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Abstract
Impedance measurements using graphite electrodes were used to detect the increase in culture medium conductivity due to 
bacteria growth in real time along with simultaneous voltammetric monitoring of pyocyanin concentration. Electrochemi-
cal methods were compared to conventional continuous monitoring of bacterial cultures using turbidity measurement at an 
optical density of 600 nm (OD600). A practical osmotic system was further designed for concentrating bacterial cultures 
during growth to enable earlier detection using the electrochemical methods. Bacterial cultures, starting from an initial culture 
density of 1 × 108 cells/mL, were grown inside a sealed cellulose ester dialysis membrane, while polyethylene glycol in LB 
medium was used as the draw solution outside the membrane to gradually concentrate the growing cultures. 0.7-mm-diameter 
graphite for mechanical pencils was utilized as working and counter electrodes with a platinum wire reference electrode for 
electrochemical measurements with and without the osmotic system. In the absence of forward osmosis, impedance meas-
urements detected culture growth ~ 1 h faster than conventional OD600. Integrating osmosis showed a twofold decrease in 
the time to detect pyocyanin production as an indicator for bacterial growth. For impedance monitoring, removal of water 
by osmosis was conflated with the impedance decrease due to cell growth; however, the results show a promising ability to 
detect bacteria growth via an observed shift in osmotic impedance profile when bacteria are present in a sample. By moni-
toring the deviation in the impedance profile, a threefold improvement in detection time was achieved when compared to 
conventional OD600 measurements.

Keywords  Osmotic concentration · Pseudomonas aeruginosa · Bacterial growth detection · Impedance electrochemical 
monitoring · Forward osmosis

1  Introduction

Rapid pathogen detection is critically important across 
various fields, such as clinical diagnostics, food industry, 
drinking water quality, and environmental monitoring [1–3]. 
In particular, the recent emergence of antibiotic-resistant 
strains of bacteria has further heightened the demand for 
rapid pathogen detection [4, 5]. The centers for disease con-
trol and prevention (CDC) reports that each year in the USA, 

at least 2 million people become infected with antibiotic-
resistant strains and at least 23,000 people die each year as a 
direct result of these infections [6]. One of the highly antibi-
otic-resistant strains noted by the CDC is Pseudomonas aer-
uginosa, gram-negative bacteria that are the dominant cause 
of nosocomial infections and chronic lung disease [7, 8].

There are numerous technologies available to provide 
rapid P. aeruginosa identification but despite innovative 
advances in diagnostic methods, patients still routinely 
receive broad spectrum antibiotic therapies or ineffective 
antibiotic combinations because of the additional time 
required to conduct successful antimicrobial suscepti-
bility testing (AST) [9–12]. Conventional AST usually 
takes 24–48 h after positive P. aeruginosa identification 
and is performed by utilizing either the disk diffusion, 
broth or agar dilution testing guidelines outlined by the 
Clinical and Laboratory Standards Institute (CLSI) or the 
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European Committee on Antimicrobial Susceptibility Test-
ing (EUCAST) [13–15]. In general, standard AST is pref-
erably performed by the manual broth dilution method in 
which positive cultures are incubated in growth medium 
with the addition of a combination of antibiotics in vary-
ing concentrations into 96 micro-well plates. The culture is 
maintained at 35–37 °C for a period of 16–20 h to observe 
visual culture turbidity within the micro-well plates [12, 14]. 
The lowest antibiotic concentration that leads to no visual 
growth within the incubation period is termed the minimum 
inhibitory concentration (MIC) and is used to quantitatively 
report resistant strains and antibiotic efficacy [16]. There 
are newer commercially available automated systems that 
can perform the broth dilution AST, including P. aerugi-
nosa testing by utilizing more sensitive optical detection 
platforms that detect bacteria growth using absorbance at 
600 nm wavelength in micro-well plates [17]. However, 
these systems are relatively expensive in comparison with 
the manual methods; and more importantly, they are also 
limited by the time required for culture growth. Therefore, 
enabling rapid culture growth with low-cost sensitive moni-
toring can decrease the time required to perform the manual 
and automated AST, which will ultimately improve disease 
management.

In this work, we evaluated the ability to rapidly grow and 
monitor P. aeruginosa by concentrating the bacteria while 
simultaneously monitoring growth kinetics using low-cost 
graphite electrodes with electrochemical detection. The 
inoculation culture density is proportional to the time to 
detect growth, and therefore, concentrating bacteria while 
it grows could be an advantageous method to shorten the 
time to detect growth [18]. Recent studies have shown that 
P. aeruginosa growth can be electrochemically monitored 
by detecting the concentration of pyocyanin, a redox active 
molecule that is expressed by the bacteria [19, 20]. However, 
only a few of these studies directly perform inline continu-
ous monitoring in part because of electrode fouling during 
culture growth, while majority of studies analyze dead-end 
samples for single-use detection [21]. We therefore studied 
the ability to continuously monitor pyocyanin production 
using graphite electrodes as a secondary indicator of P. aer-
uginosa growth.

