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We developed a novel gradient generator to achieve long range and linear chemical gradient 

with dynamic control function. The length of the gradient can be at centimetre scale. The 

gradient profile can be tuned by changing the flow rates. The device can work in both high 

flow rate regime with large shear stress and low flow rate with minimum shear stress. The 

function of drug screening is demonstrated by the viability test of PC-9 cancer cells.

Introduction 

Nowadays, engineering various gradients has attracted extensive 

attention for biomedical applications because gradients play essential 

roles in many biological activities and regulate a number of cellular 

functions in vivo. Chemical gradients have been shown to affect 

various cell behaviours, such as migration, proliferation, and 

differentiation during development1,2. Microfluidic devices offer the 

possibility of generating complex and well defined gradient profiles.  

One of the most popular methods to generate the chemical 

gradient is to leverage the Christmas Tree design3-20. Two or more 

fluids are mixed with different ratio by a channel network and form 

the gradient in a main channel by laminar flow. Because of the 

laminar regime that is inherent to fluid flow in micro-channels, the 

geometry of the micro-device and the flow rates can be tuned to 

subject the cultured cells to well-defined, diffusion-independent 

concentration profiles. However, the use of existing microfluidic 

gradient generators encounters hydrodynamic shear stresses that 

arise from the small characteristic dimensions of microfluidic 

channels. For most cultured cells, the maintenance of low levels of 

hydrodynamic shear is vital for the preservation of their wellbeing. 

To ensure a good laminar flow and gradient profile in the main 

channel, the fluid flows out from each small channel should be of 

symmetric flow rate pattern and different mix ratios of two kinds of 

fluids4-17. The symmetric flow rate pattern could be realized by the 

symmetric channel network. But this symmetric channel network 

will induce a non-linear gradient profile. It is very challenging to 

optimize the channel network which could realize both laminar flow 

and linear gradient profile. Moreover, since the gradient generated 

by the laminar flow is not affect by the flow rate, the Christmas tree 

designs also lack the function of dynamic control of the gradient 

profile. The initial fluid concentration from the inlet has to be 

changed if different gradient profile needs to be studied. Since the 

laminar flow can only maintained in low Reynolds number, the 

length of the gradient is also limited.   

Another major approach is to leverage the diffusion to generate 

chemical gradient21-34. The gradient generated by diffusion is 

vulnerable to convection flow. Thus the main issue for 

chemical gradient generator based on diffusion is the isolation 

of convection flow during the gradient generation procedure. 

For membrane-based diffusion chips30-32,34, convection flows 

are physically isolated by the thin membranes and only 

chemical molecules are allowed to diffuse through the 

membrane. For channel-based diffusion chips28,33, convection 

flows are minimized by micro-channels whose dimension are 

much smaller than main channels to maintain chemical 

gradients. Due to the isolation of convection flow, the gradients 

are mainly maintain at low or even static flow rate with 

minimal level of shear stresses which is ideal for cell culture. 

On the other hand, the duration required to stabilize the 

gradient is relatively long because of the low flow rate. Once 

the gradient is formed, it is not easy to have a dynamic control 

of the gradient profile. Moreover, the gradient profile is mainly 

determined by the nature of diffusion, the linearity is not 

guaranteed. To shorten the duration for stabilizing the gradient 

and enable an easier process for optimization and 

characterization, the length or area of the gradient are normally 

limited to hundreds of micrometer scale. 

 
Scheme.1 The working principle and structure of the chemical 

gradient generator. 

Method 

Here we present a novel gradient generation method based on 

convection-driven flow. This approach has many advantages 

over the methodologies developed so far since it can 

simultaneously satisfy the following:(1)The length of the 

gradient can be at centimetre scale and the time to stabilize the 

gradient is short; (2) A linear gradient profile which cannot be  
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Fig. 1 (a) Discrete fluidic circuit model of the gradient generator; (b) Simulation results of gradient profiles by changing the length of 

meandering channels; (c) Experiment results of fluorescent images and gradient profiles by changing the length of meandering channels; (d) 

Ideal curve of the gradient profiles when changing the final concentration at end point; (e) Experiment results of gradient profiles when 

changing the final concentration at end point when N=50. 

realized by Christmas tree designs and diffusion based designs.  

