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bstract

Double interdigitated array microelectrodes (IAM)-based flow cell was developed for an impedance biosensor to detect viable Escherichia coli
157:H7 cells after enrichment in a growth medium. This study was aimed at the design of a simple flow cell with embedded IAM which does not

equire complex microfabrication techniques and can be used repeatedly with a simple assembly/disassembly step. The flow cell was also unique
n having two IAM chips on both top and bottom surfaces of the flow cell, which enhances the sensitivity of the impedance measurement. E. coli
157:H7 cells were grown in a low conductivity yeast–peptone–lactose–TMAO (YPLT) medium outside the flow cell. After bacterial growth,

mpedance was measured inside the flow cell. Equivalent circuit analysis indicated that the impedance change caused by bacterial growth was due to
ouble layer capacitance and bulk medium resistance. Both parameters were a function of ionic concentration in the medium, which increased during
acterial growth due to the conversion of weakly charged substances present in the medium into highly charged ions. The impedance biosensor
uccessfully detected E. coli O157:H7 in a range from 8.0 to 8.2 × 108 CFU mL−1 after an enrichment growth of 14.7 and 0.8 h, respectively. A

−1
ogarithmic linear relationship between detection time (TD) in h and initial cell concentration (N0) in CFU mL was TD = −1.73 log N0 + 14.62,
ith R2 = 0.93. Double IAM-based flow cell was more sensitive than single IAM-based flow cell in the detection of E. coli O157:H7 with 37–61%
ore impedance change for the frequency from 10 Hz to 1 MHz. The double IAM-based flow cell can be used to design a simple impedance

iosensor for the sensitive detection of bacterial growth and their metabolites.
2007 Elsevier B.V. All rights reserved.
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. Introduction

Impedance microbiology is applied in a variety of fields rang-
ng from detection and monitoring of microorganisms, detection
f antibiotics, analysis of food preservatives, food hygiene,
nd clinical and pharmaceutical microbiology to environmental
ampling [1–6]. This indirect approach to quantitative microbi-
logy quantifies microorganisms by measuring the change in the
lectrical conductivity of the medium during growth of microor-
anism [2]. It was first introduced by Stewart [7], however, this

echnique received the attention to merit only in mid seventies
uring last century. Growth of microorganisms increases the
onductivity of the medium by converting uncharged or weakly
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nited States. Tel.: +1 479 575 2424; fax: +1 479 575 7139.

E-mail address: yanbinli@uark.edu (Y. Li).

1
p
b
a
t
o
1
a

039-9140/$ – see front matter © 2007 Elsevier B.V. All rights reserved.
oi:10.1016/j.talanta.2007.06.027
gitated array microelectrodes; Flow cell

harged substances present in the growth medium, such as yeast,
eptone, and sugar into highly charged substances such as amino
cids, aldehydes, ketones, acids, and other metabolic products
5]. Change in the conductivity of the solution during bacterial
rowth is recorded by impedance and conductance techniques.
etection time is inversely proportional to the initial numbers
f cells present in the medium before growth. Therefore, a high
umber of cells result in a low detection time and vice versa.
dmiston [8] reported a detection time ranging from 1 to 7 h for

he detection of a range of initial bacterial concentrations from
07 to 101 CFU mL−1. Impedance measurement is commonly
referred over conductance measurement as it accounts for dou-
le layer capacitance and dielectric capacitance of the system in
ddition to the resistance (inverse of conductance) of the solu-

ion, while conductance measurement accounts for conductance
f the solution only. It has been estimated that a minimum of
03 to 107 CFU mL−1 of bacterial cells are required to produce
detectable change in the impedance signal [9].

mailto:yanbinli@uark.edu
dx.doi.org/10.1016/j.talanta.2007.06.027
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Traditionally, thin metal rods or wires immersed in a medium
ere used as electrodes in the impedance measurement tech-
iques [10–12]. In an attempt to improve sensitivities, add
unctionalities, and lower the detection limits of impedance
echniques, several shapes of electrodes have been developed
n last few decades. Of these, microelectrodes fabricated using
ithographic techniques have been of great interest because they
ypically have higher sensitivities than macroelectrodes. The

acroelectrodes have a semi-infinite linear diffusion profile
esulting in a greater depletion of reactants in contrast to the
icroelectrodes which has a spherical diffusion profile favoring

reater rate of reactant supply to the electrodes [13]. Among
icroelectrodes, IAM presents promising advantages in terms