Furthermore, bacterial growth has also been historically 
detected using impedance measurements, particularly in the 
food industry [22]. The impedance-based approach, also 
known as impedance microbiology, uses metal electrodes 
to measure the change in the amount of electrolytes that are 
excreted by live bacteria into the culture medium as they 
grow [23]. This impedance-based bacteria growth profile 
is proportional to the amount of bacteria present and with 
optimal conditions, distinguishing between species can be 
performed by reviewing the bacteria growth kinetics [24, 
25]. These two electrochemical methods were utilized to 

study the growth kinetics of P. aeruginosa during osmotic 
concentration. Since pyocyanin and culture conductivity 
both increase due to volume reduction, early detection of P. 
aeruginosa growth can be achieved using low-cost electro-
chemical methods.

2 � Experimental

In all of the results shown, data points represent the mean 
value obtained from three independent experiments and 
error bars represent one standard deviation from the mean.

2.1 � Chemicals and Apparatus

For osmotic experiments, 1-mL cellulose ester membrane 
containers with 100–500 Dalton molecular weight cutoff 
(MWCO) membranes were purchased from Spectrum Labs 
(F235061). Carbon electrodes were sourced locally from 
pencil graphite (Pentel HB 0.7 mm) with 700 μm diameter 
and 60 mm length and served as both the working and coun-
ter electrodes for electrochemical experiments. The pencil 
graphite was insulated by dipping in a hot glue gun, and the 
tip was re-covered by lightly grinding on fine sandpaper to 
provide an electrode surface area roughly 700 μm in diam-
eter. Platinum wire (Fisher scientific, 43,014) with 300 μm 
diameter and 60 mm length was used as the reference elec-
trode. A micro-sample osmotic system with inline monitor-
ing was designed by placing hot glue onto two insulated 
pencil graphite electrodes along with one platinum wire. 
A 5 mm hole was drilled into the cap closure of the cellu-
lose ester membrane compartment, and the electrodes were 
inserted into the membrane compartment and then sealed 
onto the cap with the hot glue gun. The fully assembled 
osmotic testing system is shown in Fig. 1. This system was 
used for osmotic sample concentration and osmotic culture 
growth experiments. At the start of the experiment, the cap 
with electrodes was removed, a 1 mL sample was syringe 
filled into the container, and then the cap with electrodes was 
placed back onto the membrane compartment. The mem-
brane compartment was then placed into a 200-mL beaker 
that contained an osmotic gradient solution of 65% weight 
by volume (w/v) polyethylene glycol, molecular weight 1500 
(PEG1500) in LB media. The PEG1500 is much larger in 
size than the 100–500 Dalton pores in the membrane, which 
limit the ability of PEG1500 to diffuse into the sample inside 
of the membrane. The temperature was controlled at 37 °C 
for all experiments by placing the beaker on a hot plate with 
mixing at 300 rpm.

Reagent-grade sodium chloride (CAS 7647-14-5), potas-
sium chloride (CAS 7447-40-7), sodium phosphate diba-
sic (CAS 7784-85-6), and potassium phosphate monobasic 
(CAS 7778-77-0) chemicals, along with PEG1500 (CAS 
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25322-68), were sourced from Fisher Scientific. Lysogeny 
broth (LB) growth medium (Becton, Dickinson and Com-
pany, 244620) was prepared at standard concentrations of 
10 g/L tryptone, 10 g/L sodium chloride and 5 g/L yeast 
extract in deionized water. A 65% w/v solution of PEG1500 
in LB media was prepared based on the solubility limit 
reported by the manufacturer (650 g/L). Pyocyanin (N-meth-
ylphenazin-1-one, CAS#85-66-5) was purchased in powder 
form from Cayman Chemicals (10009594) and dissolved in 
DI water to make a 500 μM stock solution. This stock was 
refrigerated and used to make dilutions.

2.2 � Osmotic System Experimentation

Initial studies were carried out to measure osmotic water loss 
in the system using electrochemical impedance readings. 

