
 
 

Surface Patterning of Biofilm: A toolbox study to detect microbial metabolites 

 

 

by 

Kristine Nguyen 

 

 

 

 

 

 

 

 

A THESIS 

 

 

submitted to 

 

Oregon State University 

 

University Honors College 

 

 

 

 

 

 

in partial fulfillment of 

the requirements for the  

degree of 

 

 

Honors Baccalaureate of Science in Bioengineeering 

(Honors Associate) 

 

 

 

 

 

Presented May 26, 2016 

Commencement June 2016 

 

  



 
 

 

  



 
 

AN ABSTRACT OF THE THESIS OF 

 
Kristine Nguyen for the degree of Honors Baccalaureate of Science in Bioengineering 

presented on May 26, 2016.  Title: Surface Patterning of Biofilm: A toolbox study to detect 

microbial metabolites . 

 

 

Abstract approved: ______________________________________________________ 

Dipankar Koley 

 

 

Surface patterning of bacterial biofilm provides an opportunity to understand the 

microbial metabolic exchange between bacterial species. By using various techniques, 

one can put different bacterial species in close proximity and study their interaction by 

using various assay kits and analytical techniques. In this study, surface patterning of 

Pseudomonas aeruginosa was performed by electrochemical codeposition of bacteria and 

alginate gel.  P. aeruginosa are mainly grown on health care equipment and cause 

infections, therefore it is important to understand their virulence during biofilm growth. 

P. aeruginosa produces quorum sensing molecules known as PQS and phenazines. 

Phenazines are redox active and therefore can be detected using electrochemistry. To 

detect phenazines, a 30 µm carbon fiber electrode was fabricated. The electrode has a 

detection limit of 1µM to 5µM PYO, determined by recording Square wave voltammetry 

in various concentrations of PYO in 10 mM PBS. To verify trapping of live bacteria 

inside the gel, confocal microscopy was used to record 3D images with the model 

system: gfp tagged Escherichia coli–alginate gel. In the future, we plan to use Scanning 

Electrochemical Microscopy (SECM) with carbon fiber ultra-micro sensor to determine 

the distance between two bacteria species required to trigger quorum sensing.  
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Introduction 

  Bacteria live in immobile communities called biofilm. Biofilm increases bacteria’s 

virulence because the bacteria being in close proximity increases their communication 

abilities [4]. Pseudomonas aeruginosa is a Gram negative bacterium that produces biofilm 

and is one of the most common causes of health care associated infections (HAIs) [3]. This 

opportunistic pathogen accounts for 10.1% of all HAIs [10]. HAIs are caused when patients 

come in for treatment and obtain secondary infections from catheters, oxygenators, and 

other improperly sterilized medical equipment. HAIs can result in pneumonia, 

gastrointestinal illness, urinary tract infections, primary bloodstream infections, surgical 

site infections from any inpatient surgery, or other types of infections [3]. P. aeruginosa 

causes HAIs by forming a biofilm on medical device equipment. The formation of biofilm 

contributes to P. aeruginosa’s virulence thus making it difficult to treat. Understanding P. 

aeruginosa’s biofilm is crucial for creating a detection and prevention mechanism of HAIs.  

P. aeruginosa produces quorum sensing molecules during different stages of its 

growth phase that contributes to the bacteria’s virulence (Figure 1). Homoserine lactone 

(HSL) are quorum sensing molecules that are produced by all bacteria during the 

exponential growth phase in order to communicate with other bacteria which allows them 

to function together as a whole. Once there is enough bacteria in the late exponential phase 

to produce sufficient amounts of HSL to meet the HSL threshold, P. aeruginosa begin to 

produce pseudomonas quinolone signal (PQS). PQS is another quorum sensing molecule 

that facilitates the conjugating of P. aeruginosa specifically. When enough P. aeruginosa 

has grown and the PQS threshold has been achieved, the bacteria begin producing 

phenazines.  
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Figure 1. Quorum sensing circuit for Pseudomonas aeruginosa. Modified from 

Price-Whelan et al. (2006).  

Phenazines are redox active molecules that are toxic to humans and other 

organisms. They contribute to the virulence of biofilm which makes phenazine detection 

important for HAI prevention. Since phenazines have redox couples, they can be detected 

using electrochemistry. Some of the most common phenazines produced by P. aeruginosa 

are pyocyanin (PYO), phenazine-1-carboxylate (PCA), phenazine-1-carboxamide (PCN), 

and 1-hydroxyphenazine (1-OHPHZ). Each of these phenazines are reduced at 

characteristic E1/2 potentials in which the pheanzines can be identified in solution (Figure 

2) [9].  
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Table 1. List of Phenazines with their redox couples and potentials at which the 

phenazines get reduced. Modified from Wang and Newman (2008). 