f low ohmic drop, fast establishment of steady state, rapid kinet-
cs of reaction, and increased signal-to-noise ratio [14,15]. IAM
re successfully employed for impedance measurement of bac-
erial cells during enrichment growth (impedance microbiology)
6,16–19], by capturing bacterial cells to the antibodies immo-
ilized on the surface of electrodes (faradic impedance method)
20–24], or by using dielectrophoresis (DEP) for the capture of
ells on the surface of electrodes (dielectrophoretic impedance)
25–29]. To enhance the capability of IAM in impedance sens-
ng, microfluidic flow cells can be added to the IAM to achieve

fully integrated microchip for a broad range of applications
ncluding dielectrophoresis and impedance detection [30,31].
he advantages of microfluidic flow cells in combination with
mbedded IAM are: high detection sensitivity, small volume
andling, low contamination during bacterial growth, ability to
oncentrate cells, and rapid detection of small number of cells.
s the surface to volume ratio increases in the microfluidic flow

ells with embedded IAM, the distance that conductive ions must
iffuse to reach the sensor surface also decreases, thus resulting
n rapid reaction kinetics [32]. Current impedance sensing tech-
iques either employ an open IAM chip [16,17,20–24] or are
ased on the complex multi-step design of a flow cell with an
mbedded IAM [18,19,29–31], which have limited applications
ue to clogging and insufficient cleaning.

Selective medium is commonly used to give specificity to
mpedance detection system for the target bacteria. Yang et al.
16] used IAM-based impedance biosensor for rapid detection
f viable Salmonella Typhimurium in a selective medium. selen-
te cystein (SC) broth supplemented with trimethylamine oxide
TMAO·HCl) and mannitol (SC/T/M) was used for the selec-
ive growth of S. Typhimurium. During the growth of three
on-target bacteria (Listeria monocytogenes, Escherichia coli
157:H7, and Pseudomonas aeruginosa) in SC/T/M medium

or 16 h, no significant change in the impedance response of
he system was observed. The IAM-based biosensor was suc-
essfully used to detect a range of S. Typhimurium from 4.8
o 5.4 × 105 CFU mL−1 after an enrichment growth of 9.3 and
.2 h, respectively. Non-selective medium can also be used
or the impedance detection of bacterial cell growth. In this
ase, target bacteria from the sample can be separated and

oncentrated by immunoseparation with conjugated immuno-
agnetic microbeads. Yang and Li [17] demonstrated the use

f general medium—brain heart infusion (BHI) broth, for the
etection of S. Typhimurium using impedance technique. Anti-
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almonella antibodies coated magnetic microbeads were used
o separate and concentrate S. Typhimurium from the sam-
les followed by the growth of bacterial cells in BHI broth.
he impedance measurement was most sensitive at 10 Hz and

he IAM-based biosensor was able to detect initial concen-
rations of 101 and 106 CFU mL−1 of S. Typhimurium in a
rowth time of 8 and 1.5 h, respectively. Gomez-Sjöberg et al.
6] combined immunomagnetic separation and dielectrophore-
is with impedance microbiology to design an on-site incubation
icrofluidic biochip with IAM to detect Listeria in a non-

elective medium. IAM were used to concentrate bacterial cells
y a factor of 104 to 105 in a detection chamber of volume
00 pL followed by an enrichment growth in a non-selective
rowth medium (Luria Bertani broth). The detection time for
.4 × 104 CFU mL−1 of L. monocytogenes was less than 2 h.

In this study, we designed and tested a simple double IAM-
ased flow cell for an impedance biosensor to detect viable
. coli O157:H7 cells from the samples after an enrichment
rowth in a low conductivity growth medium. This flow cell with
mbedded IAM could be easily assembled without the need of
omplicated microfabrication techniques. The flow cell could
lso be easily disassembled to clean the electrode for repeated
se. The flow cell was also unique by using double IAM on its
op and bottom surfaces to enhance the sensitivity in the detec-
ion of E. coli O157:H7. The impedance change was due to the
rowth of E. coli O157:H7 cells that was analyzed as a func-
ion of frequency. An equivalent circuit was designed to curve
t experimental results and to determine parameters of the elec-

rical circuit responsible for impedance change caused by the
rowth of E. coli O157:H7 cells.