The osmotic system was first sanitized by soaking in 10% 
ethanol for 10 min and then flushing and soaking in DI water 
prior to sample loading. LB media were used as the test 
solution, and 500–900 μL of LB was syringed into the mem-
brane compartment. The electrodes were then inserted into 
the membrane compartment. The membrane compartment 
was then placed into a 200 mL bath of 65% w/v PEG1500 in 
LB media to provide the osmotic gradient outside the mem-
brane. The osmotic solution was maintained at 37 °C using 
a hot plate with a stir bar spinning at 300 rpm. Impedance 
readings from the electrodes were recorded every 2 min on 
an electrochemical workstation (Zahner-Elektrik, IM6ex) in 
galvanostatic mode at a frequency of 25 kHz, 50 nA current 
setting, and an amplitude of 50 nA. Figure 2a shows the 
impedance profile in terms of the impedance signal change 
percent from the initial time point.

Fig. 1   Schematic and pictures of the osmotic testing system used for electrochemical monitoring of P. aeruginosa cultures using pencil graphite 
working (WE) and counter (CE) electrodes and platinum wire as the reference electrode (RE)

Fig. 2   a Impedance readings 
of LB media during osmotic 
concentration with 65% w/v 
PEG1500 in LB media outside 
of membrane. b Impedance 
readings calibrated to volume 
measurements in the osmotic 
system (osmotic concentrate) 
compared to impedance 
readings of control sample 
concentrates made without 
osmotic concentration (control 
concentrate)
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The osmotic water loss from the LB medium in the 
compartment through the membrane was also measured by 
volume using a syringe. This allowed the impedance signal 
change to be correlated with the amount of water lost in 
the sample. Syringe data were collected every 10 min for a 
period of 180 min and compared to inline impedance data 
to perform the calibration shown in Fig. 2b. The amount of 
water lost was calculated as the ratio between the initial sam-
ple volume (Vo) and the sample volume recorded at the spec-
ified time (Vf). Since small ions have the ability to migrate 
across the membrane, the impedance signal change from 
osmotic concentration was compared to impedance measure-
ments acquired from control sample concentrates prepared 
without osmotic concentration. Concentrated control LB 
samples were prepared by adding 1–20 times the specified 
concentration of chemicals, and subsequently, impedance 
readings were obtained using the fabricated three-electrode 
sensor. Figure 2b shows that the change in impedance devi-
ates between the osmotic and control concentrate samples 
over time. The decrease in impedance for the osmotically 
concentrated LB is more gradual than for the known con-
trol concentrate LB, indicating that there is movement of 
ions across the membrane during osmotic concentration as 
expected.

2.3 � Electrochemical Signal Amplification

Pyocyanin has been used as a biomarker for the electro-
chemical detection of P. aeruginosa having a redox poten-
tial at approximately − 200 mV against a Ag/AgCl ref-
erence electrode [26]. Square wave voltammetry (SWV) 
was used to detect pyocyanin from fluid samples using 
pencil graphite electrodes by scanning at a potential 

window from − 0.7 to 0.0 V using an amplitude set-point 
of 0.025 V, frequency of 15 Hz, and increment of 0.004 V. 
The use of a platinum wire reference electrode was found 
to yield similar faradaic peak position when compared to 
Ag/AgCl reference. A calibration was performed by spik-
ing known pyocyanin concentrations into LB medium and 
measuring the faradaic peak response at the pyocyanin 
redox potential region. The first and second derivatives of 
the faradaic peak response were used to calculate half of 
the peak height at each tested pyocyanin concentrations. 
The value at half of the peak height is referred to as the 
magnitude peak current.

The pyocyanin concentration has been shown to increase 
during culture growth and has been used as an indication 
of the cell density [20, 27, 28]. To test whether the cur-
rent generated by pyocyanin can increase simply due to the 
change in ions during osmotic concentration, we investi-
gated the pyocyanin signal amplification profile from the 
osmotic system. A 900 μL sample containing 1 μM pyo-
cyanin in LB medium was prepared and syringed into the 
membrane compartment. The electrodes were then inserted 
into the compartment, and a 200 mL volume of 65% w/v 
PEG1500 in LB media was used as the osmotic gradient 
placed outside the compartment. Electrochemical SWV 
scans were collected in triplicate at 10-min intervals. The 
faradaic peak increased as the sample was concentrated in 
the first hour of osmotic operation shown in the raw scans 
(Fig. 3a) and the time course study (Fig. 3b). A slight shift 
of the pyocyanin electrochemical peak in the positive direc-
tion was observed for concentrated samples (Fig. 3a). This 
is indicative of slight pH shifts triggered by changing ion 
concentrations and transport across the membrane during 
osmotic volume reduction.

