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Abstract: We present a robust microfluidic platform for stable generation of multiple chemical gradients 
simultaneously using in situ self-assembly of microparticles in micro channels and show the potential of the proposed 
system for analysis of bacterial preference for cancer cell secreting proteins. We demonstrate the proof of concept as a 
preferential chemotaxis assay of bacteria toward multiple chemical sources. Aspartate induces the most preferential 
chemotaxis over galactose and ribose. The micro fluidic device can be easily fabricated with simple and cost effective 
process based on capillary pressure and evaporation for particle assembly. The assembled particles create uniform 
porous membranes in microchannels and its porosity can be easily controlled with different size particles. Moreover, the 
membrane is biocompatible and more robust than hydrogel based porous membranes. The proposed system is expected 
to be a useful tool for characterization of bacterial responses to various chemical sources, screening of bacterial cells, 
synthetic biology, and understanding many cellular activities. 

Keywords: Multiple chemical concentration gradients, Chemotaxis, Microfluidics, Bacteria 

1. INTRODUCTION 

Cell migration plays essential roles in angiogenesis[l, 
2] , embryonic development[3] , wound healing[4-6] , and 
cancer metastasis[7] and it is often meditated by 
chemical gradient.[8] Until so far, many types of 
devices including microfluidic platform have been 
developed for cell migration study based on chemical 
gradients. The developed microfluidic platform for 
chemical gradients generation can be categorized into 
convection flow based and diffusion based methods.[9] 
The convection flow based methods show a unique 
advantage over diffusion based methods in that they can 
generate controllable and switchable gradients. 
However, the convection flow can sweep away secreted 
biomolecules from cells, and viscous shear stresses from 
the flow interfere with the cell migration - especially 
swimming cells like bacteria. Therefore, for bacterial 
chemotaxis study, diffusion based gradient generation is 
more suitable method. Basically, diffusion based 
gradient generation utilize porous membranes, such as 
polyethylene, polycarbonate, and especially hydrogels. 
Nevertheless, the currently proposed porous membranes 
have some drawbacks. For example, the agarose-based 
microfluidic device is constructed with the stacks of 
many layers and it result in the leakage. 
Photopolymerizable hydrogels can form the porous 
membrane in the desired shape and position within a 
few seconds, but they require an extra photoemission 
equipment and have cytotoxic photo-initiator. The most 
critical problem of hydrogels is that hydrogels are not 
robust without aqueous environment and change their 
volume according to level of water absorption. 

In this study, we propose diffusion based multiple 
chemical gradient generation using in situ self-assembly 
of polystyrene particles in microchannels. Fig. I shows 
the configuration and principle idea of proposed 
microfluidic device. There exist source channels for 
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supplying the molecules to the center chamber and on 
the right opposite side, and there are sink channels for 
removing the same quantities of molecules from the 
center chamber in order to maintain steady state of 
chemical gradients for long time. Moreover, the center 
chamber is fully separated from source and sink channel 
by the diffusible porous membrane which is formed by 
nano-interstices of self-assembled polystyrene particles. 
Therefore, if the 100 % and 0 % of concentration is 
introduced by withdrawing the flow at source and sink 
channel, respectively, stable chemical gradients can be 
preserved in the center chamber without any external 
flow disturbance. 

Fig. 1 Schematic view for representing the configuration 
of devices and working principle 

We will show that the proposed system can be 
applied to the study of the preferential chemotaxis assay 
of bacteria when exposed to multiple chemical sources 
because cells in in vivo environments are exposed to 
various attractants and stimulants simultaneously. 
Therefore, we believe that the device will be a useful 
tool for characterizing bacterial responses to secreting 
proteins to cancer, and helping the design and 
development of intelligent theragnostic bacteria based 
biomedical microrobot. 



2. MATERIALS AND METHODS 

2.1 Fabrication process for microfluidic platform 
The micro fluidic chip was fabricated using the 

standard soft lithography and self-assembly of 
microparticles. (a) A 4 inch silicon wafer was patterned 
with SU -8 resist. The height of first layer for the 
shallow channel that can form the desired patterns for 
porous membrane is approximately 5 \-tm. (b) 
Subsequently, SU-8 2050 was patterned on the first 
SU-8 layer (target: 100 \-tm, this layer is for the deep 
channel) (c) The PDMS mixture was poured onto the 
master and cured at 95°C for I h. (d) The PDMS was 
then peeled off. (e) It was bonded with a slide glass after 
O2 plasma treatments. (f) The diluted microspheres at 
the intersection between shallow and deep channel 
experience a sudden pressure drop, which tries to drag 
the solution in the deep channel into the shallow 
channel. (g) In the designed horn-shaped channel, since 
more evaporation and capillary pressure were induced at 
the narrow opening, all particles were moved toward the 
narrow opening. However, the diluted microspheres 
could not move forward at the interface between the 
narrow opening and the expansion channel (center 
chamber) because the capillary stop pressure was 
maximized at the expansion angle � around 90°. (h) 
During the solution was dried out, microspheres were 
self-assembled, unidirectionally and nanopores were 
formed from nano-interstices in these closed-paked 
microsphres, only within the shallow channel. (i) 
Finally, we annealed the self-assembled particles for 1 h 
at 90°C. 

