Biolechniques

Detection and differentiation of bacteria by
electrical bioimpedance spectroscopy

Rima Gnaim"2(), Alexander Golberg'(®), Julia Sheviryov', Boris Rubinsky®{") & César A Gonzalez*"4{

TPorter School of Environment & Earth Sciences, Tel Aviv University, Tel Aviv-Yafo, Israel; 2 The Triangle Regional Research & Development Center, Kfar Qari’ 30075, Israel;

3Mechanical Engineering Department, University of California-Berkeley, CA, USA; *Escuela Superior de Medicina-Instituto Politécnico Nacional, Mexico City, Mexico;
*Author for correspondence: cgonzalezd@ipn.mx

BioTechniques 69: 27-36 (July 2020) 10.2144/btn-2019-0080
First draft submitted: 25 June 2019; Accepted for publication: 31 March 2020; Published online: 3 June 2020

ABSTRACT

Detecting bacteria in samples and differentiating between Gram-negative and Gram-positive species is an important challenge, and the most
common method, Gram staining, is very time consuming. The aim of this study was to evaluate the electrical bioimpedance spectroscopy (EBIS)
technique as an inexpensive and practical tool for real-time detection of bacteria and differentiation between Gram-positive and Gram-negative
species. The relevant sensitivity for differentiating between species was found in the magnitude and phase at frequencies of 158,489 and 5248 Hz,
respectively, at a bacterial concentration of 1 ug/ul. Subsequently, the sensitivity was estimated as a function of bacterial concentration. Our
results demonstrated that EBIS can potentially distinguish between presence and absence of bacteria as well as between different types of
bacteria.

GRAPHICAL ABSTRACT
Methodology infographic. Step-by-step schematic representation of the electrical bioimpedance spectroscopy capable of determining and iden-
tifying bacteria type in any biological sample in a couple of h.
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We have developed a novel nonlabeling (or nonstaining) method to detect bacteria and to differentiate between Gram types based on their
electrical properties, cell wall structure and size. This method uses electrical bioimpedance measurements and is a rapid, inexpensive and real-
time technique for identification and classification of bacteria.

bacteria e electrical bioimpedance spectroscopy e Gram negative e Gram positive

A fast, simple and reliable tool for differentiating Gram-positive and Gram-negative bacteria has significant value in many applications: in
clinical medicine for the diagnosis of diseases caused by harmful microbes [1,2] and in the food industry and water treatment systems for
monitoring contamination and maintaining appropriate food and water quality [3—5]. This tool has particular significance in economically
underdeveloped regions, where infections spread rapidly and widely into large populations [3].

Gram staining is still the most common method for detecting bacteria and distinguishing between Gram-negative and Gram-positive
species. This method, developed by Hans Christian Gram in 1884, relies on the different cell wall staining properties of the two bacterial
types [6]. However, the method is time-consuming due to the lengthy process of culturing and staining bacteria (1-3 days). In recent
years, researchers have attempted to accelerate the process of detecting bacteria, quantifying their amount and defining their type with
simpler methodologies such as fluorescence flow cytometry [7] and imaging analysis [8].

However, fluorescence-based detection needs dye labeling [9], is expensive and also requires professional training for operation.
Imaging techniques require the development of identification algorithms and are difficult to perform in real time [10]. Researchers in-
vented a series of label-free detection methods such as quartz crystal microbalance [11] and microfluidic [12] and electrochemical meth-
ods [1]. Some of these techniques can detect bacteria rapidly and accurately; however, most of them have to be performed in specialized
laboratory environments with the assistance of sophisticated equipment.

Electrical bioimpedance spectroscopy (EBIS) [13—21] offers many advantages over the conventional techniques and has been in-
creasingly applied in biosensing because of its sensitivity, simplicity and cost—effectiveness.

The electrical impedance of a biological sample reflects the electronic and physical properties of its cellular membranes as well as
the molecular shape, structure and composition, the concentration and the interaction of molecules in solution that undergo a water
dipole effect [22].

Clausen et al. recently reported the development of a microfluidic sensor to assess the levels of bacteria in water using multifre-
quency electrical impedance. They focused on differentiating Escherichia coli from solid particles, estimating bacterial concentration
and distinguishing between a Gram-positive and a Gram-negative species (Staphylococcus aureus vs E. coli). The microfluidic sensor
displayed an overlap of bacterial differentiation in a Gaussian distribution but could successfully identify up to 84% of the bacteria in a
mixed sample [23].

