
Dear Author,
 
Please, note that changes made to the HTML content will be 
added to the article before publication, but are not reflected 
in this PDF. 
 
Note also that this file should not be used for submitting 
corrections.
 



1 Fast determination of viable bacterial cells in milk samples using
2 impedimetric sensor and a novel calibration method
3 Naroa Uriaa,*Q1 , Javier Moral-Vicoa, Natalia Abramovaa,b, Andrey Bratova,*,
4 Francesc Xavier Muñoza

5 aBioMEMS Group, Institut de Microelectrònica de Barcelona, Centro Nacional de Microelectrónica (CSIC), Campus UAB., 08193, Bellaterra, Barcelona Spain
6 b Lab. Artificial Sensors Syst., ITMO University Kronverskiy pr. 49, 197101 St. Petersburg, Russia

A R T I C L E I N F O

Article history:
Received 26 January 2016
Received in revised form 8 March 2016
Accepted 9 March 2016
Available online xxx

Keywords:
IDEA electrodes
Impedance
E. coli detection
calibration method

A B S T R A C T

As a first stage toward the development of an impedimetric biosensor to quantify viable bacterial cells,
this work defines the relationships between microbial growth and impedance changes associated with
acidification of the culture medium. Escherichia coli bacterium was used as a model of a common
pathogenic bacterium found in a foodstuff. Impedance was measured at a fix frequency of 10 kHz using
interdigitated microelectrodes. Impedance changes were found to depend on the number of
microorganisms in a sample. However, as the kinetics greatly depends on the bacterial concentration,
it was not possible to obtain a single calibration curve in a wide concentration range at a fixed incubation
time. To resolve this, a novel calibration method was proposed by measuring the sensor response at
270 and 390 min of incubation and taking a mean value. Obtained calibration plots were used to
determine E. coli in a spiked milk samples. Performed experiments demonstrated the capacity of the
method to detect E.coli concentrations in a range between 102 and 106 cfu mL�1 in milk in only 6 hours
with 5–12% error margin.

ã 2016 Published by Elsevier Ltd.

7 1. Introduction

8 Effective pathogen detection is essential for the prevention and
9 treatment of infectious diseases. Additionally, an accurate differ-

10 entiation of live bacteria is important in many applications.
11 Biosensors based on different types of transducers may be used for
12 highly sensitive and specific detection of pathogens [1]. However,
13 although those permit to reach good detection limits in most cases
14 they are not able to differentiate between viable and non-viable
15 cells. Conventional and standard methods of viability and
16 quantification in bacteria are traditionally associated with the
17 ability to form colonies on agar growth medium and to proliferate
18 in liquid nutrient broths. However, these traditional culture-based
19 tests are time-consuming and are not providing real-time results
20 or timely information that is needed in applications such as
21 industrial manufacturing.Q2
22 By metabolic pathways bacteria convert large molecules, such
23 as polysaccharides, lipids, nucleic acids and proteins, into charged,
24 smaller and more mobile metabolites. These may include lactic

