
Electrochemical detection of Pseudomonas in wound exudate 
samples from patients with chronic wounds

Hunter J. Sismaet, BS1, Anirban Banerjee, PhD2, Sean McNish, MS2, Yongwook Choi, 
PhD3, Manolito Torralba, BS3, Sarah Lucas, BS3, Agnes Chan, PhD3, Victoria K. 
Shanmugam, MD2,*, and Edgar D. Goluch, PhD1,*

1Department of Chemical Engineering, Northeastern University, 360 Huntington Ave, 313 Snell 
Engineering, Boston, MA 02115 USA

2Division of Rheumatology, Ideas to Health Laboratory, The George Washington University, 
School of Medicine and Health Sciences, 701 Ross Hall, 2300 Eye Street, NW, Washington, DC 
20037

3The J. Craig Venter Institute, 9704 Medical Center Drive, Rockville, MD, 20850

Abstract

In clinical practice, point-of-care diagnostic testing has progressed rapidly in the last decade. For 

the field of wound care, there is a compelling need to develop rapid alternatives for bacterial 

identification in the clinical setting, where it generally takes over 24 hours to receive a positive 

identification. Even new molecular and biochemical identification methods require an initial 

incubation period of several hours to obtain a sufficient number of cells prior to performing the 

analysis. Here we report the use of an inexpensive, disposable electrochemical sensor to detect 

pyocyanin, a unique, redox-active quorum sensing molecule released by Pseudomonas aeruginosa, 

in wound fluid from patients with chronic wounds enrolled in the WE-HEAL Study. By measuring 

the metabolite excreted by the cells, this electrochemical detection strategy eliminates sample 

preparation, takes less than a minute to complete, and requires only 7.5 microliters of sample to 

complete the analysis. The electrochemical results were compared against 16S rRNA profiling 

using 454 pyrosequencing. Blind identification yielded 9 correct matches, 2 false negatives, and 3 

false positives giving a sensitivity of 71% and specificity of 57% for detection of Pseudomonas. 

Ongoing enhancement and development of this approach with a view to develop a rapid point-of-

care diagnostic tool is planned.

Keywords

Biosensors; Electrochemistry; Pseudomonas aeruginosa; Pyocyanin; Chronic wound; Wound 
fluid; Wound exudate

*Corresponding authors: phone: (202) 994-8567, fax: (202) 994-8188, vshanmugam@mfa.gwu.edu; phone: (617) 373-3500, fax: (617) 
373-2209, e.goluch@neu.edu. 

HHS Public Access
Author manuscript
Wound Repair Regen. Author manuscript; available in PMC 2017 March 06.

Published in final edited form as:
Wound Repair Regen. 2016 March ; 24(2): 366–372. doi:10.1111/wrr.12414.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



INTRODUCTION

For more than a century, the primary clinical identification method for bacterial infections 

has been plate cultures where bacteria are isolated and purified overnight using nutrient-

based agar medium. Rapid, automated instrumentation has been widely regarded as the next 

step towards advancing bacterial identification. These instruments, however, still require a 

pure bacterial colony obtained from a plate culture and thus a lead time of at least 18–24 

hours before any identification can be made (1, 2). Even novel molecular diagnostics such as 

the polymerase chain reaction require significant manpower and hours of processing, 

making them unfeasible as point-of-care tools in the clinic (3). There is an unmet need to 

develop rapid screening tools for identification of clinically-relevant bacterial species in the 

clinical setting. Pseudomonas aeruginosa is well recognized as a major organism 

contributing to healing delay in chronic wounds (4). For patients undergoing split thickness 

skin grafting of chronic venous leg ulcers, the presence of Pseudomonas aeruginosa is a 

predictor of skin graft outcome (5). In clinical environments, bacterial culture methods are 

often inadequate for fully analyzing the microbial content of biofilm (6). A rapid screen for 

Pseudomonas aeruginosa and other clinically-relevant bacteria would allow clinicians to 

promptly switch from broad-spectrum antibiotics to specific directed therapies, lowering 

hospital expenditures, minimizing drug resistance, and improving patient care outcomes (7).