Fig. 3   a SWV scans showing time course osmotic concentrations of 
1 μM pyocyanin prepared in LB media. b Time course data of ana-
lyzed magnitude of peak current from the SWV scans during osmotic 
concentration. c Comparison of impedance and SWV data for sam-
ples concentrated using osmotic system as compared to offline-pre-

pared concentrates of pyocyanin in LB medium. The second x-axis 
shows the prepared pyocyanin concentrations for the control concen-
trate. It is used as a calibration standard to correlate peak currents in 
the osmotic concentrate to a pyocyanin concentration
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In order to determine whether the correlation between 
measured current and pyocyanin concentration changed 
due to osmotic concentration, 5 μM pyocyanin in 5 times 
concentrated LB medium was prepared. The stock was then 
diluted with DI water to make 4 μM in 4×, 3 μM in 3×, 2 μM 
in 2×, and 1 μM in 1× concentrates of pyocyanin in LB (5 
total samples). Impedance and SWV data were collected for 
these prepared concentrates, and these data are referred to 
as the control concentrate (Fig. 3c). For osmotic concentrate 
samples, an initial sample containing 1 μM pyocyanin in 1× 
composition LB was placed into the membrane compart-
ment and exposed to an osmotic gradient for 1 h (similar to 
Fig. 3b). Impedance and SWV measurements were collected 
for the osmotic concentrate every 10 min (7 total samples). 
Both the control and osmotic concentrate samples were pre-
pared in triplicate. The impedance and SWV results from the 
osmotic system were then compared to the control samples. 
There was minimal deviation in signal due to the osmotic 
system for the measured concentrations, as shown by the 
comparison of the test and control samples (Fig. 3c). The 
second x-axis in Fig. 3c indicates the pyocyanin concentra-
tion in the control samples and serves as a calibration stand-
ard in correlating peak currents to a pyocyanin concentration 
in the osmotic system. It is expected that the currents will 
deviate more with greater osmotic sample concentration, as 
the pyocyanin will also slowly diffuse out of the membrane 
compartment.

2.4 � Culture Growth

Pseudomonas aeruginosa (strain PA14) cultures were 
initially incubated overnight at 37 °C with LB media in 
15-mL glass tubes. After overnight growth, manual cell 
counts using disposable hemocytometers (Incyto, model 
C-Chip) were performed alongside optical density readings 
using a spectrophotometer (Molecular devices, Spectramax 
paradigm) to determine the appropriate number of cells to 
inoculate for growth kinetics experiments. A 900 μL LB 
sample containing an inoculum cell density of 1 × 108 CFU/
mL was then prepared. Control cultures not exposed to for-
ward osmosis were incubated in a 2-mL micro-centrifuge 
tube maintained at 37 °C. Test cultures were incubated into 
the osmotic system with LB media on the outside of the 
membrane. Cultures were also grown in the presence of 
an osmotic gradient solution outside the membrane. The 
osmotic gradient contained 65% w/v PEG1500 in LB. The 
electrode sensors described in Fig. 1 were utilized in the 
control and test cultures to simultaneously monitor imped-
ance and SWV readings with staggered timing to ensure 
the impedance data acquisition did not interfere with vol-
tammetric scanning using the same electrode. Impedance 
readings were collected every 2 min in galvanostatic mode 
at a 50 nA current setting, frequency of 25 kHz, and an 

amplitude of 50 nA. SWV scans were also performed every 
2 min in the control and test cultures by scanning from − 0.7 
to 0.0 V using an amplitude set-point of 0.025 V and fre-
quency of 15 Hz.

3 � Results and Discussion

3.1 � Culture Growth Using Electrochemical 
Monitoring

Electrochemical culture growth monitoring using imped-
ance and voltammetry was compared to conventional growth 
monitoring using a spectrophotometer measuring absorb-
ance at 600 nm wavelength (Molecular devices, Spectramax 
paradigm) for the controlled cultures that were not exposed 
to forward osmosis. Three trials of each method were 
conducted where P. aeruginosa cultures were inoculated 
at 1 × 108 cells/mL in LB media and monitored for 20 h. 
Comparable profiles were noted with the pencil graphite 
electrodes when using the decrease in impedance and SWV 
pyocyanin monitoring techniques as compared to conven-
tional OD600 method (Fig. 4a). The decrease in impedance 
and conventional OD600 methods showed similar growth 
profiles with less variation as compared to growth based on 
pyocyanin detection. The time to detect growth for all meth-
ods was then quantified by selecting the time where three 
consecutive readings were above three standard deviations 
from the baseline reading. The impedance method resulted 
in detecting growth 1 h earlier than conventional OD600 
measurements (Fig. 4b). The increase in ions produced by 
the bacteria during proliferation was also detected earlier 
than production of pyocyanin. To further improve the detec-
tion potential of electrochemical monitoring, growth using 
the osmotic system was subsequently studied.