25acid, acetic acid, carbon dioxide, ammonia, bicarbonate and urea,
26the presence of which provokes a change in the ionic composition
27of the growth media [2]. Thus, these changes can be measured and
28related to bacterial concentration for determination of microbial
29growth [3]. Since bacterial metabolism may significantly alter
30electrical conductivity of the growth media, impedance technique
31can be successfully applied for estimation of microbial biomass [4],
32detection of microbial metabolism, as well as for determination of
33the physiological state of bacteria growth [5–7]. Advantages of this
34approach are high sensitivity, relative simplicity and comparative-
35ly low cost of the required experimental equipment [8].
36Impedance measurements of microbial growth are commonly
37related to conductivity changes due to the release of ionic products,
38however it should be noted that most of metabolic products of
39bacteria are of acidic nature, so that the microbial growth media
40can also lead to pH changes of the media [8]. Thus, pH
41measurements can also be used to control the bacteria growth [9].
42Monitoring of acidic products concentration is usually carried
43out by commercial pH electrodes. Conventional glass pH electrodes
44have been exploited to detect pH changes in the medium produced
45by bacteria, for example in fermentation processes [10]. However,
46glass pH electrodes present several drawbacks, such as high price,
47large size, fragility, and miniaturization and integration con-
48straints. For these reasons, numerous pH sensor alternatives have
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49 been explored over the last decades [11,12]. Among them stand out
50 ion-sensitive field effect transistors (ISFETs) [13] and potentio-
51 metric ion selective electrodes based on different metal oxides
52 [14]. One of the drawbacks of potentiometric measurements is that
53 the method requires the use of a reference electrode, which makes
54 the whole system too bulky. It is possible to design small size
55 reference electrodes to be integrated within the system, but these
56 have a short working lifetime and require maintenance. Integrated
57 reference electrode—ISFET pair may be used in a small volume
58 samples but the costs are rather high to be implemented in real life
59 applications.
60 Potentiometric methods in comparison to conductivity meas-
61 urements are less sensitive and rapid [15]. However, if the initial
62 conductivity of the broth is high, then conductivity changes will be
63 small and pH in this particular case should be a better indicator of
64 bacterial activity.
65 From presented it follows that the impedance technique to
66 register changes in a growth medium resulting from the metabolic
67 products released by bacterial may be regarded as a most
68 convenient one. Impedance measurements are carried out by
69 applying a small AC signal between a pair of metal electrodes
70 registering the resulting current and a phase shift between the
71 voltage and the current. Electrochemical impedance spectroscopy
72 (EIS) determines the response of an electrochemical cell to a
73 voltage at different frequencies. Thus, impedance spectrum is
74 obtained allowing characterization of the system composed by
75 electrodes and bulk medium. EIS spectra are often analyzed using
76 an equivalent circuit which consists of resistances and capaci-
77 tances combined in parallel or serially, as required. The most
78 typical equivalent circuit for this type of measurements can be
79 represented by a series combination of a bulk solution resistance
80 and an interfacial capacitance at the electrode-solution interface.
81 Electrodes for impedance measurements may be arranged as a
82 pair of oppositely placed electrodes. However, it is possible to
83 miniaturize this electrode arrangement by using two in-plain
84 interdigitated microelectrodes. These impedimetric transducers,
85 called interdigitated electrode array (IDEA), has been demonstrat-
86 ed as a promising for monitoring the growth of bacteria [7,16,17],
87 since they present advantages in terms of fast establishment of the
88 steady state signal, increased signal-to-noise ratio and the use of
89 small sample solution volumes.
90 In this work to miniaturize the system instead of a pH-sensor
91 and reference electrode an impedimetric sensor based on an
92 interdigitated electrode array [18] was used to detect metabolic

93activity of Escherichia coli bacteria. Escherichia coli was chosen as a
94target because it is an important pathogen responsible for
95numerous water and food transmitted infections whose growth
96under aerobic conditions causes the formation of acidic by-
97products, of which acetate is the most predominant [19,20].

982. Material and Methods

992.1. Sensor Fabrication

100The sensor is based on a platinum interdigitated electrode array
101(IDEA) presented in Fig. 1. The sensor chip with silicon covered
102with silicon oxide as a substrate has dimensions of 3 � 3 mm.
103Parameters of sensors depend on the number of digits, the length
104and width of each digit and the distance between them. In this
105work the geometry of the sensor was: width of digits—3 mm,
106separation between electrode digits 20 mm, number of digits—56,
107digit length 1.4 mm. Platinum is used as a metal to form the
108electrodes 120 nm thick embedded into insulating substrate with
1091.5 micron thick oxide layer covered with 120 nm silicon nitride
110formed on silicon. To isolate all the contact lines and leave only the
111fingers in contact with the ambient, 150 nm thick silicon nitride
112passivation layer is formed in which a window 1500 � 1500 mm2 is
113opened over the metal grid. After being cut from the wafer the
114sensors are glued to a PCB substrate and are wire bonded for
115electrical connections. Contact pads and wires were encapsulated
116using epoxy resin.