Most of the methodologies that can distinguish between Gram-negative and Gram-positive bacteria take advantage of the differences
in the bacterial cell walls. A much thicker peptidoglycan layer is found in Gram-positive than in Gram-negative bacteria, which have a cell
wall/membrane composed of a lipid bilayer and a thin peptidoglycan layer [24]. Because each bacterium has a distinct shape, size and
composition, EBIS could be used as a marker of bacterial types, properties or even species by establishing clusters.

In this study, real-time EBIS measurements were performed on label-free samples of bacteria in suspension with the aim of de-
tecting the microorganisms as well as differentiating between the Gram-positive (Staphylococcus epidermidis and Bacillus sp.) and
Gram-negative (Pseudomonas aeruginosa and Cobetia sp.) species. The appropriate frequencies were determined and the sensitivity of
the technique was investigated as a function of bacterial concentration (by weight). The EBIS values for the four selected bacteria were
plotted as magnitude versus phase to examine possible differentiation clusters.

Two Gram-positive (S. epidermidis and Bacillus sp.) and two Gram-negative (P aeruginosa and Cobetia sp.) bacteria were cultured by
standard techniques [25]. Three procedures were then carried out with the selected bacteria: Gram staining to identify Gram-positive
and Gram-negative bacteria; generation of standard calibration curves of bacterial weight as a function of optical density (OD); and
resuspension of bacteria in phosphate-buffered saline for EBIS measurements in a frequency range of 100 Hz—1 MHz, with samples of
each organism prepared in triplicate. The experimental design and setup are illustrated in Figure 1.

All four species were characterized by Gram staining [25]. Microscopic slides of bacterial samples were prepared by carefully adding
one drop of each bacterial solution. The cells were stained with crystal violet dye for 1 min and then rinsed with a gentle stream of water
for a maximum of 5 s to remove the unbound stain. lodine solution was added to form a complex with crystal violet, and 1 min later the
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Figure 1. Scheme of the experimental design and setup.

Figure 2. Gram staining of the four selected bacteria. (A) Bacillus sp. (Gram positive), (B) Cobetia sp. (Gram negative), (C) Staphylococcus epidermidis
(Gram positive) and (D) Pseudomonas aeruginosa (Gram negative) viewed under a light microscope at 20 x magnification.

slides were rinsed with acetone for decolorization. Subsequently, safranin was added to the slides to generate a red stain. The stained
bacteria were observed under light microscope and identified (Figure 2).
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Bacteria type CFU/ml

Bacillus sp. 1.945 x 10"
Cobetia sp. 1.150 x 10"
S. epidermidis 7.650 x 10
P. aeruginosa 2.125 x 10"

Bacterial cultures of all organisms were prepared from a single colony selected from a plate containing 10 g/| of tryptone, 5 g/I of yeast
extract, 10 g/I of NaCl and 20 g/I of agar, and freshly streaked with 10 ml LB broth inoculum (Difco, USA). The samples were incubated
at 37°C for 18 h. The inoculums then were added to 11 liquid LB medium for incubation in a shaking incubator (MRC Labs, Israel) at
37°C with a rotational speed of 150 rpm. The bacterial growth was examined every 4 h for 3 days by measuring the OD at 600 nm. The
resulting bacterial biomass was collected by centrifuging 100 ml of each sample at 4000 xg for 30 min, rinsing twice with 0.9% saline
solution, centrifuging for another 15 min and oven drying at 60°C for 24 h until a constant weight was obtained. Standard calibration
curves of OD versus dry weight were then generated. Electrical impedance is affected by cell membrane and surface area; the selected
bacteria have different sizes and membrane shapes, so using the dry weight concentration will generate an equal total membrane
surface area for all the selected bacteria. For impedance measurements, three different biomass concentrations of each bacteria type
were prepared in phosphate-buffered saline to achieve a final volume of 200 ul (100, 200 and 300 ng to give concentrations of 0.5, 1.0
and 1.5 ug/ ul, respectively). For each concentration, three samples were prepared and for each sample, three impedance measurements
were performed. Every impedance spectrum was normalized with respect to its highest value which was used as control procedure; in
this sense, every experiment represents its own control.

