safety of chemo-
therapeutic agents for individualized drug therapy (Abe et al. 

2015; Lee et  al. 2015; Toh et  al. 2009; Chen et  al. 2012). 
Although several chemical concentration generators have 
been reported (Kim et al. 2010; Somaweera et al. 2016; Toh 
et al. 2014; Yang et al. 2015; Xu et al. 2016), the most popu-
lar gradient generator is still a microfluidic channel network 
or its more controllable derivative design, but the range of 
concentration gradient and the quantity of desired concentra-
tion in such a microfluidic channel network are both limited 
by the complexity of the flow channel.

To accomplish the purpose of cheap and high-throughput 
drug screening in a simple way, a one-step passive method 
to create a concentration gradient in a static or mobile well-
like array has been reported (Sun et al. 2011; Sun and Vana-
palli 2013). This method is capable of generating sequentially 
a concentration gradient and providing environments of low 
shear for cell culture, but the reaction regions containing a 
mixture of cells and drug are sequentially diluted with the 
buffer with a lack of time for cell growth and differentiation 
before drug loading in the cell-based drug screening test.

In this work, we present a simple device for a high-
throughput drug–dose response experiment that complies 
with procedures of cell-based drug screening. We use a 
direct strategy to generate a static microwell array for cell 
culture with uniform cell seeding and to create a desired 
gradient of drug concentration in this microwell array. In 
this chip, the reaction regions and flow channel overlap, 
which is suitable for cell culture on filling with the culture 
medium to the upper flow channel. The shear force exerted 
on the deposited cells by the diluting plug is slight. Only 
two repeated simple operating steps apply for the entire 
cell-based drug testing: the injection of cells or drug into 
a flow channel and then injection of air flow into the flow 
channel. As an example of cell-based drug screening, the 
IC50 value of DOX in the MDA-MB-231 cell line was 
derived on the present device. The efficacy of a drug var-
ies significantly among patients because of the variable 
response to their mechanisms of drug resistance. IC50 is 
the most widely used and informative measure of a drug’s 
efficacy; it indicates how much drug is needed to inhibit 
a biological process by half, thus providing a measure of 
potency of an antagonist drug in pharmacological research 
(Sawant and Shegokar 2014; Saini and Hajrah 2015; Aykul 
and Martinez-Hackert 2016). The individualized selection 
of drug doses might bring about the realization of personal-
ized medicine.

2 � Experiments

2.1 � Device design and fabrication

Figure 1a, b shows the design of this device, which is able 
to form a static microwell array with uniform cell seeding 
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and then to generate a chemical concentration gradient in 
the microwell array. This device, in chip form, comprises 
two PDMS layers: one side forms an air chamber with 
the glass substrate; the other side forms the liquid chan-
nel (Fig.  1d) with embedded 320 cavities (20×16) as a 
region for cell culture and cell–drug reaction (Fig. 1e). The 
PDMS-based membrane between a liquid channel and an 
air chamber facilitates the generation of a periodic defor-
mation of a membrane that causes a uniform distribution of 
cells and accelerates the cell–drug interaction in the reac-
tion region (Fig. 1c).

Without a microelectromechanical system (MEMS), 
common machining processes were utilized to fabricate 
this device, which includes micromachining with computer 
numerical control (CNC) to make two molds with micro-
structures on poly-methylmethacrylate (PMMA) plates, 
and widely used poly-dimethylsiloxane (PDMS) casting 
and replication for rapid prototyping of the microfluidic 
components (Fujii 2002; Eddings and Gale 2006; Lamberti 
et  al. 2014; Yeh et  al. 2016). We used two PMMA molds 
pinching both ends of PDMS to form the main structure 
with the membrane (thickness 100 µm) therein. The main 
PDMS structures, plane upper layer (PDMS 1) and glass 
substrate were bonded together utilizing an oxygen-plasma 
treatment to form a liquid channel, reaction region and air 
chamber. The detailed fabrication of this device is shown 
in supplementary materials, Fig. S1. The width of the liq-
uid channel is 600  µm; the depth is 200  µm. The diame-
ter of the embedded reaction region is 600 µm; the depth 
is 400  µm. The dimensions of this device are 4.5  cm × 
4.5 cm; the volume of each cell culture and cell–drug reac-
tion region is approximately 113 nL.

2.2 � Cell and drug preparation

For a cell-based drug screening test, we prepared MDA-
MB-231 breast cancer cells (6×105 per mL) and doxoru-
bicin (DOX, a chemotherapy drug, Sigma-Aldrich) solution 
at varied initial concentrations (200, 500 and 1000  µM). 
The culture medium for MDA-MB-231 cells was sup-
plemented with fetal bovine serum (FBS, 10%). MDA-
MB-231 cells were cultured in a standard DMEM medium 
supplemented with FBS (10%) and penicillin or streptomy-
cin (1%) in a humidified cell incubator (37 °C, CO2 5%). 
Before experiments, the cells were cultured to 80% conflu-
ence and harvested with trypsin–EDTA. To determine the 
IC50 value, we used Calcein AM (excitation 495 nm, emis-
sion 515 nm, Molecular Probes™), which is retained only 
in live cells, to indicate and to count the number of living 
cells with a green fluorescent staining.