1172.2. Preparation of bacterial suspensions

118Escherichia coli ATCC 10536, obtained from the American Type
119Culture Collection was grown overnight in a 5 mL of Luria-Bertani
120(LB) broth (Sigma-Aldrich) at 37 �C. After growth the culture was
121centrifuged (9000 G, 5 min) using a OrtoAlresa
122Biocen20 Eppendorf centrifuge and resuspended in a 5 mL of
123sterile LB medium for further use. The number of colony forming
124units per milliliter (cfu mL�1) was counted by plate count after
125incubation the plates at 37 �C overnight. The number of cells
126usually reached 108 cfu mL�1.
127The culture was diluted in serial with LB broth (Sigma-Aldrich)
128and glucose was added to fix its concentration at 80 mM. After this,
129bacterial suspensions with different concentration were aliquoted
130in 1 mL tubes as replicates. In the case of E. coli detection in milk
131samples dilutions of initial E. coli culture were performed in this

Fig. 1. Layout of the IDEA conductivity sensor.
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132 medium and then 100 mL of each sample was added to 1 mL tubes
133 (replicates) with 900 mL of LB-glucose medium. In both cases,
134 tubes without bacteria inoculation were used as blank.

135 2.3. Impedance measurements

136 Impedance of the sensors was measured using an Ivium
137 Compactstat impedance analyzer. Initially, the spectra were
138 recorded in a 100 Hz–1 MHz frequency range with amplitude of
139 the test signal of 25 mV. As the main changes in the impedance
140 module values were observed at 10 kHz, this fixed frequency was
141 chosen to perform measurements in the culture medium. More
142 detailed information on measurement technique and spectra data
143 treatment is presented in “Results and discussion” section. The
144 spectra analysis and fitting were performed using ZView software.
145 In all the cases the methodology was the same. Bacteria samples
146 were placed in the oven at 37 �C. Every hour, three tubes of each
147 concentration (replicates) were extracted from the oven for
148 impedimetric measurements. To eliminate the undesirable effect
149 of the bacteria attachment to the interdigitated electrode surface
150 that might provoke additional changes in the impedance, the
151 process consisted in a single measurement placing a drop of
152 approximately 50 mL of a studied sample on the sensor surface. The
153 impedance measurements were taken in two minutes during
154 which the impedance signal was stable. This means that possible
155 effects of the solution evaporation can be neglected.
156 After performing the impedance test the samples were
157 discarded to avoid contamination. All the measurements were
158 performed in replicates using four different sensors. After the
159 measurements sensors were washed with ethanol and deionized
160 water.
161 In order to determine the absolute impedance variation
162 between the bacterial cell sample (Zsample) and the blank control
163 (Zref), results are present in terms of Normalized Impedance
164 Change (NIC) [4,21], which is defined by the following equation:

NIC %ð Þ ¼ Zref
Zref þ Zsample

� 100 ð1Þ

165The same formula was applied to calculate the Normalized pH
166Change (NpHC), where instead of the impedance subsequent pH
167values determined from the sensors calibration curves were used.

1683. Results and Discussion

1693.1. Impedance detection system

170At high growth rates in conditions where an excess of glucose is
171presented oxidative routes of degradation may be not sufficient
172thus E. coli is able to reorganize the metabolism obtaining also
173energy by acetic acid formation [22], which may increase the
174produced pH changes.
175Previous experiments performed with a pH metal oxide sensors
176[12] in the LB medium showed that during E. coli growth maximum
177changes of 2 pH units occur, descending from pH 7 (normal pH of
178the medium) to pH 5. These values coincide with those published
179in literature [23]. Earlier studies [24,25] of impedance changes
180during bacteria growth demonstrated that they are associated with
181the media conductance effect and are predominant at high
182frequency.
183To detect pH changes in the bacteria growth medium by
184impedance measurements in the present work an interdigitated
185electrode array with platinum metal electrodes was used. The IDEA
186sensor response to changes in the surrounding media or on the
187electrode surface greatly depends on the sensor geometry, mainly
188on the electrode digits width and separation between adjacent
189digits. To reduce the effect of possible electrode surface
190contamination and its effect on the interfacial capacitance and
191overall impedance, the electrode width was chosen as small as
1923 mm. Penetration of the electric field in the water solution of an
193IDEA sensor is more or less equal to the distance between two
194adjacent electrode digits. To reduce possible surface effects and
195increase the sensitivity to solution conductivity changes the
196separation between the electrodes was chose to be 20 mm. This
197results in a signal penetration distance of 23 mm.
198Fig. 2 shows the studied IDEA sensor spectrum measured in a
19910�5M KCl solution with the conductivity of 2.5 mS�cm�1. In the
200inset, an equivalent electrical circuit for measured spectra fitting is
201presented that is generally discussed elsewhere [18]. It is formed