 

There is a desire to know what the minimum distance is required to trigger the 

quorum circuit that produces phenazines as a means to develop a device to detect P. 

aeruginosa biofilm on medical equipment. In order to determine the minimum distance 

required to trigger the quorum circuit, a PQS-forming mutant of P. aeruginosa needs to be 

immobilized with spatial control in close proximity to a phenazine-forming mutant. The 

PQS-forming mutant would release PQS and the phenazine-forming mutant would receive 

the PQS and then produce phenazines which could be detected using an 

ultramicroelectrode (Figure 2). Phenazines would only be formed if the PQS-forming 

mutant is close enough to the phenazine-forming mutant. To do this, P. aeruginosa can be 
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electrochemically deposited in alginate to allow for spatial control of where the bacteria is 

located. This allows the two strains of bacteria to be within microns of each other. Several 

groups have developed methods of studying biofilm by mimicking biofilm formation 

through surface patterning using various techniques. Connell et al. (2013) used a 3D 

printing model and lasers to encapsulate bacteria in gelatin. Cheng et al. (2011) 

immobilized Escherichia coli using patterned electrodes and alginate hydrogel. The 

advantage of using electrochemical deposition of hydrogels for surface patterning of 

biofilms is that it allows for co-deposition of bacteria and hydrogel with precise spatial 

control while maintaining bacteria viability. In this study, surface patterning of GFP-tagged 

Esherichia coli was carried out by using the electrodeposition method. 

 

 

 

 

Figure 2. Schematic of immobilized strains of P. aeruginosa and an ultramicroelectrode 

used for the electrochemical detection of phenazines.   

In order to get close enough to the bacteria to detect the phenazines that are 

produced locally and in real-time, an ultramicroelectrode (UME) needs to be used. This 

can be done by fabricating an ultramicroelectrode that is capable of detecting and 

quantifying phenazines at low concentrations in solution. By combining the immobilized 

bacteria in gel and the ultramicroelectrode, a mechanism is formed to determine the 

minimum distance required to trigger the quorum sensing circuit.  
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Materials and Methods 

Electrochemical Deposition of Alginate Gel 

  Alginate is an acidic polysaccharide produced from the algae Phaeophyceae that 

forms gel in presence of excess calcium ions [5]. Alginate gel was used for electrochemical 

codeposition because it is biocompatible, it can be electrochemically deposited, and it is 

capable of trapping live bacteria.  Alginate gel can be electrochemically deposited by 

applying 2-3 V on an electrode to cause water oxidation, which creates a proton gradient 

in the solution thus lowering the pH of the solution (Figure 3). When calcium carbonate 

particles are in the solution, the low pH causes the release of calcium cations. The calcium 

cations mix with the alginate polymer chains forming a network of hydrogel on the 

electrode [1].  

 

Figure 3. Schematic of electrodeposition of alginate gel. Modified from Cheng et al. (2011). 

Alginate electrochemical deposition was first done without bacteria to optimize the 

parameters for electrochemical deposition of alginate. For alginate electrochemical 

deposition without bacteria, the materials needed for deposition was first assembled. A 

piece of copper tape (0.5 cm x 10 cm) was attached to an Indium tin oxide (ITO) coated 

glass slide (25 mm x 25 mm) on the ITO coated side. An ITO coated glass slide was used 
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because ITO does not oxidize as easily as gold, therefore it can be reused more than 5 

times. ITO is also transparent so a confocal image can be taken without removing the gel 

from the glass slide. The ITO coated glass slide with the copper tape connection was 

wrapped in parafilm leaving a 20 x 15 mm rectangle of ITO not covered. The entire strip 

of copper tape was wrapped in parafilm except for the last 1 cm of tape to allow for 

connection. Another piece of copper tape (0.5 cm x 10 cm) was attached to one corner of 

a 1 x 1 cm platinum wire sheet. Parafilm was used to cover the entire strip of copper tape 

except for the last 1 cm of tape to allow for connection. A mask was created in order to 

control where the alginate was being deposited. To create a mask, a 3 x 1 mm rectangle 

was cut out of the middle of a 25 x 20 mm polydimethylsiloxane (PDMS) sheet using a 

scalpel.  

