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ABSTRACT 
Advancements in biological and chemical warfare has allowed for the creation of novel toxins necessitating a universal, 
real-time sensor. We have used a function-based biosensor employing impedance spectroscopy using a low current 
density AC signal over a range of frequencies (62.5 Hz-64 kHz) to measure the electrical impedance of a confluent 
epithelial cell monolayer at 120 sec intervals. Madin Darby canine kidney (MDCK) epithelial cells were grown to 
confluence on thin film interdigitated gold electrodes. A stable impedance measurement of 2200 Ω was found after 24 
hrs of growth. After exposure to cytotoxins anthrax lethal toxin and etoposide, the impedance decreased in a linear 
fashion resulting in a 50% drop in impedance over 50hrs showing significant difference from the control sample (~20% 
decrease). Immunofluorescent imaging showed that apoptosis was induced through the addition of toxins. Similarities of 
the impedance signal shows that the mechanism of cellular death was the same between ALT and etoposide. A revised 
equivalent circuit model was employed in order to quantify morphological changes in the cell monolayer such as tight 
junction integrity and cell surface area coverage. This model showed a faster response to cytotoxin (2 hrs) compared to 
raw measurements (20 hrs). We demonstrate that herein that impedance spectroscopy of epithelial monolayers serves as 
a real-time non-destructive sensor for unknown pathogens. 
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1. INTRODUCTION 
The potential threat of biological and chemical weapons has been growing over the past 70 years1–3. The relative ease of 
acquiring and processing biological warfare agents, such as aerosolized Bacillus Anthracis, compared to other weapons 
of mass destruction such as nuclear warheads, has made them attractive to terrorist nations that have limited resources. 
The United States preparation to appropriately prevent or respond to a biological attack could be improved4. For these 
reasons, sensing technology must advance in order to detect any possible threats in the environment.  
 
The need for portable biosensors5,6 and point-of-care devices7,8 motivated the development BioMEMS-based devices for 
use in the fields of fundamental biology9–12, medical care13–18, and environmental monitoring5,19,20.  Antibodies and cells 
detect subtle changes in the environment, thus enabling novel utilization of biological agents in BioMEMS devices for 
the detection of ultra-low concentrations of solubility factors, temperature changes, and presence of cytotoxic particles21–

23. The most sensitive method of detection is the antibody-antigen (Ab-Ag) reactions that are capable of detecting 
[ng/ml] concentrations24,25. Although high sensitivity is desirable, the selectivity prevents the sensor from detecting those 
threats that are not expected. For application to biowarfare defense, the ability to perform a complete survey of our 
surroundings is crucial. Characterizing cell functionality enables the detection of any threats however conventional 
biological characterization techniques often rely on selective time-point testing of the state-of-the-sample and are unable 
to monitor events in real-time. A real-time, non-destructive method to monitor the health of the cells, and therefore, the 
safety of our environment is lacking.  
 
Conventional impedance spectroscopy (IS) has been used to non-invasively characterize the electrical behavior of 
electrochemical systems26–29. These electrical properties can be correlated to physical phenomena in order to characterize 
the material. With the application of low current density, the same method can be applied to monitor biological 
functionality, such as the presence of cells, the reactivity of enzymes, and the binding of nucleic acid sequences 22,30. 
Much like a canary in a coal mine is used to detect dangerous methane levels, epithelial tissues layers are capable of 
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detecting any changes in their environment. This universal detection method is crucial for complete monitoring against 
all possible threats. The use of cell cultures for toxicity studies has been well-established 31–34. By combining a cell 
monolayer with the diagnostic power of electrical impedance spectroscopy, a universal real-time non-destructive 
biosensor can be developed. In this study, the effectiveness of impedance spectroscopy and analysis applied to anthrax 
lethal toxin and a known apoptotic inducer, etoposide, will be investigated. 
 
2. MATERIALS AND METHODS 
2.1 Cell culture preparation 
Madin Darby canine kidney (MDCK) epithelial cells were cultured in Dulbecco’s Modified Eagle Medium 
supplemented with 10% fetal bovine serum (FBS) and 1% penicillin/streptomycin at 37°C at 5.0% CO2. Cells were 
seeded onto 8W10E+ electrode plates provided by Applied Biophysics (Troy, NY) at 4x105 cells/ml. Electrode plates 
consisted of eight 600 µl wells with 40, 250 µm diameter interdigitated thin film gold electrodes. Cells were cultured for 
24 hrs until confluence was reached, as confirmed by phase contrast microscopy. Culture media was changed at the 12 hr 
time-points until confluence was reached. At 24 hrs, the media was changed to DMEM + 1% Pen/Strep, and cells were 
allowed to equilibrate for 4 hrs before the addition of toxins. 
 