Fig. 2. Nyquist plot of the impedance spectrum of the IDEA sensor measured in a 10�5M KCl solution with the conductivity of 2.5 mS cm�1. In the inset the equivalent circuit
used for spectra fitting.
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202 by contact resistance, RCONT, representing the resistivity of wire
203 leads and thin film metal electrodes; stray or geometrical
204 capacitance, CGEOM, of the IDEA structure in a water solution;
205 solution resistance, RSOL, between the electrode digits; electrical
206 double layer capacitance at the metal/solution interface, presented
207 as a constant phase element, CPEDL; and Warburg impedance
208 originating from diffusion in the Nernst layer [26].
209 The semicircle in Fig. 2 appears due to a parallel combination of
210 the stray capacitance and the solution resistance and its right side
211 intercept with the real impedance axis gives the RSOL value. From
212 spectra measured in solutions with different conductivity it is
213 possible to obtain the calibration plot presented in Fig. 3 which
214 gives the sensitivity of 0.5 cm�1 for the studied sensors. It must be
215 noted that in highly conductive solutions the semicircle is not
216 resolved and the sensor sensitivity becomes limited by the contact
217 resistance, RCONT.
218 Initially the experimental impedance spectra were measured in
219 Luria-Bertani growth medium supplemented with glucose, the
220 medium used for bacteria growth. To emulate pH variation
221 produced by bacteria the test solution pH was changed from
222 7 to 4 with a one pH increment by adding acetic acid. Fig. 4 presents
223 experimental impedance spectra measured at different pH values.
224 The solution conductivity/resistivity at different pH, presented in
225 Table 1, are in the range of 9.8–8.4 mS cm�1 and do not vary
226 significantly with the pH changes.
227 As follows from the presented results it is not possible to control
228 pH changes of the studied samples by determining the RSOL values
229 from the high frequency spectra range. However, as shows the
230 Nyquist plot in Fig. 4A, there are significant changes in the spectra
231 shape at lower frequencies. The quality of spectra fitting using the
232 equivalent circuit presented in the inset of Fig. 2 was high and the
233 chi-squared parameter was in the range of 1�10�4–3�10�4. The
234 main parameter of the equivalent circuit that changes with pH of
235 the sample is the Warburg diffusion impedance. This is revealed by
236 Fig. 5 where the impedance spectra are plotted as log (jZj) versus
237 (1/

p
w). The straight line manifests the presence of the Warburg

238 impedance [26].
239 The Warburg impedance of finite-length diffusion with reflec-
240 tive boundary was used for model fitting. This element has two
241 parameters: Wr and Wc. Impedance of W element, ZW, is given by
242 the formula:

ZWðvÞ ¼ Wrffiffiffiffi
v

p ð1 � jÞcoth Wc

ffiffiffiffiffiffi
jv

ph i
ð2Þ

243244 where Wr is equal to Warburg coefficient, inversely proportional to
245 mobile ion concentration and the square root of the diffusion
246 coefficient. Wc = d/D1/2 (d—Nernst diffusion layer thickness and D