 

 

 

 

 

 Figure 4. Experimental set of electrodeposition of alginate gel without bacteria.  

The surface of the ITO coated glass slide and the PDMS mask was wiped clean 

with 70% ethanol then the mask was placed on the surface of the ITO coated side. The ITO 

coated glass slide was put into a 25 mL beaker with the ITO and mask side facing up 

(Figure 4). The copper tape was bent over the top edge of the beaker to provide stability to 

the glass slide. The platinum wire sheet was positioned in the beaker, parallel to the ITO 
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glass slide approximately 1 cm away. The copper tape was also bent over the top edge of 

the beaker to hold the desired position of the platinum wire sheet. Alginate 

electrodeposition solution (1% Alginate, 0.5% calcium carbonate, 25 mL of DI water) was 

prepared in a 25 mL volumetric flask [7]. The solution was mixed to ensure that calcium 

carbonate was not settling at the bottom then was poured into the 25 mL beaker. The green 

electrode was attached to the ITO glass slide (working electrode) and the red electrode was 

attached to the platinum wire (counter electrode). Using CH instruments software, an 

amperometric IT curve was set to a potential of 2.2 V for 600s. A constant potential was 

applied rather than using current density for electrochemical deposition because the 

incorporation of bacteria in later experiments interfered with the current being applied, thus 

the potential of the electrode was too high and would ruin the ITO coated glass slide.  

Electrochemical Co-deposition of Alginate Gel and GFP-tagged Escherichia coli 

For electrochemical co-deposition of bacteria and alginate gel, GFP-tagged 

Escherichia coli and alginate gel was used as the model system. GFP-tagged Escherichia 

coli was used because it is non-pathogenic making it easier to use outside of the hood. In 

addition, GFP-tagged E. coli fluoresces when it is alive so it is possible to verify that live 

bacteria were encapsulated in the gel after co-deposition. GFP-tagged E. coli was grown 

for 24 hours at 37˚C to obtain an optical density of 0.6. Alginate electrochemical co-

deposition solution (2% Alginate, 1% calcium carbonate, 25 mL of DI water) was prepared 

in a 25 mL volumetric flask. Alginate electrochemical codeposition solution was mixed 

with the GFP-tagged E. coli liquid culture (1:1 ratio) to form 20 mL of solution. The same 

set up from the alginate electrodeposition was used, but instead the alginate 

electrochemical co-deposition solution with bacteria was used. CH instruments software 
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was used to run an amperometric IT curve set to a potential of 2.2 V for 600s. After gel 

was deposited, ITO glass slide with gel was removed from the codeposition solution then 

put into a petri dish with curing solution (1 mM glucose in 1% CaCl2) overnight in 37˚C. 

Curing solution provided glucose to the bacteria as a food source and the CaCl2 provided 

calcium ions to solidify the alginate gel.  

Confocal Imaging of Electrochemically Codeposited Alginate Gel and GFP-tagged  

E. coli  

To verify that the live GFP-tagged E. coli was encapsulated inside the alginate gel, 

confocal microscopy was used because it is capable of providing a three dimensional 

analysis. After curing the gel with the GFP-tagged E. coli immobilized in it overnight, the 

petri dish with the ITO glass slide and gel was removed from the incubator. The PDMS 

mask was removed from the ITO glass slide. The gel immobilized on the slide could not 

be imaged on the ITO because the connections on the ITO glass slide made it not possible 

to focus the image. Therefore, the gel was removed from the ITO glass slide and was put 

on a glass cover slide for imaging. A 10x optical lens was used with a 488 nm excitation 

wavelength and a 500 – 544 nm emission wavelength in order to view the green 

fluorescence produced by the live bacteria. A two dimensional image was taken from the 

bottom of the gel and then a three dimensional image was taken of the entire gel.  

Electrochemical Techniques 

In order to detect the phenzaines created by P. aeruginosa using electrochemistry, 

a three electrode system was used. Three electrode systems include a working, reference, 

and counter electrode. The working electrode is the main electrode used for measuring 
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current. The reference electrode works with the working electrode in order to maintain the 

desired potential of the system. The counter electrode uptakes any extra current in the 

solution in order to help maintain the potential of the system.  