Serial dilutions, plating and counting were performed to determine the number of bacteria in a given population. Different serial dilutions
(at least four) of a solution containing an unknown number of the selected bacteria (Bacillus sp., Cobetia sp., S. epidermidis, P. aeruginosa)
were obtained. The bacterial samples were plated and the total number of bacteria in the original solution determined by counting the
number of colony-forming units (CFU), each CFU representing a bacterium that was present in the diluted sample. The number of CFU
was divided by the product of the dilution factor and the volume of the plated diluted suspension to determine the number of bacteria
per milliliter in the original solution (Table 1).

The system for measuring multifrequency electrical impedance in bacteria was created by connecting an electroporation disposable
cuvette (model 610, 2-mm gap size, BTX/Harvard Apparatus, Inc, MA, USA) to a bioimpedance meter (ISX-3, ScioSpec, Germany), followed
by injecting a 100-mV peak potential difference in the frequency range of 100 Hz—10 MHz. The current was monitored to estimate the
impedance of the system. To store the output data, ScioSpec was programmed on a PC.

Bioimpedance data were analyzed by two nonparametric statistical tests. The Kruskal-Wallis test [26], a rank-based test used to explore
statistically significant differences between two or more groups of an independent variable, was used to determine differences between
the four groups of bacterial species. The Mann—Whitney U test [27] allowed us to determine differences between two species groups at
every frequency. Differences were considered significant at p < 0.05.

As shown in Figure 2, S. epidermidis and Bacillus sp. are stained in purple, indicating that they are Gram-positive. S. epidermidis grows
in grape-like clusters, forming raised, cohesive colonies about 1-2 um in diameter; Bacillus sp. is rod-shaped and typically forms small
clumps, short chains or single cells with a size of 0.5-1.0 um by 4-10.0 um. Conversely, P. aeruginosa and Cobetia sp. are stained red,
indicating that they are Gram-negative. P. aeruginosa is asporogenous with a size of about 1-5 um by 0.5-1.0 um, and 0.8-0.9 um
for Cobetia sp. [28-32]. The standard calibration curves (Figure 3) of weight versus OD for the four species showed a coefficient of
correlation (R?) greater than 0.93 in all cases.

The impedance sensitivity results were evaluated using the nonparametric Kruskal-Wallis test and are shown in Figure 4. The bac-
terial concentration of 1 ug/ul for S. epidermidis and P. aeruginosa exhibited the largest differences between the two species in terms of
magnitude and phase values, compared with the other tested concentrations. The concentrations of 0.5 and 1.5 ug/ul showed smaller
differences in magnitude and phase values. This indicates that the bioimpedance measurements are highly sensitive at a concentration
of 1 ug/ul; that is, they have a greater ability to distinguish between the two types of bacteria at this concentration. Impedance values
for bacterial concentrations at 1and 1.5 pg/ul are in a relatively close dynamic range compared with those at 0.5 pg/ul; bacterial con-
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Figure 3. Standard calibration curves of weight and optical density for Gram-positive (A & B) and Gram-negative (C & D) bacteria. (A) Bacillus sp., (B)

Staphylococcus epidermidis, (C) Pseudomonas aeruginosa and (D) Cobetia sp.
OD: Optical density.

. -90- :
. 120~ . - B G(pos.) S. epidermidis | *
L] N ¢
. —— L .75 s G(neg.) Pseudomonas | ¢
- F100+ . 3 :
‘> — o -60 .
. 3 809 1 ) .
0 » —_— .
10 o -45- .
« T 60— N
C g R N % ? ? :
© £ 404 N \\ 3 30+ / / :
o N N 7 / :
I N RNV N r
. ﬂ.
. 0 & : & 0 % : A : .
. 100 pg/200 pl 200 pg/200 pl 300 pg/200 pl 100 pg/200 pl 200 pg/200 pl 300 pg/200 pl :

Figure 4. Sensitivity effect based on the concentration (by weight) of Gram-positive and Gram-negative bacteria (Staphylococcus epidermidis and
Pseudomonas aeruginosa) on the magnitude and phase of electrical bioimpedance measurements at specific frequencies.
*Significant differences between groups (p < 0.05), as per the Mann-Whitney U test.

centration above 1 ug/ul did not improve sensitivity, probably due to a media saturation effect. Thus this concentration was chosen for
further analysis. These differences were obtained at frequencies of 158,489 Hz for magnitude and 52,489 Hz for phase (Figure 5).

