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ABSTRACT Electrotaxis or Galvanotaxis is the display of migration pattern of cells towards 

varying electrical potential. Although electrotaxis has been extensively studied for mammalian cells, 
there have been no in-depth investigations of electrotaxis of bacterial cells, i.e., more specifically 
pathogenic bacterium. From the BioNano Lab of University of Guelph, we have designed and 
fabricated nanoporous microfluidic platforms using photolithography and soft lithography 
techniques for investigating the motility dynamics of single cells of pathogenic Pseudomonas 
aeruginosa and Eschechiria coli to varying electrical potential and wound healing chemical agents. 
The orientation and migratory behaviour of single cells such as velocity, migration index, 
trajectories to varying strengths of multi-cue such as electric field and chemical concentrations were 
systematically characterized using a series of experiments. The results of this project provides 
novel insights and strategies towards development of electroceutical solutions with applications for 
wound healing, prevention of biofouling in dairy-food processing, and oil transport in petroleum 
industries. Coexisting electrical stimulation and chemical treatment could serve as a potential 
technique for rapid wound healing. 
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INTRODUCTION Due to the great prevalence and transient resistance of microorganisms by use 

of phenotypic variants, (Niepa et al. 2012) among other mechanisms currently under study (El 
Meouche et al. 2016; Lässig 2007), there is much interest in finding a viable alternative to antibiotic 
therapy for the control of pathogenic bacteria. The multi-drug resistant strains of Pseudomonas 
aeruginosa and Escherichia coli are of particular interest in this regard. Pseudomonas aeruginosa 
has the propensity to infect open wounds causing sepsis and eventual necrosis, due to its tolerance 
of hypoxic conditions, and remains a major cause of nosocomial infections (Veogele et al. 2015). 
Additionally, due to its psychotrophic qualities, Pseudomonas aeruginosa remains one of the main 
culprits of fouling in dairy products (de Oliveira et al. 2015). Further to this, bacterial biofilm 
formation on membrane surfaces remains a serious challenge in water treatment systems (Ronen 
et al. 2015), among a multitude of other disease vectors.  
 
Much interest has been shown over the years in the exploration of the effectiveness of electrical 
stimulation of bacteria as a means of bacteriostatic control in the area of wound healing (Asadi et 
al. 2012; Rowley et al. 1972; Rowley et al. 1974; Wolcott et al. 1969; Barranco et al. 1974) and 
biofilm investigation (Kim et al. 2015; Gall et al. 2013; Voegele et al. 2015; Kim et al. 2016; 
Schmidt-Malan et al. 2015; Sandvik et al. 2013). Single cell motility investigations of E. coli have 
been performed on capillaries with soil remediation initiatives (Liu et al. 1999) as well as 
Tetrahymena pyriformis for the purposes of developing a micro robot (Kim et al. 2013), but no 
single cell motility studies of the electrotactic or galvanotactic variety have been done on multi-drug 
resistant pathogenic species to date on a microfluidic platform. 
 
From the University of Guelph’s BioNano Laboratory, we present preliminary single cell motility 
metrics of multi-drug resistant strains of Pseudomonas aeruginosa and Escherichia coli on a 
microfluidic platform with forthcoming multi-cue electroceutical experimental metrics. Though the 
effectiveness of electrical stimulation, particularly in the 50 µA – 500 µA DC range has been 
observed on multiple bacterial strains and measured via Colony Forming Unit (CFU) counts, there 
is much speculation as to the nature of the underlying mechanisms involved, and beyond a 
reduction of CFU counts at varying exposure times, no relevant statistics have been provided at the 
single cell level regarding the effect of swimming motility of pathogenic bacteria under the influence 
of DC electrical stimulation in the µA current range. Hence, the results of this study can be used to 
obtain a greater depth of understanding of the effects of optimized electrical stimulation on 
pathogenic bacterial cells at the single cell and sub cellular level; shedding light on the 
underpinning mechanisms of their impairment and morbidity as well as initiate the device 
optimization process for rapid wound healing therapeutics. 
 