Cyclic voltammetry (CV) is a technique that applies a range of potentials while 

measuring current. CVs are used to characterize ultramicroelectrodes for detection of 

phenazines. Square wave voltammetry is similar to cyclic voltammetry, except the 

potential is scanned in step increments and step decrements in order to obtain a differential 

signal to minimize noise. E1/2 potentials in square wave curves are seen as peaks on the 

plot. Amperometric i-t curve applies a constant potential and measures current over time.  

Fabrication of Ultramicroelectrodes 

Platinum, gold and carbon fiber ultramicroelectrodes were fabricated to detect and 

quantify the phenazines (Figure 5). A glass capillary tube (1 mm diameter, 8 cm long) was 

cut and cleaned with ethanol. The tube was put in the oven for 5 minutes at 60˚C in order 

for the tube to dry. Using a capillary puller, the capillary tube was pulled to form a sharp 

tip. An initial seal was made by melting the tip of the pulled capillary tube by applying 45 

W to the tip for 15 minutes. A 1 cm piece of platinum wire (25 µm diameter) was cut for 

the electrode. The wire was placed into the sealed capillary tube and pushed all the way to 

the bottom of the tube. A secondary seal was made to seal the wire in place by applying 45 

W to 60 W to the tip of the capillary tube and platinum wire for an hour. A copper wire (10 

cm) was cut to allow for connection from the ultramicro-wire to the potentiostat. Silver 

epoxy was inserted in the tip of the capillary tube to allow for connection of the two wires 

and work as a glue to hold the wires together. The copper wire was quickly inserted then 

the entire capillary tube with wires was placed in the oven for an hour at 120˚C to dry the 
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silver epoxy. Next, the copper wire was glued to the top, opened end of the capillary tube 

using epoxy and heat shrinking wrap was used to seal the entire top of the capillary tube 

and copper wire. In order to expose the platinum wire in the electrode, the tip of the 

electrode was polished on sand paper by drawing ‘figure 8s’ to sand down the glass 

trapping the wire. The same steps explained above was repeated, but using the gold wire 

(25 µm) and carbon fiber (30 µm). 

 

Figure 5. End result of 25 µm platinum ultramicroelectrode fabrication. 

Detection of Pyocyanin using Various Ultramicroelectrodes 

In order to determine which electrode was capable of detecting phenazines, a 0.5 

mM PYO in 10 mM PBS pH 7.2 solution was made. A 25 µm platinum, 25 µm gold, 30 

µm carbon fiber, and ITO glass slide used for electrodeposition were fabricated and used 

as the working electrodes. A 0.5 mm platinum wire was used as a counter electrode and a 

Ag/AgCl reference electrode was used. Cyclic voltammetry was used because the plots 
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produced by it can determine if the electrodes are capable of detecting the phenazines with 

minimal background and oxygen interference. CH instruments was used to run cyclic 

voltammetry curves from -0.6 to 0.1 V, the range in which PYO is reduced and steady state 

is reached. Square wave voltammetry was also used to detect PYO with the 

ultramicroelectrodes because in later experiments, lower concentrations of PYO were used 

and square wave voltammetry has a better signal-to-noise ratio than cyclic voltammetry 

making detection of PYO at lower concentrations more accurate.  

Quantification of Pyocyanin using Ultramicroelectrode 

Before detecting PYO in a bacterial sample, a calibration curve needed to be 

generated in order to determine the concentration of PYO generated through bacteria. Once 

the ideal electrode was determined, solutions of PYO concentrations of 0, 1, 5, 15, 25, and 

50 µM were made in 10 mM PBS. CH instruments was used to run a voltammetric square 

wave curve run from -0.6 to 0.1 V. The current obtained at each peak was plotted against 

its corresponding PYO concentration to produce a calibration curve.  

Detection of Various Phenazines Individually and Mixed in Solution without Bacteria 

To detect phenazines produced by P. aeruginosa individually in solution, 100 µM 

of 1-OHPHZ, PCA, and PYO with 10 mM PBS pH 7.2 was prepared. This was done in 10 

mM PBS to find the E1/2 potential of the phenazines without bacterial interference. A 30 

µm carbon fiber was used as the working electrode, Ag/AgCl reference electrode was used, 

and a 0.5 mm platinum wire was used as a counter electrode. CH instruments was used to 

run a voltametric square wave from 0 to -0.9 V. Next, a 9 µM and 90 µM mixed solution 

of PYO, PCA, and 1-OHPHZ in 10 mM PBS pH 7.2 was tested using the same electrode 



12 

 

and parameters as the individual phenazine solutions. The mixed solution was made in PBS 

to mimic a real bacterial sample with multiple phenazines without bacterial interference.   