Pseudomonas aeruginosa is a gram-negative, non-fermenting aerobic rod that is a common 

pathogen in nosocomial infections particularly in patients with ventilator-associated 

pneumonia, cystic fibrosis, chronic wounds, and burn wounds (8, 9). One of the major 

factors contributing to the pathogenicity of P. aeruginosa in the healthcare setting is its 

ability to form biofilm. Biofilm formation decreases clearance of the organism by resisting 

host immune responses and limits efficacy of antibiotics (10).

In 1981, Reyes et al. tested 835 strains of P. aeruginosa, all clinical isolates, and found that 

98% of the strains produced pyocyanin (11), a redox-active quorum sensing molecule linked 

to biofilm formation (12, 13). The biosynthetic gene loci for pyocyanin and its precursor has 

been characterized in P. aeruginosa and related species (14). Other redox-active precursors 

exist on the biosynthesis pathway to pyocyanin and they include a variety of phenazine 

derivatives such as phenazine-1-carboxylic acid, 5-methylphenazine-1-carboxylic acid, 

phenazine-1-carboxamide, and 1-hydroxyphenazine. However, only pyocyanin exhibits a 

distinct, electrochemical signal when scanned using square-wave voltammetry (15). 

Additionally, pyocyanin is responsible for the characteristic blue-green color of 

Pseudomonas species and it acts both as a virulence factor and a quorum sensing molecule 

for P. aeruginosa, playing a role in bacterial respiration and as an antibacterial and anti-

fungal agent.

Previous work has shown that the redox-active properties of pyocyanin can be harnessed as a 

unique electrochemical marker for the presence of P. aeruginosa (16–18). A recent study 

demonstrated utility of this detection strategy by identifying pyocyanin in liquid samples 

with the use of disposable electrochemical sensors (16, 19–21). The purpose of the current 

study was to evaluate the use of an inexpensive, disposable screen-printed electrode to 

screen wound fluid exudate samples obtained from patients with chronic wounds for the 
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presence of P. aeruginosa. With the recent advances in bacterial biosensors (22, 23) and 

today’s new wave of antibiotic-resistant pathogens (24), there is an urgent and unmet need to 

develop platforms to rapidly identify Pseudomonas and other pathogens at the point of 

clinical care.

MATERIALS AND METHODS

Patients and biospecimens

This research was conducted through the Wound Etiology and Healing (WE-HEAL) Study, a 

biospecimen and data repository designed for studying chronic wounds approved by the 

George Washington University Institutional Review Board (041408). Subjects are eligible 

for this study if they have an open wound at the time of evaluation and are older than 18 

years of age. All subjects gave written informed consent for collection of specimens and 

data.

For this experiment, 14 paired wound fluid and biofilm samples from 12 patients were 

selected for analysis (Table 1). This was a convenience sample selected based on availability 

of wound fluid and wound microbiome samples from the same collection date.

Wound effluent collection

According to standard operating procedures for the WE-HEAL Study, wound effluent 

specimens were collected using the Levine technique (25). This technique has been well 

validated to ensure standardization throughout all specimens collected in the WE-HEAL 

Study. After collection, the swabs were immediately placed in 0.65 µm pore size centrifugal 

filters (Ultrafree-MC DV, Merck Millipore, MA, USA). Samples were centrifuged at 12000 

rpm for 4 minutes to extract the wound exudate and remove cellular and fibrinous debris. 

Samples were stored at −80 °C until analysis.

Biofilm collection

According to standard operating procedures for the WE-HEAL Study, wound biofilm 

specimens were collected by swabbing the wound with a cotton swab also using the Levine 

technique (25, 26). Samples were then stored at −80 °C until analysis.

16S rRNA profiling by 454 pyrosequencing

Bacterial DNA for 16S sequencing was isolated from wound swabs. Wound swabs were 

resuspended in 1,200 µL of lysis buffer (20mM Tris-Cl, pH 8.0, 2mM EDTA, 1.2% Triton 

X-100) and vortexed thoroughly for 1 minute. Lysate (1,000 µL) was transferred into a 

lysing Matrix B tube (MP Biomedicals Cat # 6911-500, http://www.mpbio.com), vortexed, 

and centrifuged. Lysate was subsequently incubated at 75 °C for 10 minutes and treated with 

200 mg/mL lysozyme and 20 mg/mL Proteinase K. DNA from the lysate was extracted 

twice using phenol-chloroform-isoamyl alcohol followed by ethanol precipitation.