Thus concentration gradient profiles can be relatively easily 

predicted (3) The linear gradient profile is tuneable by changing 

the flow rates just by changing the flow rate which is not 

feasible by Christmas tree design and diffusion based design. 

(4) The device can work in both high flow rate regime with 

large shear stress and low flow rate regime with minimum shear 

stress. 

Analysis and Characterization 

The principle of the gradient generator is shown in Scheme. 

1(a).An array of injection ports is connected to the main channel. 

The chemical solution is added into the flow of buffer solution in 

main channel through injection ports. Due to the convection flow in  

main channel, each segment of the main channel will have the 

accumulation of the chemical injected from the injection ports before 

this segment. Thus along the main channel, the concentration of the 

gradient will increase and a chemical gradient is formed. The device 

to realize this method is shown in Scheme 1(b). The device has a 3D 

structure with three layers. For the bottom layer, the channel of U-

shape is the main channel to generate the chemical gradient. The 

buffer solution is injected from the inlet 1 of main channel and 

extracted from outlet 1. Along the main channel, there is an array of 

vertical injection ports in the middle layer. For the top layer, a 

channel network connects all the vertical injection ports. The 

chemical to generate the gradient is introduced from the inlet 2 and 

injected into the main channel through the injection ports. This 

channel network looks similar with the channel network used in the 

Christmas tree design. But the structure and function of these two 
channel networks are different. In Christmas tree design, two or 

more inlets are connected to the channel network and the main 

function of the channel network is to mix the fluids from inlets with 

different ratio. In our design, the meandering channel network is 

connected to one inlet and designed to minimize the difference of the 

injection rate of each vertical injection port, achieving an linear 

gradient profile. The outlet 2 is designed to avoid any bubbles 

remain in the channel during the solution filling process at the 
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beginning of the experiment. The detailed fabrication process and 

device characterization can be found in Fig. S1.  

In this design, the length of the meandering channels is 

optimized to realize a linear gradient profile. However, the linear  

 

 
Fig.2 (a) Experiment results of gradient profile using accumulation method and dilution method. Gradient profiles starting from 100% were 

done by dilution method. Gradient profiles starting from 0% were by accumulation method; (b) Experiment results of gradient profiles from 

devices of different number of ports.

gradient profile can only cover the range from 0% to 50%. Thus a 

complementary method was developed to generate a gradients which 

can cover the range from 100% to 50%. Then a linear gradient of 

whole range from 0% to 100% can be generated by this gradient 

generator. At last, the viability tests of PC-9 cancer cells were 

conducted to demonstrate the capability of drug screening by using 

this device. 

To realize a linear gradient profile, the injection rate of each 

injection port at different position of the main channel is expected to 

be identical. The flow rates of injection ports are affected by the 

pressure applied at the connection part of injection port and main 

channel which varies with the position along the main channel. To 

minimize the difference of the flow rates of injection ports, a discrete  

fluidic circuit model was built as shown in Fig. 1(a) to analyze 

injection flow rates through the injection port array. The pressure 

applied on inlet 1 and inlet 2 is V1 and V2 respectively. To simplify 

the design and optimization, the length of each meandering channel 

is identical. Thus the flow resistance of each meandering channel 

from inlet 2 to its injection port is the same, R0. The spacing of the 

injection port array is the same. So the flow resistance of the channel 

between two adjacent injection ports is the same, R1. The flow rate 

through each meandering channel is i1 to in. Due to the flow through 

the U-shape channel, there is a pressure drop along the channel. The 

pressure difference between two adjacent injection ports is from ∆V1 

to ∆Vn.  

For injection port n and n+1, the flow rate is in and in+1. The 

flow rate difference is  

∆𝒊𝒏 = 𝒊𝒏+𝟏 − 𝒊𝒏 =
∆𝑽𝒏
𝑹𝟎

 

To ensure the linear gradient profile, the chemical concentration 

should have a linear increase along the U-shape channel. Thus the 

flow rate through each injection port should be the same. But due to 

the ∆V induced by the flow resistance of the channel between two 

adjacent injection ports, the ∆i cannot be zero. However, when R0 is 

close to infinite, the ∆i can be close to zero. Fig. 1(b) and 1(c) shows 

representative chemical gradient profile results of mathematical 

modelling by COMSOL and experiments by using Rhodamine as the 

fluorescent dye. The number of injection ports is 12 and length of 

meandering channel ranges from 12 times(N=12) to 100 

times(N=100) of the spacing between two adjacent injection ports. 