Detection of Phenazines in PA01 Supernatant 

PA01 supernatant was tested with the carbon fiber electrode in order to determine 

if the electrode was capable of detecting phenazines in solution from actual bacteria. P. 

aeruginosa was grown overnight in LB broth to obtain an OD of 1. Cells were centrifuged 

and supernatant was removed from the cell pellet. CH instruments was used to run a 

voltametric square wave from 0 to -0.9 V on the supernatant. A 30 µm carbon fiber was 

used as the working electrode, Ag/AgCl reference electrode was used, and a 0.5 mm 

platinum wire was used as a counter electrode.  
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Results and Discussion 

Electrochemically Deposited Alginate Gel 

Alginate gel was first electrochemically deposited without bacteria to determine the 

optimal parameters necessary to form the gel. Parameters were adjusted to limit bubble 

formation in the gel, ensure quick deposition time, and apply lower potentials to prevent 

oxidation of ITO.  With applying 2.2V for 600s, the following result was achieved (Figure 

6).  

 

 

Figure 6. Electrochemically deposited alginate gel with PDMS mask on (A), with PDMS 

mask off (B), and side view of alginate gel (C). There is small gel formation in the 

bottom left hand corner due to the PDMS mask being lifted up and exposing the corner to 

solution.  

The gel formed in the 3 x 1 mm rectangular well with minimal bubble formation. 

The gel was approximately 1 mm thick and did not go past the height of the PDMS 

mask. This verifies that alginate gel can be electrochemically deposited on ITO. 

 

A B 

C 
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Electrochemical Codeposition of Alginate Gel and GFP-tagged E. coli 

Alginate gel was electrochemically deposited with GFP-tagged E. coli as a 

model system in order to verify that live bacteria can be immobilized in gel. The 

same parameters used to electrochemically deposit the gel without bacteria was 

used (2.2V for 600s). A two and three dimensional confocal image of the gel was 

taken (Figure 7). 

    

Figure 7. Confocal images of immobilized GFP-tagged E. coli in alginate gel. Two 

dimensional image of electrochemically codeposited gel (A) and three dimensional image 

of the gel (B). GFP-tagged E. coli is found as high as 250 µm in the z-direction.  

The green specs observed in the images are the live GFP-tagged E. coli. The two 

dimensional image verifies that the bacteria are alive, however it does not determine 

if the bacteria were immobilized in the gel or just on the surface of the gel. The 

three dimensional image shows that live bacteria is found at a height of 250 µm 

verifying that live bacteria is capable of being immobilized in alginate gel.  

 

A B 
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Detection of Pyocyanin using Ultramicroelectrodes 

In order to detect phenazines, an ultramicroelectrode needs to be chosen that will 

be able to detect and quantify the phenazines at low concentrations and will be stable in 

bacteria supernatant. A 25 µm platinum ultramicroelectrode, 25 µm gold 

ultramicroelectrode, 30 µm carbon fiber ultramicroelectrode, and an ITO coated glass slide 

was used to create CVs in 0.5 mM PYO (Figure 8).           

 
Figure 8. Cyclic voltammetry graphs of various electrodes in 0.5 mM PYO in 10 mM 

PBS pH 7.2. A 25 µm gold (Au) electrode, 25 µm platinum (Pt) electrode, 30 µm carbon 

fiber electrode, and ITO covered glass slide was used in Figures 1A-D, respectively.  
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When running a cyclic voltammetry curve, the goal is to obtain a steady state cyclic 

voltamagram which is a characteristic of ultramicroelectrodes. The platinum UME has a 

plot close to what is desired in a cyclic voltammetry curve, however the increase in current 

at the end of the plot indicates oxygen interference. The gold UME produced a graph that 

is less ideal than the platinum UME because it does not reach steady state. The carbon fiber 

UME has the best plot out of the four electrodes because it reaches steady state. The ITO 

covered glass slide has the least ideal curve because current continues to increase and does 

not reach steady state as well as the lines not being smooth. Based on these plots, the carbon 

fiber UME appears to be the best electrode to use for detecting PYO.  

To further support that carbon fiber would be the best electrode to use for PYO 

detection, the same four electrodes were used to produce a square wave curve since square 

wave voltammetry would be used in later experiments (Figure 9).  