3.2 � Growth Monitoring in Semi‑permeable 
Membrane

The use of a semi-permeable membrane for bacterial growth 
is advantageous in providing media replenishment to main-
tain a steady substrate concentration similar to perfusion, 
yielding optimal growth [29]. Nutrient transport across the 
membrane can improve growth, but it may also negatively 
impact monitoring of target molecules that can quickly dif-
fuse across the membrane. Therefore, 1 × 108 cells/mL cul-
tures were incubated in 1 mL LB media at 37 °C inside the 
membrane, while LB media was also maintained outside the 
membrane. Culture growth was monitored using impedance 
and voltammetry utilizing the three-electrode sensor inside 
the membrane compartment.

The impedance initially decreased during the first 
hour, but then, interestingly, the impedance stabilized and 
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started increasing at a steady rate during the next 5 h and 
eventually reached a new steady state, 12% higher imped-
ance, 8 h after the start of the experiment (Fig. 5a). The 
membrane had a significant effect on the transport of ions 
and water during cell growth. It is expected that the ini-
tial decrease in impedance is the result of normal cellular 
processes. However, as the gradients in nutrient and ion 
concentrations built up across the membrane, small ions 
diffused out of the membrane compartment, while glucose, 
amino acids, and other non-ionic small molecules diffused 
into the compartment since they were being consumed by 
the bacterial cells. Eventually, the flux of ions across the 
membrane reached a steady state that correlated with the 
cellular growth rate. Supporting this explanation is the fact 
that the current increase generated by pyocyanin produc-
tion shown in Fig. 5b has a similar shape and magnitude 

to the current profile shown in Fig. 4a. This similarity 
indicates that the cellular growth rate remains the same for 
cultures grown in this perfusion-based membrane system. 
Therefore, the observed steady state in impedance (ion 
concentration inside the membrane) is a result of steady-
state ion replenishment across the membrane and indicates 
that ion transport across the membrane occurs more rap-
idly than the rate of ion production by the bacteria. These 
impedance results warrant further investigation; however, 
they are beyond the scope of this manuscript. In the case 
of pyocyanin production (Fig. 5b), the increase in the mag-
nitude of peak current corresponds to bacterial growth, 
as more pyocyanin will be produced by the culture as it 
proliferates. The profile indicates that the bacteria produce 
pyocyanin at a faster rate than the rate of pyocyanin diffu-
sion through the membrane.

Fig. 4   a Monitoring of P. aeruginosa growth in LB medium at 37 °C using impedance, SWV pyocyanin detection, and OD600 methods. b Com-
parison of the time to detect P. aeruginosa growth using the three methods

Fig. 5   a Impedance and b voltammetric monitoring of P. aeruginosa 
growth at 37 °C in the osmotic system with only LB medium outside 
the membrane compartment to maintain a perfusion-based system. 
No osmotic gradient was present at the beginning of the experiment, 

but cellular functions created gradients across the membrane. Typi-
cal growth profiles using pyocyanin (magnitude of peak current) were 
maintained, indicating that bacteria produce pyocyanin at a higher 
rate than diffusion of the molecule out through the membrane
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3.3 � Growth Monitoring in an Osmotic Gradient

The addition of an osmotic gradient in culture monitoring 
was then studied to determine whether it would impact the 
time to detect bacterial growth during concentration. The 
osmotic system was inoculated with 1 × 108 cells/mL in LB, 
while an osmotic gradient was applied outside the mem-
brane using 65% w/v PEG1500 in LB medium maintained 
at 37 °C on a stirred hot plate. The cultures were monitored 
by impedance and SWV. These osmotic test cultures were 
compared to controlled cultures maintained in the absence 
of an osmotic system, grown in LB media at 37 °C in micro-
centrifuge tubes. For the control cultures, impedance and 
SWV measurements were also performed using the same 
pencil graphite electrodes (Fig. 1).

Monitoring the culture using SWV detection of pyo-
cyanin showed significant improvement in the time to 
detect growth with the 65% w/v PEG1500 osmotic gradi-
ent (Fig. 6a) indicating that concentrating cultures during 
growth enabled more rapid detection. The cultures grown 

when LB media were used as an osmotic gradient showed 
marginal improvement in the SWV growth profile but did 
not yield a more rapid detection time. The time to detect 
growth for all methods was then quantified by selecting the 
time where three consecutive readings were above three 
standard deviations from the baseline reading. The SWV 
osmotic system detected growth in about 3.5 h, which is 
a twofold improvement in detecting growth by monitoring 
pyocyanin levels (Fig. 6b). This detection time is similar to 
conventional growth monitoring using OD600 that detected 
growth in 3 h (Fig. 4b).