DNA extracted from individual chronic wound swab samples was then amplified using PCR 

primers that target the V1-V3 regions of the 16S rRNA gene (27) and carry a unique 12bp 

barcode. 16S amplicons were generated using 100ng of extracted DNA, Platinum Taq 
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polymerase (Life Technologies, CA) in the following cycling conditions: first cycle of 95 °C 

5 min; 35 cycles of 95°C/30s, 55°C/30s, 72°C/30s; last cycle of 72°C 7 min. Amplicons 

were purified (QIAquick PCR purification kit, Qiagen, Valencia, CA), quantified 

fluorometrically (Tecan Group Mannedorf, Switzerland), normalized, and pooled. 454 

sequencing was completed using Titanium chemistry (Roche, Branford, CT) following the 

manufacturer’s protocol.

Taxonomic classification was performed using the YAP package (28) which implements the 

mothur software (29) based on the 16S rRNA gene reference sequences from the Ribosomal 

Database Project (30). Biofilm specimens were considered to be positive for Pseudomonas 
spp. if any Pseudomonas reads were detected in the specimen regardless of relative 

abundance.

Pyocyanin electrochemical probe

Disposable, screen-printed electrode sensors (TE100, Zensor, Taichung City, Taiwan) were 

used to detect the presence of pyocyanin in clinical samples (Figure 1). The sensors utilize a 

3-electrode setup containing carbon-based working (3 mm diameter disk) and counter 

electrodes along with a Ag/AgCl reference electrode. All electrochemical measurements 

were recorded using a portable potentiostat (µStat 200, Dropsens, Parque Tecnológico de 

Asturias, Spain). The sensing surface was covered with polymeric membrane (DRP-MEMB, 

Dropsens, Parque Tecnológico de Asturias, Spain) to reduce the amount of sample volume 

required for analysis.

For each test, 7.5 µL of wound exudate was pipetted into the detector well. 7.5 µL was 

determined to be the minimum fluid volume required for the sensor to successfully perform 

a measurement. The minimum sample volume was ascertained by placing increasing 

amounts of wound exudate collected from a patient that was diagnosed with a Pseudomonas 
infection on a sensor and running the instrument, starting from 5 µL. When less than 7.5 µL 

is used for analysis, there is insufficient fluid to electrically connect all three electrodes on 

the sensor. A lack of connection between the three electrodes during measurement results in 

voltammograms that have numerous, randomly distributed, sharp current spikes. For all of 

the experiments, square-wave voltammetric scans were performed at potentials ranging from 

−0.7 to 0.0 V at an amplitude voltage of 0.05 V, step voltage of 0.004 V, and a frequency of 

15 Hz (Figures 2, S1–S5).

Each clinical sample was tested in duplicate with a new sensor used each time. The 

investigators (VS, AB, SM) were blinded to the microbiome 16S rRNA results at the time of 

the sensor detection experiment. The data was analyzed by two independent investigators 

(HS and EG) using OriginPro 9.1 (OriginLab Corporation, Northampton, MA). To quantify 

the amplitude of the peaks measured, a baseline was subtracted from the raw data to remove 

background signals observed in the measurements. Baselines were created for each data set 

using spline interpolation with 32 base points. The resulting baseline-subtracted data set was 

used to identify peaks in the current and to determine the maximum currents of those peaks 

(Figure S2). From these maximum current values, using a cutoff of 0.030 µA for the average 

of the two measurements, a binary determination was made for whether the probe was 

detecting pyocyanin (positive) or not (negative) (Table 2).
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STATISTICAL ANALYSIS

Data was analyzed using GraphPad Prism 5.03 (for Windows, GraphPad Software, San 

Diego California, USA). Fisher’s exact test and Chi-squared tests were used for categorical 

variables and Student’s t-test was used for continuous variables. Results are represented as 

mean ± SD. A p-value less than 0.05 indicate statistical significance; all significance tests 

were performed and interpreted in a two-sided manner.