Figure 9. A platinum UME, gold UME, carbon fiber UME (A), and ITO covered glass 

slide (B) was used to produce square wave plots of 0.5 mM PYO in 10 mM PBS pH 7.2. 

The platinum UME and gold UME have plots that are upside down due to the square 

wave voltammetry scanning backwards. The peaks are mirror images of each other when 

scanned forward or backwards.  

B 
A B 
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The carbon fiber UME produces a uniform peak with a large peak height indicating PYO 

is getting absorbed by the electrode. The carbon fiber UME plot also shows little 

background and steady state current. The platinum UME created a smooth curve, however 

the magnitude of the peak is not as large as the carbon fiber UME and there is some oxygen 

interference observed towards the end of the scan. The gold UME produced two small 

peaks, which is not ideal because there should only be one peak for the one type of 

phenazine that is in solution. The ITO coated glass electrode did not produce a smooth 

curve due to background noise, therefore it would not be an ideal electrode for phenazine 

detection. Thus, the 30 µm carbon fiber electrode would be the best electrode to detect 

PYO out of the four electrodes tested.  

Quantification of Pyocyanin using Carbon Fiber UME 

Once the 30 µm carbon fiber electrode was determined to be the best UME for 

detection of pyocyanin, tests were done in order to quantify the amount of pyocyanin in 

solution. Square wave voltammetry was used to develop a calibration curve to determine 

the concentration of PYO in solution based on the current obtained (Figure 10).  
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Figure 10. The square wave plot of PYO detection at various concentrations in 10 mM 

PBS pH 7.2 (A). A calibration curve was generated from the peak currents and 

concentrations of PYO (B). A 30 µm carbon fiber electrode was used to detect PYO.  

The square wave plots were used to generate the calibration curve by plotting the 

peak current heights by concentration of PYO. This calibration curve can be used 

to determine how much PYO is in solution based off of the current obtained. This 

methodology can be applied to other phenazines as well. The 30 µm carbon fiber 

electrode can detect concentrations of PYO as low as 1 µM.  

Detection of Individual Phenazines using the 30 µm Carbon Fiber UME 

 Before detecting phenazines from P. aeruginosa, individual phenazines 

need to be detected so the characteristic E1/2 potential for each phenazine can be 

determined. According to Wang and Newman (2008), PYO, PCA, and 1-OHPHZ 

is oxidized at -280, -356, -414 mV, respectively, when at a pH of 7. When the 

square wave plots were generated of 100 µM of PYO, PCA, and 1-OHPHZ 

individually in 10 mM PBS at a pH of 7.2, the peaks produced were at -260, -312, 

and -408 mV, respectively (Figure 11).  
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0 10 20 30 40 50

0.6

0.7

0.8

0.9

1.0

1.1

1.2

1.3

1.4

I p
 (

n
A

)

Concentration of PYO (M)

Equation

Weight

Residual Sum 
of Squares

Pearson's r

Adj. R-Square

B

A B 



19 

 

 

 

 

 

 

 

Figure 11.  Square wave plot of 100 µM PCA, 1-OHPHZ, and PYO individual phenazine 

solutions in 10 mM PBS pH 7.2. A 30 µm Carbon Fiber, Ag/AgCl reference electrode 

and a 0.5 mm platinum wire counter electrode were used. 

All the measured peaks were within 45 mV of the literature values. The location of the 

peaks being in close proximity to the literature values indicates that the 30 µm carbon fiber 

electrode is good at detecting each of the phenazines individually. However, one of the 

issues is that the PYO peak is much larger than the 1-OHPHZ and PCA peaks. This means 

that PYO is being absorbed by the carbon electrode, but the others are not being absorbed 

as well. Another issue is that the PYO peak is overlapping the PCA peak. This is 

problematic because if P. aeruginosa produced PCA, the 30 µm carbon fiber electrode will 

not be able to detect it if PYO is also present. The 30 µm carbon fiber electrode may only 

be reliable when detecting PYO and no other phenazines.  

Detection of Mixed Phenazines using the 30 µm Carbon Fiber UME 

Once the individual phenazines were detected, the carbon fiber electrode needed to 

be tested in a mixture of phenazines because native P. aeruginosa produce multiple 

phenazines and not just one. To further test the 30 µm carbon fiber electrode and its 
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capability to measure phenazines, a mixed solution of PYO, PCA, and 1-OHPHZ (9 and 

90 µM) in 10 mM PBS pH 7.2 was made and tested using a square wave voltammetry 

(Figure 12). 

