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In this study, a simple impedance based technology for measuring bacterial concentrations was developed. The measurement sys-
tem includes the signal amplification, copper probes and a sample loader. During the experiments, the conductance of Bacillus 
subtilis var niger, Pseudomonas fluorescens, and Escherichia coli were measured using the combination of a pre-amplifier and a 
lock-in amplifier. The conductance data were modeled verses the bacterial concentrations. Results indicated that the relationship 
between the conductance of bacterial suspensions and their concentrations follows a generic model: Y=C1 + C2 × e(−X/C3), where Y 
is the conductance (S), X is the bacterial concentration (Number/mL: abbreviated to N/mL) for all species tested, and C1−3 are 
constants. Gram negative P. fluorescens and E. coli assumed similar conductance curves, which were flatter than that of gram 
positive B. subtilis var niger. For P. fluorescens and E. coli the culturing technique resulted in higher concentration levels (statis-
tically significant) from 2 to 4 times that measured by the impedance based technology. For B. subtilis var niger, both methods 
resulted in similar concentration levels. These differences might be due to membrane types, initial culturability and the obtained 
conductance curves. The impedance based technology here was shown to obtain the bacterial concentration instantly, holding 
broad promise in realtime monitoring biological agents. 

bacterial impedance, conductance, bioaerosol, bacterial concentrations 

 

Citation:  Shen F X, Tan M M, Xu H, et al. Development of a novel conductance-based technology for environmental bacterial sensing. Chin Sci Bull, 2013, 58: 
440448, doi: 10.1007/s11434-012-5621-1 

 

 

 
Bacterial detection becomes an important topic in many 
different fields. Traditionally, culturing technique is used to 
detect culturable bacterial counts, however it requires sev-
eral days to obtain a result. Use of quantitative polymerase 
chain reaction (qPCR) can speed up the detection, however 
it still requires typically 4–6 h for detection with steps in-
cluding sampling, DNA extraction, and amplification. In 
recent years, there is an increasing number of studies that 
aim at measuring bacterial concentrations in a real-time 
manner [1–3]. Among many others, the impedance-based 
technique has gained an increased attention. In general, the 

technique has been applied to detecting and/or quantifying 
food-borne microorganisms [1]. Recently, it has received 
attention from researchers in other fields due to its ability of 
rapid measurement for bacterial concentrations [4–7]. In 
some studies, the dielectrophoretic impedance measurement 
method was combined with antigen-antibody reaction 
[6,8,9]. In other studies, the electrical impedance measure-
ments were used to detect the ionic metabolites produced 
during the bacterial growth [10,11]. In another study, it was 
applied to differentiating between dead and live cells [8]. 

The bacterial impedance method relies on the electrical 
attributes of bacterial cells and their electrophysiology [5]. 
In general, bacterial cells consist of adjacent structures of 
materials that have very different electrical properties [5]. 
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The cell membrane consists of a lipid bilayer rich of pro-
teins, where the lipid molecules are organized with their 
polar groups and their hydrophobic hydrocarbon chains to 
form the membrane interior [5]. As prokaryotes, bacteria do 
not have membrane-bound organelles in their cytoplasm 
and thus contain few large intracellular structures. Accord-
ingly, they lack a nucleus, mitochondria, chloroplasts and 
other organelles which are otherwise present in eukaryotic 
cells [12]. While the cell membrane is highly insulated, the 
interior of the cell is highly conductive [5]. A study has 
shown that the conductivity of the cell membrane is around 
10−7 S/m, whereas that of the interior of a cell can be as 
high as 1 S/m [12]. The bacterial impedance based technol-
ogy was shown to have detection limits of 102 to 106 cfu/mL 
for various bacterial cells with a detection time from 30 min 
to several hours [5]. 