247� diffusion coefficient). Wc values obtained by fitting were of the
248order 10�4 and were not affected by the pH changes.
249From the presented we may conclude that changes of pH in the
250complex medium under study affects the diffusion, hindering it in
251more acidic solutions. It may be also noted (see Table 1) that the
252solution conductivity, in contrast to what may be expected, tends
253to decrease as pH increases.
254To perform the measurements the impedance module values
255were determined at fixed frequency of 10 kHz at which, as it
256follows from Fig. 4B, the highest response was obtained./Z/values
257determined in the growth media solutions at different pH are
258presented in Table 1.
259Calibration curves, obtained on four different IDEA sensors,
260presented in Fig. 6 confirm the correlation between impedance and
261pH value of the culture medium at this fixed frequency. In all the
262cases a linear increase of the impedance module was observed
263with pH decrease of the growth medium with R2 of 0.99 which
264proves that the proposed method of measuring impedance using
265interdigitated microelectrodes at a fix frequency may be used to
266control pH changes of the bacteria growth medium. However, the
267slope of the pH response was slightly different both between the
268distinct IDEA electrodes (n = 4) and for the same electrode within
269different calibrations performed (n = 5). More concretely, coef-
270ficients of intra-electrode variation of 5.1 �0.5% were found, while
271differences between electrodes (inter-electrode) were higher with
272variation of 11.4 � 0.3%. However, it may be noted that inter-
273electrode variation is of minor importance as individual sensor
274calibration parameters and not their mean values were used for
275data analysis.
276As it was mentioned in the experimental section, results of the
277impedance measurements were normalized taking into account
278the impedance changes in the medium without microorganisms
279(control), denominated Normalized Impedance Change (NIC) [21]
280(eq. (1)). Additionally, the growth media pH measurements results
281were also represented as normalized values (Normalized pH
282Change, NpHC). This allows us to compare the results obtained
283with different electrodes and in different bacteria cultures.

2843.2. Impedance change caused by bacterial growth

285Initially, preliminary experiments were performed to study the
286effects of bacterial metabolism on the electrical properties of the
287growth medium and the impedance of the IDEA electrodes. To
288monitor this the impedance at 10 kHz was measured in samples
289taken after 6 hours of incubation from the E.coli cultures with the
290bacteria concentration range between 102 and 106 cfu mL�1.

Fig. 3. The sensor response to the solution resistivity changes.
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291 Impedance and pH variation data can be represented as a
292 percentage of the normalized change (Fig. 7) (Eq. (1)) and plotted
293 against the incubation time. Similar trends but in opposite
294 direction were observed in both, impedance and pH changes, as
295 Z vs. pH is a linear function. Variations of 2 and 0.95 units of NIC
296 and NpHC, respectively, were detected after 150 min in cultures
297 with the highest E. coli concentration (106 cfu mL�1) reaching, after
298 390 min of incubation, variations of 11.62 (units of NIC) and 5.65
299 (units of NpHC). These changes became less with the decrease in
300 concentration of the initial bacterial culture. For example, 270 min
301 were necessary to detect NIC variations of 2.93 in cultures with
302 initial concentrations of 104 cfu mL�1, while in the case of cultures

303with 102 cfu mL�1, 390 min were necessary for a similar change
304(2.88). For all bacteria concentrations within the studied range the
305impedance increased with time, which according to sensors
306calibration results reveals acidification of the sample. How it is
307expected [2,3], these changes are greater and faster the higher the
308initial inoculum culture is. Typical bacteria growth curves are of a
309sigmoid shape.
310After being introduced into the culture bacteria remain in a “lag
311phase” in which no growth occur. Durability of this stage depends
312on different factors, such as the type of a growth medium,
313temperature or initial concentration of the inoculum. After this the
314“log phase” starts with exponential growth of bacteria and the
315release of their metabolic by-products into the medium increases.
316Finally, microorganisms tend to shift to “stationary phase” of
317growth and the production of by-products is limited due to the
318depletion of nutrients necessary for bacterial growth and
319accumulation of acids [22,27].
320In an attempt to determine the incubation time, in which a
321linear relationship is produced between NIC and bacterial
322concentration allowing a quantification of the bacteria present
323in the sample in a widest concentration range, NIC values was
324represented in relation to E. coli concentration to each time (Fig. 8).
325However, no linear relationship was observed between NIC values
326and all the concentrations tested at any time. A linear relation was

Fig. 4. Nyquist (A) and Bode (B) plots of the impedance spectra of the sensor measured in the growth culture medium at different pH values adjusted by adding acetic acid to
the initial sample.