 

 

 

 

 

 

Figure 12. Square wave plot of 9 and 90 µM PCA, 1-OHPHZ, and PYO mixed solution 

in 10 mM PBS pH 7.2. A 30 µm Carbon Fiber, Ag/AgCl reference electrode and a 0.5 

mm platinum wire counter electrode were used. 

There are only two visible peaks observed, one at -280 mV and the other at -420 mV. These 

peaks correspond to the E1/2 potential of PYO and 1-OHPHZ. There is no peak at -356 mV 

which is the E1/2 potential of PCA. This could be because the PYO peak is overlapping the 

PCA peak as observed in the individual phenazine square waves. In addition, the peaks 

observed around -280 mV are approximately 5 times greater than the peak currents 

observed around -420 mV. This corresponds to what was seen in the individual phenazine 

square wave plots. PYO is being absorbed by the carbon fiber electrode, but 1-OHPHZ and 

PCA are not being absorbed as well. This also supports the earlier results that only PYO 

can be accurately detected using the 30 µm carbon fiber electrode.    
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Detection of Phenazines in PA01 Supernatant using the 30 µm Carbon Fiber 

UME 

All the previous experiments were done in 10 mM PBS pH 7.2 in order to gain data 

on phenazines without the interference of bacteria. The next step was to test the 30 µm 

carbon fiber UME to detect the phenazines from PA01 supernatant which is detecting 

phenazines from actual bacteria (Figure 13).  

  

 

 

 

 

Figure 13. Square wave plot PA01 supernatant. A 30 µm Carbon Fiber, Ag/AgCl 

reference electrode and a 0.5 mm platinum wire counter electrode were used. 

Only one peak was produced at -320 mV. Based on the fact that the 30 µm carbon fiber 

electrode is the most reliable at measuring PYO, despite the lower potential, it can be 

concluded that the peak is from PYO. Phenazines are pH sensitive so there is a possibility 

that the pH was slightly basic thus shifting the potential down. However, pH of the 

supernatant was not recorded so this conclusion cannot be confirmed until the experiment 

was repeated and the pH of the supernatant was measured. Although it can be noted that 

there is only one peak that formed when there should be more because PA01 produces 

more than one phenazines. Assuming the pH was high, this would provide more support 

that the 30 µm carbon fiber electrode is only capable of detecting and quantifying PYO.  
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Results Summary  

Electrochemical co-deposition of alginate gel is a quick, effective way to 

immobilize bacteria with precise spatial control. This methodology can be used to deposit 

different sizes and shapes of gel within microns of each other. The 30 µm carbon fiber 

electrode is capable of detecting phenazines individually, but cannot differentiate between 

phenazines in mixed solutions. However, the carbon fiber UME can detect PYO effectively 

at concentrations as low as 1 µM.  

Future Work 

Future work would include immobilization of GFP-tagged Pseudomonas 

aeruginosa in alginate gel in order to confirm that P. aeruginosa are capable of being 

immobilized. Confocal imaging would again be used to verify the bacteria’s 

immobolization. With the same parameters used to immobilize GFP-tagged P. aeruginosa, 

native P. aeruginosa can be immobilized in alginate gel. The PQS-forming mutant and 

phenazine-forming mutant will be immobilized next to each other in a specific distance 

away. An ultramicroelectrode would be used on the two different immobilized strains of 

P. aeruginosa to detect the phenazines produced by the bacteria. Therefore, an 

ultramicroelectrode capable of detecting multiple phenazines would need to be fabricated. 

In order to detect the phenazines released by P. aeruginosa in its local environment, 

Scanning Electrochemical Microscopy can be used (Figure 14). Scanning Electrochemical 

Microscopy (SECM) is a technique used to measure the local electrochemical behavior in 

various mixtures and interfaces.  
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Figure 14. Schematic of using SECM to detect phenazines from electrochemical 

codeposited alginate and P. aeruginosa and receiving bacteria. Modified Ummadi et al. 

(2005). 

By using ultramicroelectrodes, the system can get in close proximity (less than 10 µm) to 

surfaces and measure the electrochemical behavior of organisms. SECM can be used to 

measure the phenazines and electrochemical environment locally in order to determine 

what the minimum distance is to trigger the quorum sensing circuit [4]. With this 

information, a device can be fabricated in order to detect biofilm formation on medical 

equipment. 
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