3. Results and discussions 

3.1 Device characterization 

The photograph of the fabricated microfluidic 
channels with the assembled micro spheres is shown in 
Fig. 2(a), and Fig. 2(b) shows the microscopic image 
around the center chamber. Each channel connected 
with the center chamber is isolated by the 
self-assembled microspheres. Fig. 2( c) shows the 
enlarged microscopic images where the interface 
between the narrow opening and the expansion channel 
(center chamber). The assembly of particles was formed 
unidirectionally (Fig. 2( d)) and diluted micro spheres 
could not move forward at the interface between the 
narrow opening and the expansion channel during 
evaporation of medium. During the solution was dried 
out, microspheres were self-assembled with an ideal 
FCC (face centered cubic) package only within the 
shallow channel. Nano-interstices in these close-packed 
microsphere lattices create a diffusible membrane that 
consists of voids interconnected by narrower pores, 
which have an equivalent diameter � 15% of the sphere 
size. We tested the permeability of the membrane using 
fluorescence dyes. Three different fluorescence dyes 
were introduced into the each source channel at 90° for 
FITC, 210° for Rhodamine B, and 330° for Dylight 549. 
Subsequently, in order to maintain the solution 
concentration, a flow rate of 4.0 \-tLimin was controlled 
by withdrawing the solution. Finally, M9 medium was 
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introduced into the center chamber. Since there is no net 
flow of M9 medium in the center channel but the 
permeation of fluorescence dyes through the membranes 
occurs, the stable concentration is established across the 
center channel and its overlapping fluorescence images 
at steady-state is shown in Fig. 2( e). Fig. 2(0 shows one 
of representative plots of the normalized FITC (90°) 
fluorescence intensity profiles across the center channel 
as a function of time and steady-state gradients were 
established within 5 min and maintained for several 
hours. 
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Fig. 2 (a) The photograph of the fabricated PDMS 
microfluidic channels (b) Microscopic image around the 
center chamber. (c) Enlarged microscopic images of 
self-assembled micro sphere s where the interface 
between the narrow opening and the expansion channel 
(center chamber). (d) Time sequence images of particle 
self-assembly within a shallow channel. (e) Overlapping 
fluorescence images if three different fluorescence dyes 
at steady-state. (0 Corresponding normalized 
fluorescence intensity plots. 

3.2 Preferential chemotaxis of bacteria cells 

The experiment for the preferential chemotaxis of 
Salmonella typhimurium toward three different 
chemo-attractants (aspartate, ribose, and galactose) was 
demonstrated, because bacterial cells are known to have 
chemo-receptors: tar for aspartate, and trg for ribose 
and galactose. Aspartate, galactose and ribose at the 
same molarity were introduced into the each different 
source channel at 90°, 210°, and 330°, respectively. 
Bacteria cells were loaded into the center chamber and 
fluorescent images were acquired for quantitative 
analysis. Fig. 3(a) and (b) show tracked trajectories for 
bacteria cells migrating in a chemical gradient with 10-1 

M of three different chemo-attractants. Right after cells 
were loaded, the bacterial cells execute a run and tumble 
mode but no biased migration was observed as shown in 
Fig. 3(a). However, after 120 sec later, cells sensed a 



change in the chemical environment and most cells 
migrated toward the higher aspartate gradient with run 
mode rather than tumble mode (Fig. 3(b)). 

As shown in time sequence fluorescence images (Fig. 
3( c)), the GFP expressing Salmonella typhimurium 
showed the strong positive chemotaxis toward aspartate, 
but it was hard to observe chemotactic responses in the 
galactose and ribose gradient. Furthermore, by 
quantifying the number of cells, Salmonella 
typhimurium seems more sensitive to the aspartate than 
galactose and ribose as shown in Fig. 3( d) and (e). 
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Fig. 3 The experiment for the preferential chemotaxis 
assay of Salmonella typhimurium toward three different 
chemo-attractants. (a) Tracked trajectories of 
Salmonella typhimurium migrating right after they were 
loaded and (b) 120 sec later. (c) Time sequence 
fluorescence images of the GFP expressing Salmonella 
typhimurium in the multiple chemical gradients (d) A 
vertical bar plot of the quantified number of cells with 
error bars (standard deviation). Salmonella typhimurium 
seems more sensitive to the aspartate than the galactose 
and the ribose. (e) Chemotactic responses toward 
different concentrations. 

4. CONCLUSIONS 

This proposed micro fluidic platform for multiple 
chemical gradients generation has several advantages: 
( I )  It can be simply fabricated with the standard soft 
lithography and needs simple microfluidic handling 
without any external heavy equipment. The shape and 
position of the assembled particles are manipulated 
easily by controlling capillary pressure. (2) The porosity 
of the membrane can be adjusted by using different size 
of particles. (3) Also, polystyrene itself is non-cytotoxic 
to the bacterial cells and robust in a dry environment, so 
that it can be kept for longer-term compared to the 
typical hydrogel based membrane. Generally, hydrogel 
based membrane should be fabricated just before 
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bacterial chemotaxis study and the biologist may not 
easily handle the device. We believe that our proposed 
system can be a useful tool for parallel and rapid 
characterization of bacterial responses to various 
chemical sources, screening of bacterial cells, synthetic 
biology, and understanding many cellular activities 
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