Monitoring the osmotic test cultures using impedance 
showed a new approach for more rapid detection of cul-
ture growth. The rate of volume reduction in the 65% w/v 
PEG1500 osmotic test cultures slowed down in the presence of 
bacteria when compared to the rate of volume reduction in the 
absence of bacteria (Fig. 7a). The proposed mechanism is that 
the presence of bacteria increases the osmotic concentration 
inside the membrane therefore decreasing the osmotic gradi-
ent across the membrane. This impedance profile shift may 

Fig. 6   a Pyocyanin detection for 
bacteria growth without osmotic 
system compared to growth 
using 65% w/v PEG1500 or 
LB media osmotic gradients. b 
Comparison of time to detect 
P. aeruginosa growth with and 
without osmotic system shows a 
twofold reduction when osmotic 
system is used. Statistical sig-
nificance greater than 3 standard 
deviations from the average is 
indicated in the graph

Fig. 7   a Comparison of impedance profiles in 65% w/v PEG1500 
osmotic system with and without bacterial growth, compared to 
impedance profiles without the osmotic system. b Comparison of 

time to detect bacteria growth using impedance and SWV in the pres-
ence and absence of an osmotic system, compared to detection using 
conventional OD600
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serve as an indicator of culture growth (Fig. 6a). The proposed 
detection time for this system was defined by performing an 
analysis of variance between the impedance decay with bacte-
ria compared to impedance decay without bacteria. The detec-
tion time was defined as the time point at which the mean of 
the change in impedance data with bacteria was more than 3 
standard deviations from the mean of the change in impedance 
data in the absence of bacteria. This detection time was found 
to be approximately 1 h as compared to 1.8 h when detect-
ing growth using impedance data without an osmotic system 
(Fig. 7b). This new approach showed improved detection 
time when compared to pyocyanin SWV detection, and, more 
importantly, showed a threefold reduction in detection time 
compared to conventional detection using OD600 (Fig. 7b).

4 � Conclusions

In summary, an osmotic system was designed to monitor 
bacterial growth using SWV and impedance electrochemical 
methods. Pseudomonas aeruginosa production of pyocyanin 
and ions was monitored using readily available pencil graphite 
as electrodes. Cultures were also successfully grown in the 
osmotic system containing 65% w/v PEG1500 to decrease the 
time to detect growth in conditions similar to antimicrobial 
susceptibility testing. The system led to a twofold improve-
ment in the time to detect P. aeruginosa growth, providing 
similar growth detection times as conventional methods that 
use OD600. In addition, measuring impedance using the pencil 
graphite electrodes without an osmotic system detected culture 
growth roughly 1 h sooner in comparison with conventional 
OD600 measurements. Furthermore, in the presence of no 
cells, the osmotic system showed a substantial decrease in the 
impedance signal; but in the presence of cells grown in the 
osmotic system, the rate impedance signal drop slowed down. 
Therefore, growing bacteria using an osmotic system along 
with impedance monitoring shows promising ability to detect 
bacterial growth in roughly 1 h, which is a threefold reduction 
in detection time when comparing to detection using OD600. 
In general, the results from this work show that a simple 
osmotic system with electrochemical detection is a promising 
method for earlier detection of P. aeruginosa growth, with 
potential value in AST applications.

Acknowledgements  This work was supported in part by award 
#1740961 from the National Science Foundation.

References

	 1.	 Heo J, Hua SZ. An overview of recent strategies in pathogen sens-
ing. Sensors (Switzerland). 2009;9:4483–502.

	 2.	 Wang H, Bedard E, Prevost M, et al. Methodological approaches 
for monitoring opportunistic pathogens in premise plumbing: a 
review. Water Res. 2017;117:68–86.

	 3.	 Bereket W, Hemalatha K, Getenet B, et  al. Update on bac-
terial nosocomial infections. Eur Rev Med Pharmacol Sci. 
2012;16:1039–44.

	 4.	 Ventola CL. The antibiotic resistance crisis: part 1: causes and 
threats. Pharm Ther J. 2015;40(4):277.

	 5.	 Caliendo AM, Gilbert DN, Ginocchio CC, et al. Better tests, better 
care: improved diagnostics for infectious diseases. Clin Infect Dis. 
2013;57:S139–70. https​://doi.org/10.1093/cid/cit57​8.

	 6.	 Frieden T. Antibiotic resistance threats in the United States, 2013. 
Centres for Disease Control and Prevention; 2013. https​://www.
cdc.gov/drugr​esist​ance/pdf/ar-threa​ts-2013-508.pdf.