. Experimental

.1. Bacterial culture and chemicals

Frozen stock of E. coli O157:H7 (ATCC 43888) was main-
ained in brain heart infusion (with 12% glycerol) broth (Remel
nc., Lenexa, KS) at−70 ◦C. Culture was harvested in brain heart
nfusion broth maintained at 37 ◦C for 18–22 h. For enumeration,
ure cultures were serially diluted in 0.01 M, pH 7.4 phosphate-
uffered saline and surface plated on sorbitol MacConkey agar
Remel Inc., Lenexa, KS), which was incubated at 37 ◦C for
0–22 h. Yeast extract (BD Inc., Franklin Lakes, NJ), pep-
one (BD Inc., Franklin Lakes, NJ), lactose (Sigma–Aldrich, St.
ouis, MI), and trimethylamine oxide (TMAO, Sigma–Aldrich,
t. Louis, MI) were used for the low conductivity growth
edium for the enrichment growth of bacterial cells.

.2. Enrichment growth medium and bacterial growth

Specially designed low conductivity yeast–peptone–lactose–
MAO (YPLT) medium was prepared by mixing yeast extract

10 g/L), peptone (5 g/L), lactose (3.3 g/L), and TMAO (5.0 g/L)

n deionized water. The medium was autoclaved at 121 ◦C for
5 min. Salts such as sodium chloride and disodium phosphate
ere not added in order to minimize the conductivity of the
edium. Growth medium was optimized for the growth of
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. coli O157:H7 cells. Lactose was preferred over the use of
lucose, as E. coli O157:H7 cells cannot metabolize glucose.
MAO was used for the optimum growth of E. coli O157:H7
ells, as it acts as a demetallation and decarbonylation agent
hat mediates the conversion of thiols to disulfides. Pure cul-
ure of E. coli O157:H7 was decimally diluted in YPLT medium
rom 8.0 × 100 to 8.0 × 108 CFU mL−1. Diluted cultures were
ncubated in a continuous rotation incubator (VWR Interna-
ional, West Chester, PA) and the samples were taken out for
mpedance measurement at an interval of 2 h from each enriched
ample. Samples were immersed in a boiling water bath for
0 min to kill bacterial cells and then were stored at 4 ◦C until
mpedance measurement was performed. For the samples with
nitial concentrations of 8 × 106 and 8 × 108 CFU mL−1 of E.
oli O157:H7, additional samples were taken out at an interval
f 30 min from the start till 2 h of enrichment growth to mea-
ure the impedance response of the system over a short period
f bacterial growth.

.3. Design of double IAM-based impedance biosensor

IAM chips were obtained from ABtech Scientific Inc. (Rich-
ond, VA), which contained a gold layer (1000 Å) sputtered on

orosilicate glass substrate with an adhesion promotion layer
f 100 Å titanium–tungsten alloy residing between the glass
nd gold layer. A topcoat layer of silicon nitride was used to
assivate the busses and provide a window through which the

ctive area of electrodes was exposed. The total size of an IAM
hip was 2 cm × 1 cm × 0.05 cm with 50 pairs of fingers each of
5 �m width and 4.96 mm length. The space between the fin-
ers was 15 �m. Before assembly, IAM chips were cleaned with

w
e
w
i

Fig. 1. (a) Schematic diagram of the assembly of double interdigitated ar
74 (2008) 518–525

.1 M sodium hydroxide, 0.1 M hydrochloric acid, acetone, and
eionized water, and then dried in a stream of nitrogen. Two
AM chips facing each other were put together with a silicon
ubber gasket (thickness 250 �m) between them to assemble a
ow cell as shown in Fig. 1a. The gasket was cut in the center
5 mm × 5 mm), to expose the electrode surfaces to detection
edium. Both IAM chips were tied together using an elastic

and. Holes (diameter 1 mm) were drilled in each of the IAM
hips to make inlet and outlet for the fluid flow. Nanoport con-
ectors (Upchurch Scientific, Oak Harbor, WA) were bonded to
he inlet and outlet in order to connect tubing for fluid flow. The
ssembly of the flow cell is shown in Fig. 1b.