The frequencies found to have the highest sensitivity to impedance measurements correspond to the beta dispersion bandwidth [33].
This is congruent with the dispersion region observed in the magnitude of the spectra, starting at approximately 100 kHz. A resonance
effect developed in the impedance meter system above 400 kHz, therefore the results from higher frequencies were excluded from the
dataset.
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Figure 5. The magnitude and phase of bioimpedance spectra obtained from two Gram-positive (Staphylococcus epidermidis and Bacillus sp.) and two
Gram-negative (Pseudomonas aeruginosa and Cobetia sp.) bacteria at a concentration of 1 .1g/l. The results are normalized with respect to the
corresponding highest value in every spectrum. Data are expressed as the mean =+ standard error. The nonparametric Kruskal-Wallis test showed
statistical differences between species in the entire bandwidth. The Mann—-Whitney U test was used to select the specific frequencies (158,489 Hz and
52,489 Hz for magnitude and phase, respectively) with the greatest significant differences between groups at a minimal p-value.

Figure 6 shows the dispersion of magnitude versus phase of the bioimpedance measurements for two Gram-positive and two Gram-
negative bacteria at a concentration of 1 ug/ul. Two cluster regions can be clearly differentiated for the Gram-positive and Gram-negative
species at significant frequencies. The cluster analysis also showed that S. epidermidis, Bacillus sp. and P. aeruginosa could be differ-
entiated from Cobetia sp. This can be explained by the fact that electrical impedance is influenced by bacterial size and Cobetia sp. is
the smallest member in the group.

Figure 7 represents a scheme of bacterial size, type and complexity for the four selected species and the effect of these parame-
ters on magnitude and phase of bioimpedance. Surprisingly, we found that S. epidermidis and Bacillus sp. resulted in an increase in
the impedance magnitude compared with P. aeruginosa and Cobetia sp. This might be explained by the presence of large size bacteria
(Bacillus sp., S. epidermidis, P. aeruginosa and Cobetia sp., respectively). In addition, the phase angle describes the contribution of the
resistance and capacitance elements to the impedance value [34]. As shown in Figure 7, the presence of the two Gram-negative bacteria
(P aeruginosa and Cobetia sp.) resulted in an increase in the impedance phase. This clearly demonstrates the bacterial cell wall differ-
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Figure 6. Dispersion of magnitude versus phase of the bioimpedance measurements for two Gram-positive (Staphylococcus epidermidis and Bacillus
sp.) and two Gram-negative (Pseudomonas aeruginosa and Cobetia sp.) bacteria at a concentration of 1 .1g/.l. Data are expressed as the mean value
at 158,489 Hz and 52,489 Hz (for magnitude and phase, respectively). Two cluster regions can be clearly differentiated for the Gram-positive and
Gram-negative species.
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Figure 7. A scheme of bacterial size, type and complexity of Bacillus sp., Cobetia sp., Staphylococcus epidermidis and Pseudomonas aeruginosa. (A)
Scheme of the size and complexity of the bacterial cells as well as the components of the cell wall/membrane in Gram-positive (S. epidermidis and
Bacillus sp.) and Gram-negative (P aeruginosa and Cobetia sp.) bacteria. These factors most likely generated the observed differences in resistance
and capacitance. (B) Mean experimental values found for magnitude and phase of bioimpedance at 158,489 Hz and 52,489 Hz, respectively.
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Figure 8. Dispersion of magnitude versus phase of the bioimpedance measurements for two Gram-positive and Gram-negative bacteria (Bacillus sp.
and Cobetia sp.) in different proportions (25/75, 50/50 and 75/25%). Data are expressed as the mean value at 158,489 Hz and 52,489 Hz for
magnitude and phase, respectively. Three cluster regions can be clearly differentiated for each proportion.

PBS: Phosphate-buffered saline.

ences effect; the additional outer membrane in Gram-negative bacteria is composed of lipopolysaccharides which conceivably produce
greater capacitance. This likely explains the negative impedance phase shift observed. Given the selected frequency range as well as
the electric potential used for impedance analysis (tens kHz and mV), it is very unlikely that the observed differences correspond to an
effect of the charge of the cell wall.