EXPERIMENTALS 

 
Characterization of Experimental Parameters Care was taken in the selection of various 

experimental parameters which will be discussed herein. Studies support that both E. coli and P. 

aeruginosa show little to no response to AC stimulation but exhibit a bacteriostatic effect when 

exposed to anodal and cathodal DC (Rowley et al. 1974; Maadi et al. 2010). Delivery of 200 µA for 

4h/day over 4 days reduced P.aeruginosa biofilms on Teflon and titanium discs (Schmidt-Malan et 

al. 2015) and exposure of P. aeruginosa and E. coli to 100 µA resulted in observable biofilm 

reduction after 4 days (Veogele et al. 2015). Further, in vivo studies have found skin ulcers 

colonized with P. aeruginosa treated with µA cathodal DC resulted in the ulcers being free of 

pathogens within days of treatment (Wolcott et al. 1969). Additional studies reveal that delivery of 
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current through carbon-filled electrodes to microorganisms in intact human skin at 75 µA and 100 

µA resulted in bactericidal effects at 4 and 24 hours beneath the positive electrode (Bolton et al. 

1980). To be conservative and mindful of unwanted effects such as additional pH and temperature 

fluctuations, combined with overwhelming evidence for bacteriostatic effects observed in the 75 µA 

to 200 µA range to DC stimulation, the selected currents were chosen to be 75 µA, 125 µA and 175 

µA DC respectively. Based on a study done by the Mayo Clinic, the use of low dose electric current 

within the urinary tract appears to be safe; a study of electrified catheters in sheep resulted in no 

physical or chemical changes of urine or the tissues of the urinary tract using 400 µA of current and 

a similar effect was observed in a human population using an electrified urinary tract catheter trial 

(Veogele et al. 2015). However, it is unknown how inflamed and possibly necrotized skin wounds 

would fare under 400 µA DC, which is why 175 µA was chosen as a conservative upper limit. The 

bacterial suspension consisted of either P. aeruginosa or E. coli suspended in filtered deionized 

water. This was done to reduce the complexity of electrochemical products produced at the 

anode/cathode and to see whether the bacteria exhibited the expected chemotactic behavior to the 

applied potential as they would in a chemotactic buffer. When the bacteria were observed 

microscopically in the prepared solution, they exhibited a high level of free motility; hence it seemed 

feasible to continue experimentally in this manner. 

Metric Acquisition Preliminarily, the Ibidi µslide III was used for imaging cellular motility, with 

copper electrodes inserted in ports 2 & B into the bacterial suspension. The bacterial suspensions 
were prepared by centrifuging cultures grown in Tryptic Soy Broth medium in the shaker at 200 rpm 
for 5 hours. The media was extracted and centrifuged at 3750 rpm for 5 minutes to concentrate the 
cells. Upon pouring off the supernatant and redistributing the cells in filtered deionized water, the 
process was repeated 2 times. The cells were subsequently diluted with filtered deionized water 
and injected into the µslide for viewing at I = 0 mA DC, I = 0.07 mA DC, I = 0.125 mA DC and I = 
0.175 mA DC, respectively. The desired ampere ranges were achieved by use of a current amplifier 
and at the following progression and exposure times: I= 0 mA (10 min), 3 minutes of rest, 0.07 mA 
(10 min), 3 minutes of rest, 0.125 mA (10 min), 3 minutes of rest and 0.175 mA (10 mins). The 
Nikon Eclipse Ti Inverted Microscope was used to image the cells at the following settings: Phase 2 
contrast with the use of D & GIF filters, 40x Objective with collar ring set to 1.3 mm, 1.5 x 
magnification, 1.0 Gain, recorded at 90 fps.  

 

Statistical Tracking and Data Analysis ImageJ was used to track the cellular frame by frame 

coordinates and Ibidi Chemotaxis and Migration Tool software was used to calculate the cellular 
motility metrics of the combined cell tracks. 

 

RESULTS AND DISCUSSION 

Reduction in cellular speed The mean cellular speeds for P. aeruginosa were found to be 44 ± 

3 µm/s, 34 ± 2 µm/s and 40 ± 2 µm/s for I = 0, 0.07 mA and 0.125 mA, respectively (Figure 1). 
Thus, there was a marked reduction in cellular speed for the current setting of 0.07 mA relative to 
baseline within standard error. The reduction of mean cellular speeds for E. coli were found to be 
9.7 ± 0.5 µm/s, 5 ± 0.4 µm/s and 6 ± 0.4 µm/s for I = 0 mA, 0.07 mA and 0.125 mA, respectively 
(Figure 2), resulting in a marked reduction in cellular speed for both current settings of 0.07 mA and 
0.125 mA respectively within standard error. This indicates that E.coli seems to be sensitive to both 
current settings while P. aeruginosa shows a statistical reduction only at the setting of 0.07 mA DC. 
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From a statistical point of view, reduction in mean cellular speed is a key metric in assessing motile 
impairment. 