.4. Impedance measurement

Impedance measurement was performed using an IM-6
mpedance analyzer (BAS, West Lafayette, IN) with IM-
/THALES software. For all impedance measurements, a
ine-modulated ac potential of 100 mV was applied across the
ow cell and a Bode plot for the magnitude of impedance and
hase angle was plotted for a range of frequency from 10 Hz to
MHz. Samples were injected into the flow cell with the help of a

yringe pump at a flow rate of 33 �L/min. To observe the effect
f the presence of bacterial cells on the impedance measure-
ent, a sample with 5.4 × 104 CFU mL−1 of E. coli O157:H7

ells after 16 h of growth was centrifuged at 250 × g for 15 min
supernatant was separated for impedance measurement) and

as compared with a similar sample without centrifugation. The

ffect of live and dead bacterial cells on impedance measurement
as also tested. Bacterial cells were inactivated by immersing

n a boiling water bath for 30 min.

ray microelectrode-based flow cell and (b) an assembled flow cell.
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To monitor the effect of frequency on impedance measure-
ent, the normalized impedance change (NIC) was plotted

gainst growth time for five different frequencies (10 Hz,
70 Hz, 4.18 kHz, 64.6 kHz, and 1 MHz). To plot the growth
urves, NIC was plotted against growth time for different
oncentrations of E. coli O157:H7 ranging from 8.0 × 100 to
.2 × 108 CFU mL−1. NIC was calculated as follows

IC = Zsample − Zcontrol

Zcontrol
× 100 (1)

here Zcontrol is the magnitude of impedance for control sam-
le before growth and Zsample is the magnitude of impedance
or a sample containing E. coli O157:H7 after an enrichment
rowth.

. Results and discussion

.1. Double IAM-based versus single IAM-based flow cells

Fig. 2a shows the comparison of impedance responses of
ouble and single IAM-based flow cells for the impedance mea-
urement of 8.2 × 104 CFU mL−1 of E. coli O157:H7 after an
nrichment growth of 16 h. The magnitude of impedance mea-
ured with double IAM decreased in the range of 61–37% for

he range of frequencies from 10 Hz to 1 MHz as compared to
ingle IAM. Since resistance is inversely proportional to the
urface area, the resistive impedance for double IAM was lower
han single IAM due to the availability of more surface area

ig. 2. (a) The magnitude of impedance measured for 8.2 × 104 CFU mL−1 of
scherichia coli O157:H7 after an enrichment growth of 16 h using double and
ingle interdigitated array microelectrode-based flow cells and (b) schematic
iagram of cross section of flow cells with double and single IAM. Double
nterdigitated array microelectrodes detected more ions in the detection cham-
er as compared to single interdigitated array microelectrode within the same
etection chamber.
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or impedance measurement. The microelectrodes scan a region
alled “active region”, which has a maximum strength of an
lectric field and a few microns above the surface. IAM usu-
lly results in a sensitive impedance change, if bacterial cells
re present in the active region [33]. Radke and Alocilja [20]
alculated the range of active region for an electrode with width
nd space measuring 3 and 4 �m, respectively. IAM is best to
etect impedance change when bacterial cells are present in the
ctive region which is 10 �m above the surface of electrodes.

hen cells are present outside the active region, impedance
hange is minimized. The presence of IAM on both inside
alls (top and bottom) of the detection chamber increases the

mount of ions detected due to presence of two active regions
f IAM as compared to one active region with single IAM
onfiguration as shown in Fig. 2b. Thus, double IAM-based
ow cell was more effective in improving the sensitivity of

mpedance measurement as compared to single IAM-based flow
ell.

.2. Equivalent circuit analysis for impedance
easurement system

The experimental data of impedance biosensor in aqueous
olution was represented by an equivalent circuit as shown in
ig. 3a. The equivalent circuit consisted of two double layer
apacitor (Cdl) (one for each set of electrodes) connected in
eries with bulk medium resistor (Rs). Constant phase element
as used to model double layer capacitance of the electrodes.
his is commonly favored over the use of a simple capacitor [34].

dl accounted for the effect of ionic species on the capacitance
ear the surface of an electrode. Rs represented bulk resistance
f the solution, accounting for the change in conductivity and
harge transport across the bulk solution.

ig. 3. (a) Equivalent circuit for the impedance measurement of growth of
. coli O157:H7 cells in YPLT medium using a double interdigitated array
icroelectrode-based flow cell and (b) experimental and curve-fitted Bode plots

or the impedance measurement of 5.4 × 104 CFU mL−1 of E. coli O157:H7
fter the growth of 16 h. Solid lines show the experimental data, while cross
arks show curve-fitted data.
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growth medium can be monitored by measuring the change in
the double layer capacitance or the change in the bulk medium
resistance in the range of frequencies from 10 Hz to 20 kHz and
202 kHz to 1 MHz, respectively.