2.3 � Device operation

Figure 2 depicts the operating procedure to generate a static 
microwell array and to create the concentration gradient. 
Initially, the culture medium containing cells is injected 
into the liquid channel (Fig. 2a). Concurrently, the PDMS 
membrane is deformed periodically with consecutive and 
periodic air suction. The air suction is provided with a sole-
noid valve (driving frequency 5  Hz, working pressure as 
gauge pressure −80 kPa). After the liquid channel is filled 
with the mixture of the culture medium and cells, we let it 
stand for 5 min to allow cells to settle to the bottom of the 
reaction region. An air flow is then injected at a constant 
flow rate (10 mL/min) to remove superfluous medium and 

Fig. 1   a Schematic diagram of 
the chip design. b Two cham-
bers of the chip—the liquid 
chamber and the air chamber. 
c Membranes between two 
chambers deform periodically to 
increase the uniformity of cells 
by periodic air suction. d Image 
of this device, which comprises 
two inlets, two outlets and a 
flow channel with embedded 
cavities. e Distribution of 320 
(20 × 16) embedded cavities, 
which are the regions for cell 
culture and cell–drug reaction 
of this device. The dimensions 
of the chip are 4.5 × 4.5 cm2; 
the volume of each reaction 
region (the embedded cavity) is 
113 nL
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cells outside the reaction region (Fig. 2b) and to form the 
microwell array. We repeat the cell loading with exchange 
of inlet and outlet to avoid a decreased number of cells 
caused by the gravity effect. Then a fresh culture medium 
(10% FBS) is reloaded into the flow channel every 8 h to 
provide fresh nutrient in the cell-culture region to keep the 
cells healthy. This chip is placed in a humidified incubator 
(CO2 5%, 37 °C) for overnight culture.

After overnight culture, while the cells are already 
attached at the bottom of the reaction region, the drug 
plug is injected into a liquid channel (Fig. 2c). This system 
exploits the Taylor–Aris dispersion (Taylor 1953) to create 
a concentration gradient. On pushing the drug plug with 
an air flow at a constant rate, the drug plug passes through 
the microwell array sequentially; the drug concentration 
becomes rapidly and serially diluted in an automatic man-
ner (Fig. 2d). After 48 h for cell differentiation in a humidi-
fied incubator (CO2 5%, 37 °C), we load Calcein AM solu-
tion into the flow channel and label the living cells to verify 
the cell viability in each reaction region.

Figure  2e shows the analysis steps to determine the 
IC50 value of the specific drug and cell line. Initially, we 
pretested the range of drug concentration gradient and the 
concentration distribution in each reaction region based on 
various operating parameters, initial concentrations, rate of 
air flow and volume of the drug plug. After cell culture, we 
count the number of cells; we then calculate the cell viabil-
ity after cell–drug interaction. The IC50 value is eventually 
determined on comparing the distribution of the concentra-
tion gradient of the whole array. Because of the consistency 

of the distribution of chemical concentration with the same 
operating parameters, the present device is a useful tool 
to duplicate the cell-based drug screening test multiple 
times without preparing or measuring the reagent at varied 
concentrations.

3 � Results and discussion

3.1 � Encapsulation of cells in a static microwell array

A poor uniformity of cell number in cell-based drug 
screening produces an undesirable cellular response and a 
variable cell–drug interaction. Because of the recirculating 
flow within the sudden-expansion microchannel or cavity-
embedded channel (as Fig. 3a, Iwasa et al. 2003), the cells 
accumulate in a corner of the reaction region reverse to the 
flow direction as shown in Fig. 3b. Moreover, the number 
of cells progressively decreases along the flow direction 
due to the gravity effect. We inject the cells twice in the 
reversed flow direction to avoid decreasing the cell num-
ber and to create a uniform distribution of cells along this 
array. A periodic deformation of a PDMS-based membrane 
utilized in this device is designed to disturb the recircula-
tion flow inside the microwell and to create a uniform dis-
tribution of cells inside the microwell.