Use of impedance-based technology from classic im-
pedance microbiology to novel on-chip impedance microbi-
ology has been thoroughly reviewed somewhere [13,14]. 
However, most of these studies investigated the use of the 
technique for detecting and/or quantifying the food-borne 
bacteria based on the electrophysiological and impedance 
properties of biological cells. Besides, the conductivity of 
bacterial suspensions has also been reported to study the 
electrical properties of bacterial cell surface and related cell 
surface interfacial physiology [15,16], but fewer studies 
have been reported to quantify the concentration of bacterial 
cells in the suspensions using the impedance-based method. 
Wheeler and Goldschmidt [17] found a positive relationship 
between the cell concentration of E. coli and the voltage 
changes in the suspension. They have shown a detection 
limit of 103 organisms per mL. Recently, another study has 
investigated the detection of bacterial cells by virtue of the 
impedance properties of bacterial cell suspensions using 
interdigitated microelectrodes [5]. The experimental results 
indicated that different Salmonella cell concentrations in the 
suspension resulted in different bacterial suspension im-
pedances measured at 1 kHz. Their study suggested that the 
technology developed could be an alternative way for quan-
tifying bacterial cells in the suspension in a label-free, in-
expensive, and very simple manner. The detection limit was 
also shown comparable with many label-free immunosen-
sors for detection of pathogenic bacteria [5]. Zhu and 
co-workers [18] recently reported a linear relationship be-
tween the impedance and the logarithmic value of the bac-
terial concentration in certain cell concentration ranges for 
Porphyromonas gingivalis and Escherichia coli. Different 
from these studies, another study has demonstrated that use 
of bacterial impedance together with a dielectrophoretic 
manipulation can differentiate between different Bacillus 
species through monitoring current change caused by dif-
ferent species [19]. In another study, it was demonstrated 
that by modifying the input frequency the impedance 
method can be used to quantify both viable and non-viable 
cells [8]. In addition, the impedance method was shown to 

have the capability for detection of specific bacterial species 
when coupled with a magnetic immunological separation 
method [5]. The impedance-based method has demonstrated 
the potential in real-time detecting and quantifying bacterial 
cell density in the liquid suspensions. 

In this study, to further investigate the impedance-based 
method for quantification of bacterial concentrations in the 
suspension, a simpler model of the system was developed 
and tested on a centimeter-size chip. Three bacterial species 
including both Gram-negative P. fluorescens, E. coli and 
Gram-positive B. subtilis var niger were tested with the 
system. The relationship between the conductance and the 
concentrations of the bacterial suspensions were character-
ized and fitted mathematically using simulated equations. 
As an application of the technology developed, the results 
obtained for certain pure bacterial samples and environ-
mental bioaerosols were compared to those obtained by the 
agar culturing technique.  

1  Materials and methods 

1.1  System setup for bacterial suspension conductance 
measurement 

The system setup for bacterial conductance measurement is 
shown in Figure 1. The system is composed of three parts: 
signal amplification, sensing probes and a sample loader. 
The signal amplification includes a lock-in amplifier 
(LI5640, NF Corporation) and a pre-amplifier (LI-76, NF 
Corporation) which are connected together, the sensing 
probes include two identical red copper probes (the curva-
ture radius of probe tip is 25 µm). The sample loader  

 

 
Figure 1  Experimental setup for bacterial conductance measurement 
technology on a centimeter-size chip; the outlet for data out is inside of the 
digital lock-in amplifier. 
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includes hydrophobic parafilm (VWR, East Fabyan Park-
way, Batavia, IL), and a plastic sealing element (cylinder 
shape container with the top covered by parafilm). The pre-   
amplifier is used to amplify and convert current into voltage. 
The lock-in amplifier is used to amplify the signal at a fixed 
frequency. The parafilm is highly hydrophobic, thus water 
drops appear to be ball-shaped on it. The water drops can be 
also easily moved around the parafilm surface. The two red 
copper probes are connected to the reference-out of the 
lock-in amplifier and the pre-amplifier, respectively. The 
reference-out of lock-in amplifier provides the voltage be-
tween two probes. The space between the tips of the probes 
is fixed at about 2 mm as shown in Figure 1. The sealing 
element is used to minimize the liquid evaporation during 
the conductance measurement (8 min). The sample loader is 
placed onto a probe station (LPT model, Precision Systems 
Engineering Institute of Beijing Haida, Beijing). 