Figure 8 illustrates the feasibility of this technique for detecting and differentiating a mixture of Gram-positive and Gram-negative
cells in a real application. Mixed samples of Bacillus sp. and Cobetia sp. (Gram positive and Gram negative, respectively) were prepared
in three ratios (25/75, 50/50 and 75/25%) at the same overall concentration. Bioimpedance data were obtained at the optimum sensitive
frequencies determined above (158,489 and 5248 Hz for magnitude and phase, respectively) and each sample was measured in triplicate.
The results show clusters for every tested ratio; the mixed properties associated with size and membrane structure emerge at specific
regions in a magnitude versus phase dispersion map. This method has the potential to distinguish between different types of bacteriain a
mixed sample using techniques for feature extraction and pattern recognition, and further analyses are warranted; additional experiments
with different cell type proportions and concentrations are underway. In addition, it should be noted that Table 1 presents the CFU data
for each species at a concentration of 1 ug/ul; this concentration is high compared with real applications and this factor is a limitation
of our method. However, lower bacterial concentrations that emulate real conditions are yet to be examined.

A numerical estimation of the impedance frequency response for Gram-positive and negative bacteria was calculated by LTspice IV.
The equivalent circuits were designed based on a typical model for bacterial cells in suspension; resistive and capacitive elements were
added with proposed values to reflect the interactions between the peptidoglycan and lipopolysaccharide layers. Peptidoglycan resis-
tive elements are different in one order value and lipopolysaccharide capacitance applies only in the case of Gram-negative bacteria.
The bacteria were modeled by R; (1.47 KR2), Ry, (1.38 K2), Cr, (0.5 nF) and Ry, (745 ) as the intracellular resistance, membrane resis-
tance, membrane capacitance and extracellular resistance, respectively. R, (1 M) and Cyy, (0.01 pF) represent the resistance and the
capacitance for a composite interaction between the peptidoglycan and lipopolysaccharide layers. The impedance is the total current-
limiting effect in the circuit. The specific impedance contribution of R, and Cyy, is a combination of resistance and capacitive reactance
connected in series, thus their ohmic values must be added. However, these two elements are 90° out of phase with each other, which
means that changes in Ry and Cyy, must be observed in magnitude differences as well as phase shifts. Figure 9 shows the numeri-
cal bioimpedance estimation in magnitude and phase; the effect of different peptidoglycan resistive element values is evident in the
magnitude results, and the presence of lipopolysaccharide capacitance element promotes differences in phase.

The simulation was designed based on ideal conditions and represents a first approach to better understand the mechanism involved
in the differences observed experimentally, thus additional numerical studies considering electrode polarization effect, total suspension
volume and biomass weight are warranted.
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Figure 9. Numerical estimation of the impedance frequency response for Gram-positive and Gram-negative bacteria. Bacteria are modeled by R;, R,
Cm and Ry, as the intracellular resistance, membrane resistance, membrane capacitance and extracellular resistance, respectively. R, and Cyy, denote
the resistance and capacitance for a composite interaction between the peptidoglycan and lipopolysaccharide layers.

This study was designed to evaluate the viability of impedance measurements as an inexpensive and simple technique for real-time
detection of bacteria and differentiation between Gram-positive and Gram-negative species. Our results demonstrate that EBIS can
potentially distinguish between presence and absence of bacteria as well as between different types of bacteria.

The methodology in this paper offers a simple and cost-effective means of detection and differentiating bacteria in label-free samples.
However, appropriate miniaturization, optimization and clinical trials need to be done before any product is launched into market. The
widespread use of bacterial cell sensors not only will be a milestone in the sensor industry but will have a profound impact on food,
medical, environmental and clinical diagnostics.

Further studies are needed regarding sensitivity, specificity and utility for the bacterial concentrations found in clinical and/or industry
applications. To meet the increasing demand for bacterial differentiation, innovative sensor devices like EBIS which provide a satisfactory
combination of precision, sensitivity, specificity, speed and usability need to be developed. An excellent integration of biochemistry,
biology, nanotechnology, physics and electronics would facilitate the development of high-performance sensors for bacterial detection
and differentiation.

Vol. 69 ‘ No. 1 ‘@ 2020 Rima Gnaim 3 5 www.BioTechniques.com



R Gnaim, C Gonzalez and B Rubinsky conceived the idea for the study. C Gonzéalez and A Golberg designed the research protocol. R
Gnaim performed the experiments with the help of J Sheviryov, while C Gonzélez made the measurements and analyzed the data. C
Gonzalez and R Gnaim wrote the manuscript.

We are grateful to the Porter School of Environment and Earth Sciences at Tel Aviv University (Tel Aviv, Israel) for the support provided
in sample preparation and bioimpedance measurements. We are beholden to the Instituto Politécnico Nacional and CONACYT (Mexico)
for sponsoring the sabbatical stay of CAGD. The authors thank the Israel Ministry of Science, Technology and Space (# 3-15644) for
technical support.