Table 1
Simulated values of Rs and Cdl in the equivalent circuit for 5.4 × 104 CFU mL−1

of E. coli O157:H7 cells before and after an enrichment growth of 16 h and their
respective percentage changea with respect to the samples before growth

Rs (�) Cdl (nF)

Before growth 33.96 ± 3.1 155.0 ± 11.2
22 M. Varshney, Y. Li / T

Fig. 3b shows the experimental and simulated data for
mpedance measurement (both magnitude and phase) of
.6 × 104 CFU mL−1 of E. coli O157:H7 after an enrichment
rowth of 16 h in YPLT medium using double IAM-based flow
ell. To validate equivalent circuit, 50 points of the measured
ata on the impedance spectrum were automatically selected
y the IM-6/THALES software and were used as an input
o the equivalent circuit, generating a fitting impedance spec-
rum. Fitting was done by the IM-6/THALES software, using

complex non-linear least-square method. The close agree-
ent between the measured data and fitted spectra indicated

hat the proposed equivalent circuit provided a feasible, if
ot unique, model to represent the impedance measurement
ystem. There are three regions in the impedance spectrum.
hese are represented by two components in the equiva-

ent circuit individually, and their combination. The double
ayer region dominated by Cdl was in the frequency range of
0 Hz to 20 kHz. Resistive region dominated by Rs was in
he frequency range of 202 kHz to 1 MHz. The region domi-
ated by both Cdl and Rs was in the frequency range of 20–
02 kHz.

The frequency dependent characteristics of the three regions
an be explained using mathematical relationships between
esistance, capacitance, frequency, and impedance. In an electric
ircuit, the mathematical relationships of resistance, capaci-
ance, and their contribution to the total impedance value are
iven by

esistive impedance : ZR = Rs (2)

apacitive impedance : Zc = 1

2πfCdl
(3)

Magnitude of total impedance due to a resistor and a capaci-
or:

Z| =
√

R2
s + 1

(πfCdl)2 (serial connection of Cdl and Rs)

(4)

The calculations of total impedance based on above equa-
ions clearly showed that the values of total impedance at a
requency less than 20 kHz were dominated (≥90%) by dou-
le layer capacitance (Eqs. (3) and (4)); while in between
02 kHz and 1 MHz the values of total impedance were dom-
nated (≥90%) by bulk medium resistance (Eqs. (2) and (4)).
ontributions of double layer capacitance and bulk medium

esistance can also be interpreted by looking at the phase angle
alues shown in the impedance spectrum (Fig. 2b). The effect
f the double layer capacitance at a frequency less than 20 kHz
as evident by the phase angle values close to −90◦ as shown

n the Bode plot. In this frequency range, the magnitude of
mpedance decreased with increase in frequency, as capacitive
mpedance is inversely proportional to the frequency of the
pplied potential (Eq. (3)). In the high frequency range from

02 kHz to 1 MHz, resistive region was evident by the phase
ngle values close to 0◦ and the magnitude of the impedance
as constant for this frequency range, as resistive impedance

s independent of frequency (Eq. (2)). For the frequency range

A
C

i

nrichment growth of 5.4 × 104 CFU mL−1 of E. coli O157:H7 cells for 16 h in
PLT medium. The impedance was measured for the range of frequencies from
0 Hz to 1 MHz.

f 20–202 kHz, the impedance was controlled both by capac-
tance and resistance, as the phase angle was in between 0◦
nd −90◦.

.3. Effect of the growth of E. coli O157:H7 cells on
mpedance measurement

Fig. 4 shows the impedance measurement of
.6 × 104 CFU mL−1 of E. coli O157:H7 before and after
n enrichment growth of 16 h in YPLT medium. After growth,
he magnitude of impedance decreased for the entire range
f frequency, especially for frequency greater than 100 kHz.
n order to understand this change in the impedance, the
xperimental data before and after growth were curve fitted
sing an equivalent circuit shown in Fig. 3a. Table 1 shows
he simulated values of Rs and Cdl for the impedance spectrum
efore and after the growth of E. coli O157:H7. Due to E.
oli O157:H7 growth, the values of double layer capacitance
ncreased and the bulk medium resistance decreased. Thus,
hange in the impedance values due to bacterial growth was
ue to double layer capacitance and bulk resistance of the
edium, implying that the growth of E. coli O15:H7 cells in
fter growth 22.59 ± 1.8 227.2 ± 10.1
hange (%)a −33.4 +46.5

a Negative change indicates a decrease in parameter value and positive change
ndicates an increase in parameter value.
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ary phase” of growth, where the production of by-products
is limited and hence, no significant change in the values of
NIC was observed between 8 and 16 h of growth of bacterial
cells.
M. Varshney, Y. Li / T