Results obtained from the microbiome profile generated by 16S ribosomal RNA sequencing 

were reviewed and samples with any positive Pseudomonas reads were considered to test 

positive for Pseudomonas. These results were compared to the results from the pyocyanin 

detector. The sensitivity and specificity of the sensor were calculated.

RESULTS

Patient demographics

Paired wound effluent and biofilm samples were analyzed from 14 unique samples obtained 

from 12 patients (2 patients with serial samples collected at different time points were 

available). The mean age of patients was 50.18 years. Of the 14 samples subjected to 

microbiome profiling by 16S rRNA sequencing, 7 had detectable Pseudomonas spp. 

(sequencing positive). All 14 wounds were recalcitrant at the time of specimen collection.

There were no significant differences in age, sex, race, or comorbidities in the patients 

whose samples were positive for P. aeruginosa using 16S rRNA sequencing compared to 

those that were negative (Tables 1–2). Wounds that were positive for P. aeruginosa using 16S 

rRNA sequencing tended to be larger but this did not reach statistical significance.

Pyocyanin detector results

A positive test on the pyocyanin detector was considered to be an oxidation peak around 

−0.25 V vs. a Ag/AgCl reference electrode with a cutoff of 0.030 µA (15, 19). Data was 

analyzed as the mean of duplicates. Of the 14 samples, 8 tested positive using the pyocyanin 

detector cutoff of 0.030 µA.

Sensitivity and specificity of probe for detecting Pseudomonas spp

Sensitivity and specificity of the pyocyanin probe for detecting the samples that contained 

Pseudomonas spp. based on microbiome 16S sequencing are reported in Table 3. The probe 

tested positive in 5 out of 7 samples that were positive for Pseudomonas on 16S rRNA 

sequencing and was negative on 4 out of 7 samples with negative 16S rRNA results, giving a 

sensitivity of 71% (95% CI: 0.29–0.96) and specificity of 57% (95% CI: 0.18–0.90).

DISCUSSION

The pyocyanin probe was simple to use and had high inter-observer agreement regarding 

interpretation of a positive result. When compared with a diagnostic gold-standard of 16S 

rRNA sequencing, the pyocyanin probe had a sensitivity of 71% and specificity of 57% 
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indicating that it may be useful as a point-of-care test in screening for presence of 

Pseudomonas in human wound fluid.

One of the concerns raised about the utility of electrochemical probes for testing human 

samples is that there may be other molecules which may interfere with probe performance. 

Human wound samples often contain polymicrobial flora and this was indeed the case for 

the specimens reported here. The results reported showed no other redox peaks in the 

reference window for the pyocyanin probe. This indicates that despite the polymicrobial 

nature of human wound specimens, there do not appear to be other redox-active molecules 

that would impede the probe performance in a clinical setting. Previous work has shown that 

other bacteria such as Escherichia coli and Staphylococcus aureus also do not produce redox 

peaks in the reference window for pyocyanin (16). We did observe small potential shifts in 

the location of the pyocyanin peak in some samples. This may be attributed to differences in 

the salt and pH concentration of the sample media, and the limited stability of the Ag/AgCl 

quasi-reference electrode of the disposable sensor (16, 19).

We found that most of the samples containing P. aeruginosa tested pyocyanin positive using 

our electrochemical approach. By lowering the threshold for current peak identification, we 

could have improved the sensor’s sensitivity to 85.7% while decreasing specificity to 42.9%. 

Although still unclear if it is necessary, the detection limit of electrochemical sensors can be 

improved by switching to micro and nanofabricated electrodes, albeit with increased sensor 

cost (31). Nevertheless, future technological advances will lead to reduced costs and more 

sensitive electrochemical sensors, making this approach a practical option.

Our testing revealed some false negative results using the pyocyanin probe. While pyocyanin 

is a very specific molecule, produced only by Pseudomonas spp., the genes for producing 

the molecule are unique to P. aeruginosa (14). Furthermore, there exist environmental 

conditions in which pyocyanin production by P. aeruginosa is low. It is possible that the 

wound microenvironment may have impacted pyocyanin production in some of the clinical 

cases studied here, and thus merits further investigation using specimens from a larger 

cohort of patients with chronic wounds.