The ratio of mass flow rates from inlet 1 and inlet 2 is 1:9 in 

mathematical modelling. So the final concentration is 10% at the end 

of main channel. The flow rates to inlet 1 and inlet 2 were 100nl/min 

and 11.1nl/min respectively in experiments. For the curve N=12, 

injection ports close to inlet 1 have back flow from the main 

channel. Thus the concentration is close to zero for the first two 

ports in the curve. This is because the V2 required to drive the flow 

rate which is the 1/9 of the flow rate injected from inlet 1 is much 

lower than V1 when R0 is very small. The flow rate i is negative for 

the injection ports close to inlet 1. As can be seen from the 

fluorescent image, the first part is dark. But the sum of the flow rates 

of all the injection ports is constant. For the after half curve, the 

injection flow rates of injection ports have a dramatic growth to 

balance the back flow. When increase the length of meandering 

channels, R0 becomes larger thus the V2 required to drive the flow 

also increases. The back flow disappears and the flow rate of each 

injection port tends to be identical. The profile of the gradient 

becomes linear when N is larger than 50 as can be seen in Fig. 1(b) 

and (c).  

In general, when N is larger than 50, the difference of the flow 

rate of the injection port array could be neglected. The output of the 

injection ports could be considered identical. In this ideal condition, 

for a device with N injection ports, the chemical concentration of 

segment n of the main channel is 

                                          𝑪𝒏 =
𝒏

𝑵
𝑰𝟐

𝑰𝟏+
𝒏

𝑵
𝑰𝟐

                              (1) 
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When I2 is much smaller than I1, the portion 
n

N
I2 in denominator can 

be neglected, which is the situation in Fig. 1(b) and (c)( I2=
1

9
I1,). The 

profile of the gradient should be completely linear. But the linearity 

will deteriorate when I2 increases. Fig. 1(d) shows the ideal curve of 

equation 1 when the final concentration at the end of channel ranges 

from 10% to 90% by increasing the I2. As can be seen in the Fig. 

1(d), when the final concentration is not higher than 50%, the 

linearity is acceptable. The linearity increases with the decrease of 

final concentration. Once the concentration is larger than 50%, 

meaning the I2 is higher than I1, the portion 
n

N
I2 in denominator takes 

a greater effect than I1. Thus the curve is not linear anymore. Fig 

1(e) shows the corresponding experiment results with the flow rate 

of inlet 1 as 100nl/min and N=50. For the results whose final 

concentration is not higher than 50%, the curve is linear. Once the 

concentration is higher is 50%, the curve has an obvious upper 

bending, making the curve not linear. Therefore, by using this 

method to achieve a linear concentration profile, the final 

concentration cannot exceed 50%. But within the range from 0% to 

50%, the linear gradient profile can have dynamic change just by 

changing the flow rate ratio from inlet 1 and inlet 2. Due to the 

linearity of the gradient, when the final concentration is known, 

which is determined by the flow rate ratio from inlet 1 and inlet 2, 

the concentration of each segment of the main channel can be 

predicted.  

In general, the function of the channel network in our design is quite 

different from the channel network used in Christmas tree design. 

The main purpose of the channel network is to ensure a linear profile 

rather than realize a solution mixture and laminar flow in Christmas 

tree design. 

Cell viability test 

To realize a chemical gradient with range from 0% to 100%, a 

complementary method was developed. In the previous approach, 

the maximum linear range for the chemical gradient is 0% to 50%. 

The chemical solution is injected into the main channel through the 

injections ports and accumulated along the main channel. It is an 

accumulation approach. In this complementary method, we give the 

chemical solution to inlet 1 and buffer solution to inlet 2. Then the 

linear range of the chemical gradient is from 100% to 50% which is 

the exact the buffer solution gradient range in the previous method. 

The chemical solution in main channel is diluted by the buffer 

solution from injection ports. It is a dilution approach. Fig. 2(a) 

show the experiment results of accumulation approach and dilution 

approach respectively. The flow rates of inlet 1 keep 100nl/min, 

which is low flow rate regime with low shear stress, for all the 

experiments. All the curves are linear as expected. We also 

conducted the experiments with the flow rates of inlet 1 as 

500nl/min, which is high flow rate regime with high shear stress. 