1.2  Bacterial species used  

In this study, Bacillus subtilis var niger (ATCC 9372), 
Pseudomonas fluorescens (ATCC 13525) and Escherichia 
coli (ATCC 15597) were used. B. subtilis var niger, a 
common Gram-positive bacterium, is often used as a surro-
gate of anthrax causing agent Bacillus anthracis, which is 
resistant to a variety of environmental stresses in the form 
of endospores. The endospore is formed at times of nutri-
tional stress, allowing the organism to be resistant to envi-
ronmental factors such as heat, acid, and salt and to persist 
in the environment for long periods of time. P. fluorescens, 
a common Gram-negative bacterium is on the other hand 
often used as a representative of microbial cells sensitive to 
stress in environmental microbial studies. A recent study 
showed that P. fluorescens caused bloodstream infections in 
patients diagnosed with cancer [20]. E. coli is another 
Gram-negative, rod-shaped bacterium, and its cytoplasmic 
membrane was shown to be substantially more enriched in 
cardiolipin, a dimer of phosphatidylglycerol, than previous-
ly known [21]. Here P. fluorescens, B. subtilis var niger, 
and E. coli were grown on Petri dishes with Trypticase Soy 
Agar (Becton, Dickson and Company, Sparks, MD, USA) 
under 26, 30, and 37°C, respectively for 18 h. Before the 
experiments, freshly purified water (Milli-Q, Millipore, 
Billerica, MA, USA) was added to the agar plate and colo-
nies of studied bacterial species were removed from the 
agar surfaces using an inoculation loop. The resulting bac-
terial suspension was poured into a tube and centrifuged at 
6300 rcf (Eppendorf Centrifuge 5804 R, Eppendorf, Ham-
burg, Germany) for 7 min. The resulting pellet was resus-
pended in freshly purified water and centrifuged again. The 
final pellet of bacteria from the second centrifugation was 
suspended in the freshly purified water (about 40 mL) for 
subsequent experiments. The final concentration levels for 
these three bacterial species were determined as 2×108, 
9.28×109, and 2×109 N/mL, respectively, using a micro-

scopic counting method. 

1.3  Bacterial suspension conductance measurement 

The bacterial conductance was measured using the experi-
mental setup shown in Figure 1. During the experiment, 20 
μL of bacterial suspension was pipetted onto the parafilm 
which was placed on the sample loader. Due to the super 
hydrophobic feature of the parafilm, the bacterial suspen-
sion was formed into a small ball-shaped liquid drop, which 
was further connected to two red copper probes spaced at 
~2 mm. As observed in Figure 1, these two probes were 
connected to a pre-amplifier and the lock-in amplifier, re-
spectively. The sample loader was further covered with the 
parafilm to minimize the liquid evaporation during the ex-
periments. In this study, 50 mV amplitude was selected for 
the reference-out voltage. In another study, the same ampli-
tude was also used [5]. For pre-amplifier, a gain factor of 
104 was selected in this study. In order to select the optimal 
frequency at which the differences in conductance meas-
urements for different bacterial species are maximized, dif-
ferent frequencies (1, 10, 20, 40, 60, 80, and 100 kHz) were 
automatically tested using a LabView computer program 
developed in this study. The conductance was obtained 
every 200 millisecond at room temperature. The bacterial 
conductance was compared with that of deionized water (DI) 
water under different frequencies. For each of the bacterial 
species tested, the conductance of bacterial suspension with 
different bacterial concentrations (five or six half-dilutions 
used) was measured at the frequency of 100 kHz. The con-
ductance data continuously obtained over 8 min (total 2000 
measurements) for each bacterial species were mathemati-
cally modeled. The conductance of different bacterial sus-
pensions was measured in identical conditions, and also 
calibrated using quantitative polymerase chain reaction 
(qPCR). In this study, the electrical field generated between 
the two probes was also modeled using ANSYS software. 

1.4  Comparison of culturing and conductance based 
measurement 

In this study, lab-prepared bacterial suspensions including B. 
subtilis var niger, E. coli and P. fluorescens with unknown 
concentrations were used in comparing two quantification 
techniques: agar culturing and conductance based meas-
urement. Following the method described previously, 20 μL 
of bacterial suspension for each species was pipetted onto 
the parafilm, and two probes were immersed into the liquid 
drop formed. The conductance of the liquid suspension for 
each of bacterial species was measured at the frequency 
identified using the system setup shown in Figure 1. The 
concentration of the bacterial suspension was calculated 
using the mathematical model developed based on the  
conductance for known concentrations. At the same time, 
culturing technique was also applied to determining the 
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culturable bacterial concentrations of the same bacterial 
suspensions. For each species, 100 μL of the bacterial liquid 
sample was plated onto a Trypticase Soy agar plate with 
three replicates and incubated at their respective cultivation 
temperatures as described for 18 h. 