This study has several other limitations which merit discussion. The sample size is small 

because this was a pilot study designed to be hypothesis generating. Wound exudate is 

relatively challenging to collect at the bedside, and so as this probe is developed as a point-

of-care testing device, further refinement will be necessary to enhance probe performance at 

low fluid volumes and improve clinical utility. Finally, while the 16S rRNA testing is a good 

gold standard test for determination of bacterial presence in the wound and relative 

abundance of specific bacteria relative to the entire microbiome profile of the specimen, 16S 

rRNA testing alone does not give information regarding the quantitative abundance of a 

particular bacterium in one specimen relative to other specimens. It is possible that some of 

the false positives and false negatives in this study are attributable to very low Pseudomonas 
abundance in the sample and further testing is needed to understand the clinical relevance of 

false positive and false negative tests as this device is further refined and developed with a 

view to clinical indications. In future studies, we intend to assess quantitative PCR with a 

universal 16S probe to extrapolate the count number to an estimation of bacterial abundance. 
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Will plan to confirm the presence of pyocyanin, when larger sample volumes are available, 

using liquid chromatography with mass spectrometry (LC-MS).

CONCLUSIONS

Despite the availability of sophisticated, automated instrumentation, today’s standard 

clinical practices for bacterial identification still rely on plate culturing or more recently 

molecular diagnostics, but both require several hours before an identification can be made. 

Electrochemical sensors offer a simple and inexpensive alternative for immediate 

identification of bacteria presence based on the detection of bacterial quorum sensing 

molecules. Here, we demonstrate that an inexpensive, disposable electrochemical sensor can 

be used to rapidly screen for the presence of Pseudomonas aeruginosa in clinical wound 

effluent samples. The validation of this detector for use in the clinical setting suggests that 

this technology has potential for development as a rapid, point-of-care diagnostic for P. 
aeruginosa, allowing for better antimicrobial stewardship and improved patient care 

outcomes.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Disposable, screen-printed electrode sensor with mesh modification for small-volume 

analysis.
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Figure 2. 
Square-wave voltammograms of wound fluid exudate. Pyocyanin peak indicates the 

presence of Pseudomonas aeruginosa in the sample.
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Table 2

Experimental determinations (Positive/Negative) for whether clinical samples contained Pseudomonas 
aeruginosa based on peak currents obtained from electrochemical square-wave voltammograms.

Sample Peak current
(µA)

Determination
using 0.030 µA

average
threshold

cutoff

16S rRNA
sequencing

results

16S rRNA
sequencing

results
(% relative
abundance)

01A 0.0000
Negative Negative 0

01B 0.0000

02A 0.1792
Positive Negative 0

02B 0.0000

03A 0.0000

Positive Positive 0.047903B 0.0743

03C 0.0094

04A 0.1241
Positive Positive 0.0558

04B 0.0517

05A 0.2263
Positive Positive 0.0005

05B 0.2309

06A 1.3491
Positive Positive 0.0027

06B 0.9303

07A 0.0195
Negative Positive 0.0005

07B 0.0163

08A 0.0000
Negative Positive 0.9779

08B 0.0000

09A 0.0090
Negative Negative 0

09B 0.0280

10A 0.0000
Negative Negative 0

10B 0.0201

11A 0.0757 Positive Negative 0

12A 0.0469
Positive Negative 0

12B 0.0539

13A 0.0000
Negative Negative 0

13B 0.0000

14A 0.6262 Positive Positive 0.2478
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Table 3

Sensitivity and specificity of pyocyanin probe compared to 16S rRNA sequencing for Pseudomonas spp. Data 

analyzed using Fisher’s exact test.

16S rRNA
positive

16S rRNA
negative

Pyocyanin sensor
positive

5 3

Pyocyanin sensor
negative

2 4

Sensitivity
(95% CI)

Specificity
(95% CI)

Positive predictive
value (95% CI)

Negative predictive
value (95% CI)

0.71
(0.29–0.96)

0.57
(0.18–0.90)

0.63
(0.24–0.91)

0.67
(0.22–0.96)
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