	 7.	 Karlowsky JA, Draghi DC, Jones ME, et al. Surveillance for 
antimicrobial susceptibility among clinical isolates of Pseu-
domonas aeruginosa and Acinetobacter baumannii from hospi-
talized patients in the United States, 1998 to 2001. Antimicrob 
Agents Chemother. 2003;47:1681–8. https​://doi.org/10.1128/
AAC.47.5.1681-1688.2003.

	 8.	 CDC. Gram-negative bacteria infections in healthcare settings. 
Centres for Disease Control and Prevention; 2011. https​://www.
cdc.gov/HAI/organ​isms/gran-negat​ive-bacte​ria.html. Accessed 14 
Dec 2018.

	 9.	 Foweraker JE, Laughton CR, Brown DFJ, Bilton D. Phenotypic 
variability of Pseudomonas aeruginosa in sputa from patients 
with acute infective exacerbation of cystic fibrosis and its impact 
on the validity of antimicrobial susceptibility testing. J Antimicrob 
Chemother. 2005;55:921–7. https​://doi.org/10.1093/jac/dki14​6.

	10.	 Burns JL, Saiman L, Whittier S, et al. Comparison of agar dif-
fusion methodologies for antimicrobial susceptibility testing of 
Pseudomonas aeruginosa isolates from cystic fibrosis patients. J 
Clin Microbiol. 2000;38:1818–22.

	11.	 Wanger, A. Antibiotic susceptibility testing. In: Practical hand-
book of microbiology, 3rd ed. 2015.

	12.	 Kerremans JJ, Verboom P, Stijnen T, et al. Rapid identification 
and antimicrobial susceptibility testing reduce antibiotic use and 
accelerate pathogen-directed antibiotic use. J Antimicrob Chem-
other. 2008;61:428–35. https​://doi.org/10.1093/jac/dkm49​7.

	13.	 Kassim A, Omuse G, Premji Z, Revathi G. Comparison of Clini-
cal Laboratory Standards Institute and European Committee on 
Antimicrobial Susceptibility Testing guidelines for the interpre-
tation of antibiotic susceptibility at a University Teaching Hos-
pital in Nairobi, Kenya: a cross-sectional stud. Ann Clin Micro-
biol Antimicrob. 2016;11:15–21. https​://doi.org/10.1186/s1294​
1-016-0135-3.

	14.	 Clinical and Laboratory Standards Institute. Performance stand-
ards for antimicrobial susceptibility testing, 27th ed. CLSI supple-
ment M100. Wayne: Clinical and Laboratory Standards Institute; 
2017.

	15.	 European Committee on Antimicrobial. The European Commit-
tee on Antimicrobial Susceptibility Testing. Breakpoint tables for 
interpretation of MICs and zone diameters/EUCAST; 2017.

	16.	 Lambert RJW, Pearson J. Susceptibility testing: accurate and 
reproducible minimum inhibitory concentration (MIC) and 
non-inhibitory concentration (NIC) values. J Appl Microbiol. 
2000;88:784–90. https​://doi.org/10.1046/j.1365-2672.2000.01017​
.x.

	17.	 Jorgensen JH, Ferraro MJ. Antimicrobial susceptibility testing: 
a review of general principles and contemporary practices. Clin 
Infect Dis. 2009;49:1749–55. https​://doi.org/10.1086/64795​2.

	18.	 Yang L, Bashir R. Electrical/electrochemical impedance for 
rapid detection of foodborne pathogenic bacteria. Biotechnol 
Adv. 2008;26:135–50. https​://doi.org/10.1016/j.biote​chadv​
.2007.10.003.

	19.	 Oziat J, Elsen S, Owens RM, et al. Electrochemistry provides a 
simple way to monitor Pseudomonas aeruginosa metabolites. In: 
Proceedings of the annual international conference of the IEEE 
engineering in medicine and biology society, EMBS; 2015.

Author's personal copy

https://doi.org/10.1093/cid/cit578
https://www.cdc.gov/drugresistance/pdf/ar-threats-2013-508.pdf
https://www.cdc.gov/drugresistance/pdf/ar-threats-2013-508.pdf
https://doi.org/10.1128/AAC.47.5.1681-1688.2003
https://doi.org/10.1128/AAC.47.5.1681-1688.2003
https://www.cdc.gov/HAI/organisms/gran-negative-bacteria.html
https://www.cdc.gov/HAI/organisms/gran-negative-bacteria.html
https://doi.org/10.1093/jac/dki146
https://doi.org/10.1093/jac/dkm497
https://doi.org/10.1186/s12941-016-0135-3
https://doi.org/10.1186/s12941-016-0135-3
https://doi.org/10.1046/j.1365-2672.2000.01017.x
https://doi.org/10.1046/j.1365-2672.2000.01017.x
https://doi.org/10.1086/647952
https://doi.org/10.1016/j.biotechadv.2007.10.003
https://doi.org/10.1016/j.biotechadv.2007.10.003


174	 Journal of Analysis and Testing (2019) 3:166–174

1 3

	20.	 Santiveri CR, Sismaet HJ, Kimani M, Goluch ED. Electro-
chemical detection of Pseudomonas aeruginosa in polymicrobial 
environments. ChemistrySelect. 2018;3:2926–30. https​://doi.
org/10.1002/slct.20180​0569.