The authors thank the TAU-Berkeley fund for partial financial support of this work. The authors have no other relevant affiliations or
financial involvement with any organization or entity with a financial interest in or financial conflict with the subject matter or materials
discussed in the manuscript apart from those disclosed.

No writing assistance was utilized in the production of this manuscript.

This work is licensed under the Attribution-NonCommercial-NoDerivatives 4.0 Unported License. To view a copy of this license, visit
http://creativecommons.org/licenses/by-nc-nd/4.0/

Papers of special note have been highlighted as: e of interest; ee of considerable interest
Wang L, Liu Q, Hu Z et al. A novel electrochemical biosensor based on dynamic polymerase-extending hybridization for E. coli 0157: H7 DNA detection. Talanta 78(3), 647-652 (2009).
2 Harris KA, Hartley JC. Development of broad-range 16S rDNA PCR for use in the routine diagnostic clinical microbiology service. J. Med. 52(8), 685-691 (2003).
3 Hgijris B, Christensen SCB, Albrechtsen HJ, Smith C, Dahlqvist M. A novel, optical, on-line bacteria sensor for monitoring drinking water quality. Sci. Rep. 6, 23935 (2016).
4  Lopez-Roldan R, Tusell P, Cortina JL, Courtois S. On-line bacteriological detection in water. TrAC Trends Anal. Chem. 44, 46-57 (2013).
5 Yang L, Bashir R. Electrical/electrochemical impedance for rapid detection of foodborne pathogenic bacteria. Biotechnol. Adv. 26(2), 135-150 (2008).
Reviews the progress and applications of imped: icrobiology for d. ion of foodborne pathogenic bacteria.

.
6 Coico R. Gram staining. Curr. Protoc. Microbiol. 1, A-3C (2006).

7 Hammes F, Egli T. Cytometric methods for measuring bacteria in water: advantages, pitfalls and applications. Anal. Bioanal. 397(3), 1083-1095 (2010).
8

9

Olesen T, Valvik MC, Larsen NA, Sandberg RH. US8780181 (2014).
Horsman KM, Bienvenue JM, Blasier KR, Landers JP. Forensic DNA analysis on microfluidic devices: a review. J. Forensic Sci. 52(4), 784-799 (2007).

10 Park B, Lawrence KC, Windham WR, Smith DP, Feldner PW. Hyperspectral imaging for food processing automation. Proc. SPIE 4816, Imaging Spectrometry VIil, Seattle, WA, USA, 308-
316 (2002).

11 Cai J, Yao C, Xia J et al. Rapid parallelized and quantitative analysis of five pathogenic bacteria by ITS hybridization using QCM biosensor. Sensors Actuat. B: Chem. 155(2), 500-504
(2011).

12 Wang Z, Han T, Jeon TJ, Park S, Kim SM. Rapid detection and quantification of bacteria using an integrated micro/nanofluidic device. Sensor Actuat. B: Chem. 178, 683-688 (2013).

13 David F, Hebeisen M, Schade G, Franco-Lara E, Di Berardino M. Viability and membrane potential analysis of Bacillus megaterium cells by impedance flow cytometry. Biotechnol. Bioeng.
109(2), 483-492 (2012).

14 Sun T, Morgan H. Single-cell microfluidic impedance cytometry: a review. Microfluid. Nanofluid. 8(4), 423-443 (2010).
15 Gawad S, Cheung K, Seger U, Bertsch A, Renaud P. Dielectric spectroscopy in a micromachined flow cytometer: theoretical and practical considerations. Lab Chip 4(3), 241-251 (2004).
16 Holmes D, Pettigrew D, Reccius CH et al. Leukocyte analysis and differentiation using high speed microfluidic single cell impedance cytometry. Lab Chip 9(20), 2881-2889 (2009).

17 Mansor MA, Takeuchi M, Nakajima M, Hasegawa Y, Ahmad MR. Electrical impedance spectroscopy for detection of cells in suspensions using microfluidic device with integrated mi-
croneedles. Appl. Sci. 7(2), 170 (2017).

e Simple, label-free and low-cost microfluidic device for cell ation

detocti. +.

1 based on imped meast

18 Kargupta R, Puttaswamy S, Lee AJ et al. Rapid culture-based detection of living mycobacteria using microchannel electrical impedance spectroscopy (m-EIS). Biol. Res. 50(1), 21 (2017).
e Shows that culture-based detection method using multifrequency impedance measurements can detect mycobacteria faster than current commercial systems.