The double layer capacitance depends on many factors
ncluding electrode potential, temperature, ionic concentrations,
ype of ions, and electrode surface properties. The values of elec-
rode potential and temperature were constant and hence their
ffect can be ignored. The value of the double layer capacitance
an be expressed as [16]:

dl = εdlA

d
(5)

here εdl is the dielectric permittivity of the double layer, εdl =
0εr, ε0 the permittivity of the free space and εr the rel-
tive permittivity of the layer separating ionic charges and
he electrode, A the area of the electrode, and d is the
hickness of double layer. Substrates present in the microbi-
logical growth medium are generally uncharged or weakly
harged but are transformed into highly charged end products
s microorganisms to follow metabolic pathways. This results
n an increase in the conductivity of the test medium and a
ecrease in impedance [5]. Metabolic activities during bacte-
ial growth of E. coli O157:H7 cells converted uncharged or
eakly charged substrates (lactose, yeast extract, peptone, and
MAO) present in YPLT medium into highly charged ions. For
xample, TMAO was reduced into trimethylamine cations and
actose was metabolized into acid. All these highly charged
ons formed in the medium caused an increase in the per-

ittivity of the medium and a decrease in the thickness of
he double layer at the same time. These changes together
esulted in an increase in the values of Cdl and consequently
decrease in the impedance. The decrease in the bulk medium

esistance after growth of bacterial cells was also caused by
n increase in the concentration of highly charged ions in the
edium.
Previous researches related to IAM-based impedance detec-

ion systems have shown that during impedance measurement,
ells attached to the electrodes do not contribute directly to the
ouble layer capacitance [16,35]. Our results clearly showed
hat the presence of bacterial cells in the detection sample
id not affect the impedance response of the sensor (data not
hown). Impedance response of the sensor for bacterial cells
as measured for the sample with initial concentration of
.4 × 104 CFU mL−1 of E. coli O157:H7 after 16 h of growth.
his was compared with the impedance response of the sen-
or after centrifuging the same sample to remove bacterial
ells (supernatant was used for impedance measurement). Pre-
ious research had reported that the cell membrane (thickness
–10 nm) has a capacitance of 0.5–2.5 �F/cm2 and a resistance
f 102 to 105 � cm2 [34]. The double layer capacitance will
nly be affected by the presence of cells, if they lie within its
hickness, which is typically of the order of several angstroms
36]. Cells attached either specifically or non-specifically to elec-
rodes do not lie within this thickness, hence, they do not directly
ffect double layer capacitance [37]. In addition to this, the aque-
us gap between cells and the electrode surface prevents direct

ffect of the cell membrane on the interfacial impedance of the
lectrodes [38]. Therefore, in our research the increase in dou-
le layer capacitance was not due to bacterial attachment, but
as caused by the change in ionic composition of the double

F
m
1
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ayer. Thus, this change can directly be related to the pres-
nce of highly charged by-products produced during bacterial
etabolism.

.4. Effect of frequency on impedance measurement

To monitor the effect of frequency on impedance measure-
ent, the values of NIC were calculated at different frequencies

Eq. (1)), and plotted against growth time. Fig. 5 shows the NIC
ersus growth time for the impedance measurement of the sam-
le with initial concentration of 5.4 × 104 CFU mL−1 of E. coli
157:H7 at five different frequencies. The values of NIC for

ll five frequencies decreased with an increase in growth time.
he decrease in the values of NIC was more at higher frequen-
ies. Maximum change in the values of NIC with respect to the
rowth time was observed in the initial 6–8 h growth of bac-
erial cells. Between 8 and 16 h of growth, the change in the
alues of NIC was not significantly different (P > 0.05). After
–8 h of growth, maximum changes in the values of NIC were
.8%, 10.9%, 17.6%, 25.5%, and 30.5% for impedance mea-
urements at frequencies of 10 Hz, 270 Hz, 4.18 kHz, 64.6 kHz,
nd 1 MHz, respectively. Based on this observation, 1 MHz was
hosen to monitor the change in the impedance values corre-
ponding to the growth of E. coli O157:H7 cells using double
AM-based flow cell. Bacterial cells were in the “log phase”
f growth after a short “lag phase”, during which they grow
xponentially and produce a huge amount of by-products and
hus maximum decrease in the values of NIC was observed
uring initial 6–8 h of growth of bacterial cells. The food and
utrients available for the bacteria get exhausted as bacterial
rowth progresses and thus, bacteria tend to shift to “station-
ig. 5. Normalized impedance change (NIC) vs. growth time for the impedance
easurement of 5.4 × 104 CFU mL−1 of E. coli O157:H7 at frequencies of