Table 1
Properties of the test solutions, Warburg coefficient determined from spectra fitting
and the impedance module determined at 10 kHz measured in the growth media
solutions at different pH.

pH Cond (mS/cm) R, Ohm cm Wr, Ohm s�1/2a /Z/at 10 kHz, Ohm

4.02 8.36 120 12194 5094
5.03 9.68 103 8799 4620
6.01 9.77 102 5760 3599
7.04 9.84 102 4027 2752

a Mean values of four sensors.

Fig. 5. Bode graph of the impedance spectra plotted as log (jZj) versus (1/
p
w). The straight line manifests the presence of the Warburg impedance.
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Fig. 6. Calibration curves, of four different IDEA sensors measured at a fix frequency of 10 kHz, in the growth medium. Conductivity of the test solutions at different pH is also
shown.

Fig. 7. Normalized impedance changes (NIC) (solid symbols) and normalized pH changes (NpHC) (open symbols) calculated for different E. coli concentration cultures.
Standard error bars correspond to the measurements made in three different culture replicate of each E. coli concentration measured with 4 different IDEA electrodes.

Fig. 8. Normalized impedance changes (NIC%) measured in the growth media for different initial E. coli concentration at different times (from 0 to 390 min). Standard error
bars correspond to the measurements made in three different culture replicate of each E. coli concentration measured with 4 different IDEA electrodes.
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327 detected after 270 min of incubation in initial culture concen-
328 trations between 104 and 106 cfu mL�1, although this time was not
329 enough for lower bacteria concentrations to produce medium
330 changes. In the same way, linearity was detected in the impedance
331 change produced by cultures with concentrations from 102 to 104
332 cfu mL�1 after 390 min of incubation. Thus, longer incubation
333 times prevent the observation of impedance changes in high E. coli
334 concentrations due to the culture reaches the stationary phase.
335 Concentrations of 101 cfu mL�1 were also studied but required
336 much longer times to show differences in impedance with respect
337 to the blank. However, these times are out of the time scale of the
338 proposed method of detection and calibration, as at longer times
339 samples with high bacteria concentrations will reach saturation
340 making it impossible to distinguish between different concen-
341 trations. That is why we define 102 cfu mL�1 as the detection limit
342 for the proposed method with working concentration range of
343 102–106 cfu mL�1.

344 3.3. Development of a calibration curve for E. coli concentration
345 determination

346 Impedance changes were found to depend on the number of
347 microorganisms in the samples in the concentration range 106 to
348 102 cfu ml�1. However, as the kinetics greatly depends on the
349 bacterial concentration, it was not possible to obtain a calibration
350 curve in a wide concentration range at a fixed incubation time. To
351 resolve this, a novel calibration method was proposed by
352 measuring the sensor response at 270 and 390 min of incubation
353 and taking a mean value.
354 For this five different overnight cultures with E. coli concen-
355 trations in the range between 9�107 and 9�108 cfu mL�1 were used
356 to perform the necessary dilutions and obtain different initial
357 concentrations in the test samples And the measurements were
358 performed with 4 different IDEA sensors. NIC values obtained at
359 270 and 390 min in each of the culture dilutions and measured
360 with four sensors were calculated and their mean values are
361 presented in Fig. 9. It can be seen that at 270 min incubation time
362 the sensitivity at low bacteria concentration is low, while the
363 390 min response curve tends to saturation at high concentrations.
364 To obtain a more linear relationship between NIC and the log
365 [E. coli] in the whole concentration range a new calibration curve,

366presented in Fig. 9 as black dots, was generated using the average
367values obtained at both times. In this way linear response was
368achieved with a regression equation: NIC (%) = �2.44 log
369[E. coli] + 53.51, with R2 = 0.986 for the concentration range of
370102–106 cfu mL�1.