In addition, air samples of 200 L were taken using mixed 
cellulose ester (MCE) filters from both indoor and outdoor 
environments. After the sampling, the filter samples were 
suspended into 2 mL deionized (DI) (Millipore) water, and 
extracted using sonication for about 20 min in addition to a 
brief mixing. For culturing, 100 μL of bacterial liquid sam-
ple (extracted from filter) was plated onto agar plates with 
three replicates. For conductance measurement, the bacterial 
liquid (100 μL) mixed with 900 μL DI water went through 
centrifugation (6300 rcf for 5 min) twice with 900 μL su-
pernatant taken out each time. Use of the centrifugation here 
allowed the removal of dissolved chemicals from the bacte-
rial suspensions, minimizing the impact on the conductance. 
Following similar methods, 20 μL of bacterial liquid (after 
twice centrifugation) was used for conductance measure-
ment. For each experiment, three repeats were indepen- 
dently conducted.  

1.5  Statistical analyses 

Paired t-test (Sigma Plot 10 component) was used to com-
pare the results obtained by the conductance-based tech-
nique and the culturing method. The P-value of less than 
0.05 indicated a statistically significant difference. 

2  Results and discussion 

A simpler bacterial conductance based technology as shown 
in Figure 1 was developed on a centimeter-size chip for 
rapidly sensing the total bacterial concentrations. Conduct-

ance curves for each of the tested bacterial species at   
different concentration levels were developed. Unknown 
concentrations for three species and environmental bioaer-
osols were also determined using the technology developed 
and the results were compared with those obtained by the 
culturing method. The bacterial liquid of 20 μL appeared to 
be a ball-shaped drop with a diameter of 3.3 mm as a result 
of the surface tension when pipetted onto the hydrophobic 
parafilm. 

Figure 2 shows the modeled distribution of the electro-
static field produced between the electrodes with an applied 
voltage of 50 mV shown in Figure 1. In general, the electrical 
field was not uniform and an arc-shape field (0–234 V/m) 
was formed across the electrodes. As observed in Figure 2, 
the electrostatic field seemed stronger around the electrode 
than those between the electrodes. It was shown that the 
resolution between electrical readings was a function of the 
input frequency [17]. In this study, as shown in Figure 3, at 
the frequency of 100 kHz, the conductance differences be-
tween each of the bacteria tested and DI water was the 
highest. For the frequencies of larger than 10 kHz, the con-
ductance for all bacterial species tested increased slowly 
compared to those measured at lower frequencies. For all 
species tested, the conductance was observed to increase 
rapidly as shown in Figure 3 when the frequency from 1 to 
10 kHz was used. This was largely due to the fact that at 
lower frequency the double layer capacitance of the elec-
trode dominates the total impedance. However, when the 
frequency is further increased above 10 kHz, the medium 
impedance dominates [22]. For DI water, the conductance 
remained similar for all frequencies tested. In a previous 
study, 100 kHz was also used to measure the bacterial con-
centrations using the impedance based technology [8].  

Figure 4(a) shows the conductance data of B. subtilis var 
niger for different concentrations at the frequency of 100 
kHz. In general, the conductance increased with increasing  

 

 
Figure 2  The electrical field (V/m) distribution generated between the copper-probes which were spaced at 2 mm with a voltage of 50 mV. 
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Figure 3  The conductance of bacterial suspensions and DI water meas-
ured at the frequency range of 1 to 100 kHz; the frequency was automati-
cally switched to next one every second. 

 
Figure 4  (a) The average conductance shown in Figure 4(b) of B. subtilis 
var niger of different concentration levels (A–F) of 0.25 ×108 to 8×108 
cells/mL measured at the frequency of 100 kHz; (b) the conductance data 
that were obtained over an 8 min time period (total 1600 measurements); 
A–F refer to bacterial suspensions with different cell concentration levels 
investigated. 

concentration as observed in Figure 4(a), but the relation-
ship was not linear. Our qPCR tests also confirmed this 
when using different B. subtilis concentrations as observed 
in Figure S1. The following equation was found to best de-
scribe the relationship between the conductance and the 
bacterial concentrations of B. subtilis var niger (R2=0.99): 