MDA-MB-231 breast cancer cells (6×105 per mL) were 
loaded into this device and formed a microwell array of 
encapsulated cells. Figure 3c shows images of the cells that 
adhered to the bottom of the reaction region in the inlet and 

Fig. 2   Schematic illustration 
of an experimental proce-
dure: a inject the cells into 
the liquid channel and deform 
the membrane concurrently, b 
inject the air flow to form the 
static microwell array, c inject 
a drug plug and push it with air, 
and d generate automatically a 
gradient of drug concentration, 
e analysis steps to determine the 
IC50 value of the specific drug 
and cell



Microfluid Nanofluid (2017) 21:80	

1 3

Page 5 of 9  80

outlet regions after culture overnight. One can see a uni-
form spatial distribution of cells in each reactor. The cell 
number, counted (ImageJ, open-source macro, Grishagin 
2015) after overnight culture in each row, is shown in 
Fig. 3d. We used the coefficient of variation, the ratio of the 
standard deviation to the mean, to represent the uniform-
ity of cells, which is a statistical measure of the dispersion 
of data points in a data series around the mean. The coef-
ficient of variation in each row is less than 11.6%. For the 
entire static microwell array, the average number of cells 
is approximately 149 cells per well; the coefficient of vari-
ation is 9.62%. We can see also a uniform spatial distri-
bution over the entire microwell array. Cells of sufficient 
amount for a drug screening test showed a satisfactory 
overall uniformity to avoid an undesirable cellular response 
in drug screening involving cell–cell interaction.

3.2 � Generation of a concentration gradient

Figure 4a illustrates that the chemical concentration gradu-
ally decreased along the flow direction in the presented 
device. Figure  4b presents an image of a concentration 
gradient of a blue dye generated with this device accord-
ing to the concentration in a descending order shown in 
Fig. 4a. The DI-water and blue-dye solution served to ver-
ify the performance of our serial concentration-generating 

concept. Water (DI) was first loaded into the channel and 
formed a static microwell array. A plug (6 µL) containing 
the blue-dye solution was loaded and pushed to the outlet 
with an air flow (10 mL/min). The concentration gradient 
was smoothly generated in the microwell array as the blue-
dye solution passed through the reaction region. With the 
same operating process, a concentration gradient of doxo-
rubicin (DOX) can be generated on the presented device. 
We measured the fluorescent intensity with varied concen-
tration of DOX with a commercial fluorescence microscope 
(Nikon A1R). Based on a linear relation between intensity 
of fluorescence (excitation 488 nm, emission 588 nm) and 
concentration of DOX (Kawai et  al. 1997; Li et  al. 2014, 
also see Fig. S2 in supplementary materials), we quanti-
tated the profile of the DOX concentration gradient along 
the presented microwell array. Figure  4c shows that the 
variation of DOX concentration along the flow direction in 
each microwell (drug plug 6 µL with initial concentration 
200 µM pushed with air flow 10 mL/min) fitted an expo-
nential decay function (R2 = 0.998).

Figure 4d–f shows a profile of the concentration gradi-
ent along the microwell array on varying the operating 
parameters; these profiles were measured at the midpoint 
in each row (red line in Fig. 4b). For all operating condi-
tions, the DOX concentration also decayed exponentially 
along the flow direction; small variations in concentration 

Fig. 3   Uniformity of breast 
cancer cell MDA-MB-231 (den-
sity of injected cells 6 × 105/
mL). a Schematic illustration of 
cross section of the flow within 
a sudden-expansion microchan-
nel or cavity-embedded channel. 
b Without periodic deforma-
tion of the membrane, the cells 
accumulated in a corner of the 
reaction region reversed to the 
flow direction. c Images of cells 
at the bottom of reactor near 
the inlet and outlet regions after 
periodic deformation of the 
membrane. d Average number 
of cells in each row of the 
matrix; the average number of 
cells is approximately 149 cells 
per reactor, coefficient of varia-
tion (CV) 9.62%
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were assessed across a range that varied with the rate of air 
flow, the volume of the drug plug, and the initial concen-
tration of the drug plug. With the same initial concentra-
tion (1000 µM) and rate (10 mL/min) of air flow, the larger 
volume of the drug plug yielded a wider range of concen-
tration gradient and a precipitous change in the gradient 
(Fig.  4c). In particular, the larger volume of a drug plug 
caused apparently greater concentrations in the first few 
rows because of the increased duration for the drug plug to 
pass through a reaction region (cavity) and the large total 
drug content in the plug, but a larger volume of the drug 
plug also caused increased concentrations in the last few 
rows, which is unsuitable for a low-dose drug.

With the same initial concentration (1000 µM) and vol-
ume of drug plug (6 µL), a smaller rate of air flow yielded 
a wider range of concentration gradient and a precipitous 
change in gradient because of the increased duration for 
the drug plug to pass through a reaction region (Fig. 4d). 
Somewhat differently, the concentrations of the last few 
rows varied little with the rate of air flow. Furthermore, the 
varied initial concentrations of the drug plug caused a dis-
parity of concentration in the first few rows, but not in the 
last few rows (Fig. 4e). The reason is that the larger con-
centration gradient between the drug plug and the solution 
in the reaction region increased the mass transfer of drug 
molecules.