3713.4. Quantification of E. coli in pure cultures

372This approach with our impedimetric biosensor was tested by
373quantification of E. coli in growth culture to demonstrate the
374capacity and precision of the method to quantify bacteria
375concentrations in the range between 102 and 106 cfu mL�1. With
376this aim 5 samples with unknown concentrations within this range
377were analyzed after 290 and 370 min of incubation. The calculated
378NIC values at both times and the resulting average are presented in
379Table 2. Fig. 10 shows the calibration curve and plots NIC average
380values obtained for each of the blind samples. The extrapolation of
381the obtained NIC values to the calibration curve allows us to
382estimate the bacterial concentration present in the sample.
383However, more precision is obtained by using the equation of
384the lineal regression model taken from calibration curve (Table 2).
385Additionally, the real bacteria concentration in each of the
386samples was determined by plate count and compared with the E.
387coli concentration calculated by impedance measurements show-
388ing a good relation with an error margin of 3–14%. Thus, presented
389experimental results confirm the capacity of the proposed method
390to determine bacteria concentration.

3913.5. Quantification of E. coli in milk samples

392In order to assess the performance of the reported method in a
393more complex matrix the quantification of E. coli was performed in
394milk samples. Milk was chosen as a real matrix due to the necessity
395of the dairy industry to obtain fast, sensitive and cost effective
396analytical systems for pathogen detection [28,29].
397To minimize the possible matrix effect of the sample on the
398impedance measurements the electrodes were first calibrated in
399LB growth medium supplemented with glucose and inoculated
400with milk demonstrating that no significant interferences affect in
401impedance measurements with IDEA electrodes in milk samples.

Fig. 9. Normalized impedance change obtained at 270 and 390 minutes of incubation. Average curve is the resulting calibration plot used to determine E. coli concentration in
samples.

N. Uria et al. / Electrochimica Acta xxx (2015) xxx–xxx 7

G Model

EA 26890 1–10

Please cite this article in press as: N. Uria, et al., Fast determination of viable bacterial cells in milk samples using impedimetric sensor and a
novel calibration method, Electrochim. Acta (2016), http://dx.doi.org/10.1016/j.electacta.2016.03.060

http://dx.doi.org/10.1016/j.electacta.2016.03.060


Table 2
NIC values obtained with blind samples (a-d) and the estimates of the initial E. coli concentration of each sample using the linear regression obtained from calibration curve
(NIC% = �2.44�x +53.51, being (x) the log of E. coli concentration. Real bacteria concentration was calculated by plate count. De corresponds to coefficient of variation.

t = 270 min t = 390 min Average Calculated log[E. coli] Calculated [E. coli] (cfu mL�1) Real [E. coli] (cfu mL�1) De (%)

NIC (%) a 42.2 38.4 40.3 5.4 2�105 4�105 3.7
b 49.3 42.7 46 3.1 1�103 4�103 14.6
c 50 46.2 48 2.2 2�102 4�102 13.9
d 46.3 39.6 42.9 4.3 2�104 4�104 6.1
e 40.3 36.9 38.6 6.1 1�106 4�106 7.5

Fig. 10. Calibration curve (solid symbol) and NIC value of the blind samples (a–d) (open symbols) obtained by the average of the NIC obtained at 270 and 390 min.
Extrapolation of the NIC value of each sample to the calibration curve allows approximating the initial E. coli concentration of the sample.

Fig. 11. Calibration curve (solid symbol) and NIC value of the samples (open symbols) with the milk inoculation obtained by the average of the NIC obtained at 270 and
390 min. Extrapolation of the NIC value of each sample to the calibration curve allows approximating the initial E. coli concentration of the sample.