Marked preference for y axis directed migration Another metric of interest is the cellular 

Forward Migration Index (FMI) in the x and y directions. The larger the FMI along either axis; the 
greater the migratory tendency along that chemotactic gradient, and in the case of both P. 
aeruginosa and E. coli, a preference is shown for the y axis, indicating what is most likely to be 
cathodic migration. Though the trend was observed in both species, it was most pronounced in E. 
coli (Figure 4). P. aeruginosa showed the strongest preference toward the y axis, again at 0.07 mA 
relative to baseline, whereas E. coli was almost equally responsive at 0.07 mA and 0.125 mA DC.  

Increased straight line cell trajectory (fig 3 & 5) Directness is a weighted average ratio of 

the Euclidean distance to accumulated distance of a cell’s trajectory and a measure of the degree 
to which the cell track follows a straight line trajectory. A Directness value of 1 would indicate 
complete straight line trajectory from start to end and a value far from 1 would indicate a high 
degree of randomness or wandering. In the case of both P. aeruginosa and E. coli, the determined 
Directness values were found to be: 0.79 ± 0.03, 0.82 ± 0.02 and 0.87 ± 0.02 for P.aeruginosa and 
0.74 ± 0.03, 0.9 ± 0.02 and 0.82 ± 0.02 for E. coli at I = 0 mA, 0.07 mA and 0.125 mA DC 
respectively (Figure 5). These results demonstrate an increase in straight line cell trajectory at both 
0.07 mA and 0.125 mA relative to baseline. However, E. coli shows the greatest Directionality at I = 
0.07 mA (Figures 3 and 5) whereas P. aeruginosa shows the greatest Directionality at I = 0.125 mA 
DC within the standard errors quoted (Figure 5).  

 

 

Figure 1: Distribution of cellular speeds for P. Aeruginosa at I = 0 mA (µ = (44 ± 3) µm/s), I 
= 0.07 mA (µ = (34 ± 2) µm/s) and I = 0.125 mA (µ = (40 ± 2) µm/s) indicating a marked 
decrease in cellular speed with current application relative to baseline. 
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Figure 2: Distribution of cellular speeds for E.coli at I = 0 mA (µ = (9.7 ± 0.5) µm/s), I = 
0.07 mA (µ = (5.0 ± 0.4) µm/s) and I = 0.125 mA (µ = (6.0 ± 0.4) µm/s), indicating a marked 
decrease in cellular speed with current application relative to baseline. 

 

 

Figure 3: Angular distribution (in degrees) for E.coli at I = 0 mA (left) and I = 0.07 mA 
(right) illustrating the increased tendency toward straight line trajectory with current 
application relative to baseline. 
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Figure 4: Forward Migration Index for E.coli at I = 0 mA (left) and I = 0.07 mA (middle) and 
I = 0.125 mA (right) illustrating the increased migration parallel to the chemotactic gradient 
(y axis) with current application relative to baseline. 

 

 

Figure 5: Directness at I = 0 mA, I = 0.07 mA and I = 0.125 mA for P. Aeruginosa (leftmost 
set of 3) and E.coli (rightmost set of 3) illustrating the increased tendency toward straight 
line trajectory with current application relative to baseline. 

 

CONCLUSIONS   Preliminarily, results indicate that P.aeruginosa and E.coli demonstrate 

reduced cellular speed when subjected to applied currents of 0.07 mA and 0.125 mA respectively 
(relative to baseline), increased directionality parallel to the chemotactic gradient (y axis) and 
general increasing preference for the latter axis with applied current relative to baseline. Both 
species demonstrate an increase in straight line trajectory; likely due to expected cathodic 
migration. These resulting metrics are promising in that the reduction of cellular speed observed in 
both species, provide a quantitative indicator of cellular motility impairment with the applied current 
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situation relative to baseline. Additionally, it is desirable to have the cells migrating towards the 
anode and cathode where a greater number of cell deaths have previously been observed (Bolton 
et al. 1980) and a higher level of electrochemical products are concentrated; such as Hydrogen 
Peroxide, which is known to be toxic to bacterial cells (Asadi et al. 2012). Future efforts will focus 
on exploring these effects and optimizing proceeding experiments in a multi-cue setting.  

 

Acknowledgements The authors greatly thank the Natural Sciences and Engineering Research 

Council of Canada (NSERC) and the Ontario Ministry of Research and Innovation (OMRI) for 
funding this study.   