	21.	 Buzid A, Shang F, Reen FJ, et al. Molecular signature of Pseu-
domonas aeruginosa with simultaneous nanomolar detection of 
quorum sensing signaling molecules at a boron-doped diamond 
electrode. Sci Rep. 2016;6:30001. https​://doi.org/10.1038/srep3​
0001.

	22.	 Wawerla M, Stolle A, Schalch B, Eisgruber H. Impedance micro-
biology: applications in food hygiene. J Food Prot. 1999;62:1488–
96. https​://doi.org/10.4315/0362-028X-62.12.1488.

	23.	 Cheng X, Liu YS, Irimia D, et al. Cell detection and counting 
through cell lysate impedance spectroscopy in microfluidic 
devices. Lab Chip. 2007;7:746–55. https​://doi.org/10.1039/b7050​
82h.

	24.	 Silley P, Forsythie S. Impedance microbiology-a rapid change for 
microbiologists. J Appl Bacteriol. 1996;80:233–43. https​://doi.
org/10.1111/j.1365-2672.1996.tb032​15.x.

	25.	 Yang L, Li Y. Detection of viable Salmonella using microelec-
trode-based capacitance measurement coupled with immunomag-
netic separation. J Microbiol Methods. 2006;64:9–16. https​://doi.
org/10.1016/j.mimet​.2005.04.022.

	26.	 Seviour T, Doyle LE, Lauw SJL, et al. Voltammetric profiling of 
redox-active metabolites expressed by Pseudomonas aeruginosa 
for diagnostic purposes. Chem Commun. 2015;51:3789–92. https​
://doi.org/10.1039/c4cc0​8590f​.

	27.	 Webster TA, Sismaet HJ, Conte JL, et al. Electrochemical detec-
tion of Pseudomonas aeruginosa in human fluid samples via 
pyocyanin. Biosens Bioelectron. 2014;60:265–70. https​://doi.
org/10.1016/j.bios.2014.04.028.

	28.	 Sismaet HJ, Goluch ED. Electrochemical probes of microbial 
community behavior. Annu Rev Anal Chem. 2018;11:441–61. 
https​://doi.org/10.1146/annur​ev-anche​m-06141​7-12562​7.

	29.	 Beyenal H, Chen SN, Lewandowski Z. The double sub-
strate growth kinetics of Pseudomonas aeruginosa. Enzyme 
Microb Technol. 2003;32:92–8. https​://doi.org/10.1016/S0141​
-0229(02)00246​-6.

Author's personal copy

https://doi.org/10.1002/slct.201800569
https://doi.org/10.1002/slct.201800569
https://doi.org/10.1038/srep30001
https://doi.org/10.1038/srep30001
https://doi.org/10.4315/0362-028X-62.12.1488
https://doi.org/10.1039/b705082h
https://doi.org/10.1039/b705082h
https://doi.org/10.1111/j.1365-2672.1996.tb03215.x
https://doi.org/10.1111/j.1365-2672.1996.tb03215.x
https://doi.org/10.1016/j.mimet.2005.04.022
https://doi.org/10.1016/j.mimet.2005.04.022
https://doi.org/10.1039/c4cc08590f
https://doi.org/10.1039/c4cc08590f
https://doi.org/10.1016/j.bios.2014.04.028
https://doi.org/10.1016/j.bios.2014.04.028
https://doi.org/10.1146/annurev-anchem-061417-125627
https://doi.org/10.1016/S0141-0229(02)00246-6
https://doi.org/10.1016/S0141-0229(02)00246-6

	Bacterial Sample Concentration and Culture Monitoring Using a PEG-Based Osmotic System with Inline Impedance and Voltammetry Measurements
	Abstract
	1 Introduction
	2 Experimental
	2.1 Chemicals and Apparatus
	2.2 Osmotic System Experimentation
	2.3 Electrochemical Signal Amplification
	2.4 Culture Growth

	3 Results and Discussion
	3.1 Culture Growth Using Electrochemical Monitoring
	3.2 Growth Monitoring in Semi-permeable Membrane
	3.3 Growth Monitoring in an Osmotic Gradient

	4 Conclusions
	Acknowledgements 
	References