 
85 5 ( /3.31 10 ). 10 . 10 e xy          , (1) 

where x is the bacterial concentration (N/mL) and y is the 
conductance of the bacterial suspension. For P. fluorescens, 
similar finding was observed as shown in Figures S2, S3  
(a), but the conductance curve seemed flatter than that of B. 
subtilis var niger. The following equation was found to best 
fit the conductance data (R2=0.98): 

 
95 5 ( /5.37 10 )5.49 10 5.29 10 e xy        .  (2) 

For E. coli, the following equation was found to best fit 

the data obtained (R2=0.98) 

 
95 5 ( /4.32 10 )2.27 10 1.96 10 e       xy .  (3) 

The conductance curve for E. coli as shown in Figure 5(a) 
was similar to that of P. fluorescens. Similar to B. subtilis, 
our qPCR tests also confirmed the non-linear conduct-
ance-concentration relationship when measuring unknown 
E. coli concentrations as observed in Figure 6. In a previous 
study, it was indicated that a linear relationship was found 
between the impedance and the logarithmic value of the cell 
concentration of 106 to 1010 cfu/mL [5]. For concentration 
lower than 106 cfu/mL, the conductance values of the sus-
pensions were shown not significantly different from the DI 
water [5]. In this study, for all tested bacterial species, the 
relationship between the suspension conductance and the 
cell concentration followed a similar model with different 
parameters regardless of the bacteria types: Y=C1+C2×e(−X/C3) 
where Y is the conductance (S), X is the bacterial concentra-
tion (N/mL), and C1-3 are constants. The non-linear rela-
tionship as observed in Figures 4(a), 5(a), 6, S2(a) and S3 
between the bacterial concentration and conductance level is 
likely attributable to two factors: (1) the non-uniform electro-
static field produced between two probes as shown in Fig-
ure 2, making the bacterial arrangement differential; (2) the 
differential release of ions from bacteria in response to the 
electrostatic field, resulting in variations in conductance 
levels even with the same bacterial concentration. Yang et 
al. [22] also suggested that the cell membrane and proteins 
responsible for ion transport might have played a role in the 
non-linear impedance change. Different from previous 
studies, this study has considered higher bacterial concen-
trations in the model developed. In this study, DI water was 
shown to have a conductance level of 2.05×10−6 S with a 
bacterial concentration of 0 N/mL. The data point (DI water) 
was also used as one data point for the simulation experi-
ments. For those bacterial species tested in this study, the 
conductance levels ranged from 3×10−6 to 5×10−5 S. For 
 

 

Figure 5  (a) The average conductance shown in Figure 6(b) of E. coli of 
different concentration levels (A–F) of 0.5×108 to 4 ×109 cells /mL meas-
ured at the frequency of 100 kHz; (b) the conductance data were obtained 
over an 8 min time period (total 1600 measurements); A–F refer to bacteri-
al suspensions with different cell concentration levels investigated.  
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Figure 6  (a) qPCR calibration of conductance of E. coli with concentra-
tion levels of 2.67×108 to 3.47×109 N/mL; (b) conductance data were con-
tinuously measured over an 8 min time period for each bacterial sample 
(total 400 measurements). 

all tested bacterial species, the conductance levels at differ-
ent concentrations remained relatively stable over 8 min as 
indicated in the inset figures of Figures 4(b), S2(b) and 5(b). 
B. subtilis var niger suspension was shown to have highest 
conductance levels followed by P. fluorescens and E. coli 
given similar bacterial concentrations. This might be due to 
the differences in surface charges for the tested bacterial 
species, ion releases or other unidentified factors. As dis-
cussed, the non- uniform electrical field produced between 
two probes might also contribute to the observed conduct-
ance trends.  