 

REFERENCES 

Asadi, M.R. and G.Torkaman. 2012. Bacterial inhibition by electrical stimulation. Advances In 
Wound Care 3(2): 91-97. 

Barranco, S., J. Spadero and T. Berger. 1974. In vitro effect of weak direct current on 
Staphylococcus aureus. Clin Orthop 100: 250. 

Bolton, L., B. Foleno, B. Means and S. Petrucelli. 1980. Direct Current bactericidal effect on intact 
skin. Antimicrob Agents Chemother 18: 137. 

de Oliveira, G.B., L. Favarin, R.H. Luchese and D. McIntosh. 2015. Psychotropic bacteria in milk: 
How much do we really know? Brazilian Journal of Microbiology 46(2): 313-321. 

El Meouche, I., Y. Siu and M. J. Dunlop. 2016. Stochastic expression of a multitude antibiotic 
resistance activator confers transient resistance in single cells. Scientific Reports 6(19538): 1-9. 

Gall, I., M. Herzberg and Y. Oren. 2013. The effect of electric fields on bacterial attachment to 
conductive surfaces. Soft Matter 9: 2443-2452. 

Kim, D.H., P.S.S. Kim, K. Lee, J. Kim and M.J. Kim. 2013. Galvanotactic behavior of Tetrahymena 
pyriformis under electric fields. Journal of Micromechanics and Microengineering 23: 1-9. 

Kim, Y.W., M.P. Mosteller, S. Subramanian, M.T. Meyer, W.E. Bentley and R. Ghodssi. 2015. An 
optical microfluidic platform for spatiotemporal biofilm treatment monitoring. Journal of 
Micromechanics and Microengineering 26: 1-12. 

Lässig, M. 2007. From biophysics to evolutionary genetics: statistical aspects of gene regulation. 
BMC Bioinformatics 8: 1-21. 

Liu, Z., W. Chen and K.D. Papadopoulos. 1999. Electrokinetic movement of Escherichia coli in 
capillaries. Environmental Microbiology 1: 99-102. 

Maadi, H., M. Haghi, R. Delshad, H. Kangarloo, M.A. Mohammadnezhady and G.R. Hemmatyar. 
2010. Effect of alternating and direct currents on Pseudomonas aeruginosa growth in vitro. Afr J 
Biotechnol 9: 6373. 

Niepa, T.H.R., J.L. Gilbert and D. Ren. 2012. Controlling Pseudomonas aeruginosa persister cells 
by weak electrochemical currents and synergistic effects with tobramycin. Biomaterials 33(2012): 
7356-7365. 

Ronen, A., W. Duan, I. Wheeldon, S. Walker and D. Jassby. 2015. Microbial attachment inhibition 
through low-voltage electrochemical reactions on electrically conducting membranes. Environ Sci 
Technol 49(21): 12741-12750. 



 

 

8 

 

Rowley, B.A. 1972. Electrical current effects on E. Coli growth rates. Proc Soc Exp Biol Med 139: 
929. 

Rowley, B.A., J.M. McKenna, G.R. Chase and L.E. Wolcott. 1974. The influence of electrical 
current on an infecting microorganism in wounds. Ann NY Acad Sci 238: 543.  

Sandvik, E.L., B.R. McLoed, A.E. Parker and P.S. Stewart. 2013. Direct electric current treatment 
under physiologic saline conditions kills Staphylococcus epiderimidis biofilms via electrolytic 
generation of hypochlorous acid. PLoS ONE 8(2): 1-13. 

Schmidt-Malan, S.M., M.J. Karau, J. Cede, K.E. Greenwood-Quaintance, C.L. Brinkman, J.N. 
Mandrekar and R. Patel. 2015. Antibiofilm activity of low-amperage and intermittent direct electrical 
current. Antimicrobial Agents and Chemotherapy 59(8): 4610-4614. 

Veogele, P., J. Badiola, S.M. Schmidt-Malan, M.J. Karau and K.E. Greenwood-Quaintance. 2015. 
Anti-biofilm activity of electrical current in a catheter model. Antimicrobial Agents and 
Chemotherapy 60(3):1476-1480 

Wolcott, L., P. Wheeler, H. Hardwicke and B.A. Rowley. 1969. Accelerated healing of skin ulcers by 
electrotherapy: preliminary clinical results. South Med J 62: 795. 