0 Hz, 270 Hz, 4.18 kHz, 64.6 kHz, and 1 MHz.
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ig. 6. Growth curves (NIC vs. growth time) for a range of 8.0 × 100 to
.2 × 108 CFU mL−1 of E. coli O157:H7 cells after an enrichment growth in
PLT medium.

.5. Detection of E. coli O157:H7 inside the double
AM-based flow cell

The values of NIC calculated at 1 MHz were used to quantify
he initial numbers of bacterial cells present in the original sam-
les after an enrichment growth in YPLT medium. Fig. 6 shows
he growth curves (NIC versus growth time) for a range of ini-
ial concentrations of E. coli O157:H7 cells from 8.0 × 108 to
.2 × 108 CFU mL−1 present in the sample. The values of NIC
ere positive at the beginning and then started to decrease. The

ime when impedance values start to decrease as compared to the
IC values at t = 0 h is taken as the detection time. The detec-

ion time decreased with increase in the initial numbers of E.
oli O157:H7 cells present in the sample before growth. High
umber of cells in the sample at time t = 0 h resulted in a rapid
hange in the conductivity of the solution due to fast bacterial

etabolism. As a result of this, high initial number of E. coli
157:H7 present in the samples were detected in low detec-

ion time and vice versa. Fig. 7 shows the detection time for
ifferent concentrations of E. coli O157:H7 ranging from 8.0

ig. 7. The linear relationship between the logarithmic values of E. coli O157:H7
oncentrations and detection times obtained from the impedance measurement
f samples at different sampling times after the growth of bacterial cells.
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o 8.2 × 108 CFU mL−1. The detection times for 8.0, 8.2 × 101,
.2 × 102, 8.2 × 104, 8.2 × 106, and 8.2 × 108 CFU mL−1 were
4.7, 11.3, 8.7, 4.7, 1.7, and 0.8 h, respectively. The detection
ime was calculated based on the average of three readings. In
his study, an indirect impedance detection method has been used
or quantifying initial number of E. coli O157:H7 cells present
n the sample.

Some researchers have reported that the direct detection of
. coli O157:H7 cells in the samples. Suehiro et al. [27] used
ielectrophoresis to align 105 CFU mL−1 of E. coli O157:H7
n between the electrodes and the impedance, measurement
as conducted in the presence of a low conductivity medium

0.1 M mannitol solution and conductivity 0.2 mS/m) without
ny enrichment growth. The “pearl bead” formation of cells in
etween the electrodes acted as conductor. E. coli O157:H7 cells
ehaved as conductor in the presence of mannitol solution as
ome components of bacterial cells (i.e., cell wall and cytoplasm)
ere more conductive than the mannitol solution (conductivi-

ies of cell wall and cytoplasm are 500 mS/m and 100 mS/m,
espectively) [29]. In other studies, the E. coli O157:H7 cells
ere attached to antibodies present on the surface of electrodes

nd impedance measurement was performed in the presence of
highly conductive redox probes [20,23].

. Conclusions

Double IAM-based flow cell was successfully used in an
mpedance biosensor for the detection of E. coli O157:H7 in

range from 8.0 to 8.2 × 108 CFU mL−1 after an enrichment
rowth of 14.7 and 0.8 h, respectively. Double IAM-based flow
ell was effective in improving the sensitivity of impedance
etection by providing more surface area as compared to the
ingle IAM-based flow cell. The equivalent circuit analysis indi-
ated that the change in impedance values due to bacterial growth
as caused by both double layer capacitance and bulk medium

esistance, and these parameters in turn were the function of the
mount of charged ions present in the medium. Specificity of
his impedance biosensor could be ensured by the use of selec-
ive growth medium or immunoseparation based on magnetic
icrobeads conjugated with antibodies specific to target bacte-

ia. Impedance measurement in a flow cell can be useful to design
portable instrument for monitoring bacterial cell growth and

heir metabolites.
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