Figure 7 shows comparisons of bacterial concentration 
levels determined using the conductance based technology 
developed and the culturing technique. As observed in Fig-
ure 7, for B. subtilis var niger the concentration levels de-
termined by both technologies were similar (not statistically 
significant, P-value = 0.82). For E. coli and P. fluorescens, 
the concentration levels determined by culturing technique 
were higher than those determined using the conductance 
based technology (P-value = 0.002, 0.03). For P. fluorescens,  

 

Figure 7  Comparison of liquid-borne bacterial concentrations determined 
using culturing (culturable counts) and conductance based techniques (total 
counts). Data points represent averages of three independent repeats; ***** 
indicates a statistically significant difference; conductance data were con-
tinuously measured over an 8 min time period for each bacterial sam-
ple(total 1600 measurements). 

agar culturing resulted in a concentration level about 2 
times of that obtained using the conductance based tech-
nology. While for E. coli, about 4 times concentration levels 
were obtained for the culturing compared to the conduct-
ance based technology. This might be due to different bac-
terial membrane types, their initial culturability and the 
conductance relationship simulated. E. coli and P. fluo-
rescens are Gram-negative cells and sensitive to environ-
mental stress, while B. subtilis var niger is Gram-positive 
and stress resistant. In addition, E. coli and P. fluorescens 
had similar conductance curves as observed in Figures 5 
and 6. The results shown in Figure 7 illustrated that con-
ductance based technology could yield similar magnitude of 
estimates for B. subtilis concentrations, yet with an ultrafast 
speed. Figure 8 shows the comparisons of airborne total 
bacterial concentrations measured using the agar culturing 
and the conductance based technology. Averages of C1-3 

constants in the models developed for three pure bacterial 
species were used in the calculation.  

As observed in Figure 8, use of the conductance based 
technology resulted in significantly higher bacterial concen-
trations up to ~104 times than the culturing method both in 
indoor and outdoor environments. Different from pure bac-
terial samples, the bioaerosol culturability is very low in 
environmental air samples. Use of conductance base tech-
nique measures both culturable and non-culturable cells, 
while the culturing technique measures only the culturable 
fraction of the total bacterial aerosols. In addition, the ex-
traction process might have also reduced the culturable 
fraction of the bacteria collected on the filter. In a previous 
study, we have shown that the total bacterial aerosol con-
centration was more than 1000 times of the culturable ones 
through qPCR test [23]. The data obtained here by the  



446 Shen F X, et al.   Chin Sci Bull   February (2013) Vol.58 No.4-5 

 

Figure 8  Comparison of airborne bacterial aerosol concentrations deter-
mined using culturing (culturable counts) and conductance based tech-
niques (total counts) in both indoor and outdoor environments. Data points 
represent averages of three independent repeats and air samples were pro-
cessed to remove ions using centrifugation; conductance data were contin-
uously measured over an 8 min time period for each bacterial sample(total 
1600 measurements). 

conductance based technology are in line with literature 
data with respect to the relationship between total and cul-
turable bacterial aerosol concentrations discussed in another 
study [2]. 

It was indicated that the conductance from the bacterial 
suspension was due to two contributions: ion releases from 
the cells and the cell surface charges [5]. When bacteria are 
mixed with DI water, the impedance of the suspension was 
observed to decrease over the time, however the impedance 
did not change when mixed with Phosphate Buffered Saline 
(PBS) buffer. It was hypothesized that PBS buffer prevent-
ed the ion release from the cells [5]. When bacterial cells 
are suspended into DI water, a difference in the ionic con-
centration between cell growth medium and DI water was 
produced, which could cause the cells to experience an os-
motic shock. A study showed that the osmotic shock could 
cause the release of extracellular enzymes including invert-
ase, a Co2+ activated 5′-nucleotidase, acid phosphatase, and 
alkaline pyrophosphatase from yeast cells [24]. The overall 
concentration of ions released likely depends on the bacteri-
al concentrations in the suspension although a quantitative 
relationship is not known. Therefore, in this study, different 
bacterial concentrations could have resulted in different 
levels of ions. This in turn triggered different conductance 
levels of the bacterial suspensions. In addition, the electrical 
field present has introduced additional stress, e.g., mem-
brane potential alternation, thus possibly affecting their 
normal metabolic activities. It is well accepted that different 
bacterial species vary in their amino acid, saccharide, and 
dipicolinic acid compositions [25]. It was suggested that the 
surface charges that confer hydrophilicity to spores may 
serve as charge carriers when an electrical potential is pre-
sent, and species-specific surface charge carriers may play 
the role in the species-specific variations in impedance [19]. 