The range of concentration gradient varied with the 
rate of air flow, the volume of the drug plug and the ini-
tial concentration of the drug plug. The maximum range 
of the concentration gradient in this work was from 50.2 
to 259.9 µM with a drug plug (15 µL, 1000 µM) with rate 
10  mL/min of air flow. The optimum operating condition 
depends on the dose range of a specific drug. In this work, 
referring to other research, DOX (6 µL, initial concentra-
tion 200  µM) was injected into the channel and pushed 
to the outlet with an air flow (10  mL/min) to generate a 
concentration gradient of DOX from 4.4 to 32.8  µM. On 
generating small concentration variations of a 320-micro-
well array automatically, the cell-based drug screening to 

determine the precise pharmacodynamic parameters was 
executed without a cumbersome and costly preparation of 
a drug.

3.3 � Cell‑based drug screening test

To test the half-maximal inhibitory concentration (IC50 
value), MDA-MB-231 cancer cells were first loaded and 
seeded at the bottom of the microwell array. Chemother-
apy drug DOX (6 µL, initial concentration 200  µM) was 
injected into the channel and pushed to the outlet with air 
flow 10  mL/min to generate a concentration gradient of 
DOX with the present strategy. We analyzed the initial con-
centration gradient of DOX in the microwell array on meas-
uring the fluorescent intensity there. After DOX reacted 
with cells for 48 h, we labelled the living cells with Cal-
cein AM to verify the cell viability in the midpoint reaction 
region in each row. As shown in Fig.  5a, green indicates 
viable cells. The cell viability decreased in an area of large 
drug concentration (weak fluorescence) and vice versa.

The IC50 value of DOX in MDA-MB-231 cell line was 
calculated in Fig. 5a that shows the cell viability at varied 
DOX concentration. We ran the cell-based drug screen-
ing in five chips; the IC50 value calculated in each chip 
was 6.44, 6.41, 6.38, 6.52 and 6.48 µM. Figure 5b shows 
the cell viability at varied concentration at the midpoint in 
each row of the microwell array. The five groups of data 
points approximately coincide with a profile (R2 > 0.99) of 
the cell viability at varied DOX concentration. The aver-
age IC50 value of DOX in MDA-MB-231 cell line was 
6.446 ±  0.05  µM, consistent with ranges published else-
where (Kalet 2007; Tassone et al. 2003; Tegze et al. 2012). 
The proposed method of measuring IC50 through an easily 
operated microwell array and a concentration-gradient gen-
erator shows multiple testing to be highly reliable.

4 � Conclusion

In this work, we developed a simple device that contains 
both a generator of a concentration gradient and a static 
microwell array. Both the microwell array (with uniform 
cell seeding) and the gradient were generated with an easy 
and direct method. The necessary operations are injecting 
cells, the drug and the air flow in sequence. Hence, this 
device is quickly and easily operable for cell-based drug 
screening.

The average number of cells was approximately 149 
cells per well; the coefficient of variation was 9.62. We 
found a uniform spatial distribution in each reactor and 
over the entire microwell array. A sufficient amount of cells 
for a drug screening test showed a satisfactory overall uni-
formity that avoided undesirable cellular responses in drug 

Fig. 4   a Schematic illustration of chemical concentration gradually 
decreasing along the flow direction. b Concentration gradient of a 
blue dye generated in a matrix form. c Variation of DOX concentra-
tion along the flow direction in each microwell (drug plug 6 µL with 
initial concentration 200 µM pushed with air flow at 10 mL/min). d–f 
Control of concentration gradient ranges on varying operating param-
eters; the concentration of the drug decayed exponentially along the 
microwell array. d With initial concentration 1000  µM, the air flow 
rate (10 mL/min) was fixed; the volume of drug plug was varied. e 
With initial concentration 1000  µM, the volume (6 µL) of the drug 
plug was fixed; the air flow rate was varied. f The volume of drug 
plug (6 µL) and the rate (10 mL/min) of air flow were fixed; the range 
of the concentration gradient was varied with the initial concentra-
tions of drug plug. The concentration gradient profiles were measured 
at the midpoint in each row (red line)

◂
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screening involving cell–cell interactions. Using an opti-
mum operating condition of a DOX plug, the small varia-
tions in concentration were accessed from 4.4 to 32.8 µM. 
Utilizing this device and following the proposed procedure, 
we found an IC50 value of DOX in the MDA-MB-231 cell 
line consistent with a range reported elsewhere.

This device shows a high potential for a drug-testing 
application, as demonstrated through easy and precise 
quantification of the IC50 value of DOX in breast cancer 
cell in vitro. Using this device, hundreds of data points per 
compound drug screening can be tested in one experiment 
without cumbersome and costly preparation of a drug. It 
will be an essential key to determine customized drug dos-
age and to make possible personalized medicine.
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