Table 3
NIC values obtained with milk samples (a-e) inoculated with different concentrations of E. coli (1–6) and the estimates of this concentration using the linear regression
obtained from calibration curve (NIC% = �2.44�x +53.51, being (x) the log of E. coli concentration. De corresponds to coefficient of variation.

t = 270 min t = 390 min Average Calculated [E. coli] (cfu mL�1) Real [E. coli] (cfu mL�1) De (%)

NIC (%) a 50.3 49.2 49.8 3�102 5�105 5.3
b 50.3 46.2 48.3 1�103 5�103 11
c 49.7 42 45.9 1�104 5�102 12.5
d 46.1 39.3 42.7 3�105 5�104 8.8
e 41.7 38.1 39.9 4�106 5�106 6.9
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402 In the experiment milk samples were inoculated with E. coli at
403 different concentrations for the subsequent determination of
404 bacterial concentration. After this 100 mL volume of each milk
405 sample was added to the growth culture medium (900 mL)
406 supplemented with glucose, generating a 1/10 dilution. At
407 270 and 390 min of incubation time impedance measurements
408 were performed. As previously, using the calibration curve bacteria
409 concentration in each of the samples was determined from the
410 obtained NIC average values. These results are presented in Fig. 11
411 and Table 3.
412 It is necessary to note that corresponded results were obtained
413 after a 1/10 dilution of the milk sample, therefore the real
414 concentration in the milk is 10 times higher than determined in the
415 test sample.
416 Comparing the results of E. coli concentration obtained by linear
417 regression of calibration curve (Table 3) and those obtained by
418 plate count, it was verified that the developed method permits to
419 determine bacteria concentration with 5–12% error margin. The
420 performed experiments demonstrate the capability of the method
421 to detect E.coli concentrations in a range between 102 and 106
422 cfu mL�1 in milk in only 6 hours. It is possible to find in literature
423 faster detection times reported [28,30], however in these works
424 the detection is referred to total microbial cells present in a sample,
425 not viable cells.
426 It must be noted that 6 hours incubation for determination of
427 viable bacterial cells at concentrations of 102–106 cfu mL�1 can be
428 considered a fast method. Reported techniques using impedance to
429 detect viable cells show detection limits between 104 and 108
430 cfu mL�1 after 8–5 hours of incubation [31–33] or till 8 cfu mL�1,
431 but after about 15 hours of measurement [34–36].

432 4. Conclusions

433 We have reported an impedimetric method applicable for the
434 detection and quantification of E. coli bacterium in milk samples in
435 a wide concentration range using an interdigitated electrode array
436 sensor. Impedance measurements performed at a fixed frequency
437 of 10 kHz permit to detect electrical changes in the growth medium
438 originating from pH changes due to bacterial metabolism. In
439 contrast to other publications, where impedance technique is used
440 to detect interaction of bacteria with the electrode surface, the
441 proposed method determines only changes in metabolic products
442 concentration in the sample.
443 By the analysis of the impedance changes caused by different
444 bacterial concentrations at different incubation times we can
445 conclude that kinetics of impedance change depends on the
446 bacterial concentration. Thus, a unique incubation time could not
447 be established to differentiate within a wide range of bacterial
448 concentrations. To overcome this problem a novel calibration
449 method was developed by registering the sensor response at
450 270 and 390 min of incubation and taking a mean value of both
451 results. The developed methodology was successfully employed
452 for quantification of E. coli concentration in the range between 102
453 and 106 cfu mL�1 in milk samples with 5–12% error margin.
454 It is clear that the presented method lacks the specificity as
455 other bacteria, e.g. Listeria monocytogenes, which could be present
456 at the same time in test samples may provoke pH changes as well.
457 However, proposed method that defines the relationships between
458 microbial growth and impedance changes associated with
459 acidification of the culture medium should be regarded as a first
460 stage toward the development of an impedimetric biosensor to
461 quantify viable bacterial cells. So, the Escherichia coli bacterium
462 was used in this work as a model of a common pathogenic
463 bacterium found in a foodstuff. Currently we are working to
464 convert this method into a specific one for different food pathogens

465using biorecognition elements or using specific culture media
466designed for certain microbial type.
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