The results can be found in Fig. S2 of ESI. All the curves are linear 

when the flow rates of inlet 1 and inlet 2 keep the same ratio as in 

Fig. 2(a). The absolute values of flow rates do not introduce obvious 

effect on the gradient profile when the ratio of flow rates keep the 

same.  

The concentration of different segments are of discrete values 

in this method. Therefore, the resolution of the gradient is 

determined by the number of injection ports. More injection ports 

can give a higher gradient resolution. Fig. 2(b) shows the experiment 

results of 6, 8 and 12 ports with the same spacing between ports. The 

final concentrations at end pints are 10%. The N= 50 for all the 

devices and flow rates for inlet 1 are all 100nl/min. The gradient 

profiles are all linear. The scale of the injection port array could be 

further extended to achieve a higher gradient resolution. However,  

 
Fig. 4 Experiment of PC-9 cell viability test. (a) Calcein-AM stained 

PC-9 cancer cells from concentration of 0% to 50% by accumulation 

method; (b) Calcein-AM stained PC-9 cancer cells from 

concentration of 100% to 50% by dilution method; (c) Viability of 

PC-9 cancer cells along the main channel in both accumulation 

method and dilution method. 

the area to distribute the meandering channel will also be enlarged. 

Hence the devices with more injection ports are not discussed here. 

Currently the spacing between two adjacent injection ports is 

2000μm. Thus for the device with 12 injection ports, the length of 

the gradient is 2.4 centimetre. The length of the gradient could be 

further increase by increasing the number of injection ports. This 

centimetre scale linear gradient profile cannot be realized by either 

Christmas tree design or diffusion based designs.  

To investigate the function of drug screening by using this device, 

the effect of doxycycline on the viability of PC-9 lung cancer cells 

was tested. A gradient of doxycycline solution was generated and 

maintained along the U-shape main channel. The PC-9 cancer cells 

are immobilized onto the bottom substrate of the main channel. The 
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detailed process for cell culture and immobilization in U- shape main 

channel can be found in ESI. The doxycycline solution used in 

experiment was of 0.8mg/ml concentration. To realize a test range 

from 0% to 100%, the experiment was divided into two parts. For 

the first part, the accumulation method was used to generate gradient 

from 0% to 50%. Doxycycline solution was injected from inlet 2 and 

culture media was injected from inlet 1. For the second part, the 

dilution method was used to generate gradient from 100% to 50%. 

Doxycycline solution was injected from inlet 1 and culture media 

was injected from inlet 2. All the flow rates from inlet 1 were 

100nl/min. The duration of the viability experiment was 2 hours. 

Calcein-AM staining identified alive cells along the main channel as 

shown in Fig 3(a) and 3(b). The result of the accumulation method 

shows a higher cell viability than the result of the dilution method. 

The viability of cells decreases along the main channel in 

accumulation method from 70% to around 32% as shown in Fig. 

3(c).  

In dilution method, the viability of cells increases along the 

main channel from 2% to around 25%. The final concentrations at 

the end points of two methods were all 50%. But two curves do not 

merge together at the end points because of the fluctuation of 

experiments. As a comparison, the results for the gradient generated 

by accumulation method from 0% to 90% can be found in Fig. S3 in 

ESI. Due to the non-linear gradient profile, the result cannot well 

characterize the viability of cells at all the concentrations. 

Conclusions 

In summary, we designed and optimized a chemical gradient 

generator. The chemical gradient range could be tuned by changing 

the flow rates from the inlets. It could work in both low flow rate 

regime and high flow rate regime. The resolution of gradient can be 

improved by adding more injections ports. To achieve a linear 

gradient profile covering all the range from 0% to 100%, two 

methods were developed. For accumulation method, the maximum 

rang was from 0% to 50%. For dilution method, maximum range 

was from 100% to 50%. Because of the high linearity, the 

concentrations of different segment can be predicted directly by 

knowing the position of the segment in the whole channel. This high 

linearity of the gradient profile cannot be achieved by other gradient 

generators. Since the convection flow is leveraged to generate the 

chemical gradient, the length of the gradient could be extended to 

centimetre scale. The ability for drug screening was demonstrated by 

the cell viability experiments. In addition, the linear profile, the 

tunable gradient range and the ability to work with both low and 

high shear stress make this device rather attractive for a variety of 

cell-based studies. 
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