In another study, it was demonstrated that the electrical 

properties of Bacillus spores can be construed as multiple 
concentric shells that alternate between relatively low im-
pedance regions (core, cortex, spore coat) and high imped-
ance lipid regions (plasma membrane, outer membrane, 
exosporium) [26]. They hypothesized that AC field of fre-
quencies below ~100 kHz are not expected to produce ap-
preciable current across lipid membranes. Thus, in their 
study they attributed the conductance change to the surface 
charges exterior to lipid membranes. Another study pointed 
out that the electric charge on the surface of a bacterial cell 
is due to a large extent to the type of ionizable groups pre-
sent on the cell surface and their spatial distribution [27]. It 
was also indicated that hydroxylated phospholipids phos-
phatidylglycerol, cardiolipin, and phosphatidylserine of the 
membrane components carry a net negative charge [22]. 
Accordingly, Yeaman and Yount [21] stated that the net 
charge of a bio-membrane depends largely on its phospho-
lipid stoichiometry and architecture, and cell membranes 
dominated by PG, CL, or PS tend to be highly electronega-
tive. In this study, the distance between two copper probes 
was about 2 mm. Beck and co-workers [19] have designed 
an electrical apparatus in which two electrodes were spaced 
about ~3 μm. In their study, they found significant differ-
ences in electrical responses when different Bacillus species 
passed through the electrodes. It was suggested that the de-
veloped system can be used to screen a variety of species 
according to the electrical response. In future application, a 
system design with movable electrodes would allow both 
detection at smaller electrode distance and quantification of 
bacterial cells in the suspension at bigger distance. However, 
the system might face challenges when directly measuring 
the bacterial concentrations in environmental samples be-
cause of the dissolved chemicals, which impacts the con-
ductance level. Pre-treatment of the samples, e.g., filtration 
or centrifugation as performed in this study, thus have to be 
done before the analysis. The influence of chemical pollu-
tants in the bacterial sample might be minimized when more 
centrifugation steps are performed. However, the contents 
inside bacterial cells might be also centrifuged out into the 
suspension when doing so. Nonetheless, the influence of the 
chemical pollutants can be minimized, but rather difficult to 
eliminate. On the other hand, filtration might be applied to 
removing those chemical pollutants, but the sample process 
afterwards requires the extraction step, which could result in 
damages of bacterial cells. A magnetic nanoparticle based 
method has been shown successful in separating cancer 
cells from serum samples, and it was suggested that such a 
method could be used in separating bacteria from complex 
system as well [28]. Use of antibody-coated magnetic parti-
cles could extract bacteria from the liquid suspensions, thus 
concentrating the species and minimizing the influence of 
the dissolved chemical ions on the technology developed 
here. 

In this study, different bacterial species at similar con-
centration levels were shown to result in different levels of 
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conductance. Simulation results indicated that the non-  
linear relationship between the bacterial concentration lev-
els and the conductance can be described using a similar 
model as discussed here although there were some minor 
differences in their curve shapes. The developed technique 
was shown to yield similar magnitudes of estimates for 
some pure bacterial samples, e.g, B. subtilis, when com-
pared to the traditional culturing technique. For environ-
mental bacterial aerosols, due to their low culturable frac-
tion, the conductance based technology obtained substan-
tially higher total bacterial aerosol concentrations than the 
culturing method. It is particularly important that the de-
veloped system can monitor the bacterial concentration in a 
near real-time manner. When coupled with sample purifica-
tion technology, the system developed here can be easily 
adapted to be used for monitoring bio-particle concentra-
tions in a variety of research fields, e.g., bioaerosol, water 
quality and other bio-medical practices. 
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Supporting Information 

Figure S1 qPCR calibration of conductance of B. subtilis with concentration levels of 1.65×107 to 5.61×108 N/mL. Conductance data were continuously 
measured over an 8 min time period for each bacterial sample (total 1600 measurements). 

 
Figure S2 (a) The average conductance shown in Figure 5(b) of P. fluorescens of different concentration levels (A–F) of 2.5×108 to 2.5×109 cells/mL 

measured at the frequency of 100 kHz; (b) the conductance data that were obtained over an 8 min time period; A–F refer to bacterial sus-
pensions with different cell concentration levels investigated. 

Figure S3 qPCR calibration of conductance of P. fluorescens with concentration levels of 1.46×107 to 6.96×108 N/mL. Conductance data were con-
tinuously measured over an 8 min time period for each bacterial sample (total 1600 measurements). 
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