19 Etayash H, Thundat T, Kaur K. Bacterial detection using peptide-based platform and impedance spectroscopy. Biosens. Biodetect. 1572, 113-124 (2017).

20 Pal N, Sharma S, Gupta S. Sensitive and rapid detection of pathogenic bacteria in small volumes using impedance spectroscopy technique. Biosens. Bioelectron. 77, 270-276 (2016).

o Demonstrates that impedance spectroscopy using reusable electrodes and functionalized NPs is a versatile approach for detection of S. typhi.

21 Aranzazu-Osorio JE, Alzate LH. Evaluation of Pseudomonas sp. growth in culture medium using electrical impedance spectroscopy with two bipolar geometries. J. Phys. 1272(1), 012014
(2019).

22 Gabriel C, Gabriel S, Corthout E. The dielectric properties of biological tissues: I. Literature survey. Phys. Med. Biol. 41, 2231-2249 (1996).

23 Clausen C, Dimaki M, Bertelsen C et al. Bacteria detection and differentiation using impedance flow cytometry. Sensors 18(10), 3496 (2018).

ee Demonstrates a microfluidic device for d ing and diff iating Gram-negative and Gram-positive bacteria based on multifrequency impedance meast

24 Pethig R, Kell DB. The passive electrical properties of biological systems: their significance in physiology, biophysics and biotechnology. Phys. Med. Biol. 32(8), 933 (1987).
25 Gregersen T. Rapid method for distinction of Gram-negative from Gram-positive bacteria. Appl. Microbiol. Biotechnol. 5(2), 123-127 (1978).

26 Chan YH. Biostatistics 102: quantitative data — parametric & non-parametric tests. Blood Press. 140(24.08), 79 (2003).

27 McKnight PE, Najab J. Mann—Whitney U Test. In: The Corsini Encyclopedia of Psychology. Weiner IB, Craighead WE. (Eds). 1-1(2010).

28 Benz R. Uptake of solutes through bacterial outer membranes. In: Bacterial Cell Wall. Ghuysen JM, Hakenbeck R (Eds). Elsevier BV, Wiirzburg, Germany, 397 (1994).

29 Wang J, Chen C. Biosorbents for heavy metals removal and their future. Biotechnol. Adv. 27(2), 195-226 (2009).

30 Hogan DA, Vik A, Kolter R. A Pseudomonas aeruginosa quorum-sensing molecule influences Candida albicans morphology. Mol. Microbiol. 54(5), 1212-1223 (2004).

31 Romanenko LA, Tanaka N, Svetashev VI, Falsen E. Description of Cobetia amphilecti sp. nov., Cobetia litoralis sp. nov. and Cobetia pacifica sp. nov., classification of Halomonas halodurans
as a later heterotypic synonym of Cobetia marina and emended descriptions of the genus Cobetia and Cobetia marina. Int. J. Syst. Evol. Micr. 63(1), 288-297 (2013).

32 Fey PD, Olson ME. Current concepts in biofilm formation of Staphylococcus epidermidis. Future Microbiol. 5(6), 917-933 (2010).

Vol. 69 ‘ No. 1 ‘@ 2020 Rima Gnaim 36 www.BioTechniques.com


http://creativecommons.org/licenses/by-nc-nd/4.0/

33 Martinsen OG, Grimnes S. Bioimpedance and Bioelectricity Basics. Academic Press, Oslo, Norway (2011).
34 Wen T, Wang R, Sotero A, Li Y. A portable i dance immur ing system for rapid d ion of Sall lla typhimurium. Sensors 17(9), 1973 (2017).

Vol. 69 ‘ No. 1 ‘© 2020 Rima Gnaim 37 www.BioTechniques.com








<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (Coated FOGRA39 \050ISO 12647-2:2004\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize false
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 400
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /FlateEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 400
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /FlateEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /ENU ([Based on 'PPG Indesign CS4_5_5.5'] [Based on 'PPG Indesign CS3 PDF Export'] Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks true
      /AddPageInfo false
      /AddRegMarks true
      /BleedOffset [
        8.503940
        8.503940
        8.503940
        8.503940
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions false
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 600
        /LineArtTextResolution 2400
        /PresetName (Pureprint flattener)
        /PresetSelector /UseName
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 8.835590
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