2.2 Toxin preparation 
Anthrax lethal factor and anthrax protective antigen were obtained through BEI resources (Manassas, VA). Etoposide 
was obtained from BioVision (Milpitas, California). Etoposide powder was diluted in DMSO to a concentration of 
100mM and solutions were stored at -25°C until use. Etoposide was added to cell monolayers in IS wells to a final 
concentration of 50µM. Anthrax protective antigen solution, diluted to 1mg/ml in phosphate buffer saline (PBS), was 
activated by 5% trypsin at 0.02 mg/ml for 20 min at room temperature (RT). Anthrax lethal factor and anthrax protective 
antigen were added to cell culture to a final concentration of 10 µg/ml and 30 µg/ml, respectively.  
 
2.3 Impedance measurements 
Impedance measurements were performed using the ECISZθ instrument from Applied Biophysics (Troy, NY): a phase-
sensitive lock-in amplifier, creating an AC signal through a 1MΩ resistor at an amplitude of 1 V over a frequency range 
(62.5Hz-64kHz). Measurements were taken in 2 min intervals for the duration of the experiment. Measurements were 
paused when media was changed.  
 
2.4 Analysis 
Data analysis was performed with the ECIS software and EISanalyzer. In order to find the highest signal to noise ratio, 
noise signals were attributed to a cell-free well, determined through the automated software process. The normalized 
measurements (ratio of cell/cell-free impedance signals) over 11 frequencies were examined to determine the optimal 
frequency for impedance, resistance, and capacitance. All measurements are reported at their optimum frequency. The 
real and imaginary component of the impedance was calculated from the reported impedance and phase angle from time 
points bridging the addition of toxin (27, 28, 29, 30, 31, 32, 37, 49 hrs). The calculated real and imaginary impedance 
values were used in conjuncture with EISanalzyer and an equivalent circuit model to determine the electrical parameters 
of the material system. Systematic components (media and electrode interface interactions) were subtracted using 
EISanalyzer in order to isolate the properties of the cell monolayer. 
 
2.4 Immunofluorescent staining 
The straining procedure was carried out in the 8W10E+ electrode plates. Wells were washed 3x for 5 min in PBS at RT 
between each step. MDCK cells were fixed with 4% paraformaldehyde diluted in PBS for 15min at RT. Blocking was 
conducted with an PBS solution with 0.5% FBS and 0.3% Triton X-100. Antibodies were also suspended in the 
PBS/FBS/Triton X-100 solution. Cells were incubated at 4°C overnight in antibody solution with primary cleaved 
caspase-3 antibody at 1:1600 supplied by Cell Signaling Technology (Danvers, MA). Wells were stained with secondary 
antibody anti-rabbit Cy5 at 1:100 for 1hr at RT. Wells were counterstained with DAPI at 1:100 for 15 min at RT. After 
aspiration of the final wash step, the plastic casing that formed the wells on the electrode was removed, Fluoromount-G 
from Southern Biotech (Birmingham, Al) was applied and the plate was mounted on a glass coverslip. Wells were 
immediately imaged using a Zeiss Axio Observer inverted microscope (Carl Zeiss, Thornwood, NY). 
 
3. RESULTS 
3.1 Frequency scans 
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Figure 1 shows the cell/cell-free measurement ratio for impedance, resistance, and capacitance. The optimal frequencies 
(highest cell/cell-free ratio) were 16 kHz, 2 kHz, and 64 kHz, respectively.  
 
3.2 Time-lapse impedance data 
Figure 2 shows the full range of impedance data for the control cell monolayer (untreated), etoposide-treated cells, and 
anthrax lethal toxin (ALT) treated cells. After an initial exponential increase, the impedance stabilized during the 4hr 
period of DMEM only media before the addition of toxin. Minor fluctuations (+/- 1%) in impedance were observed after 
the cell had reached a confluent monoalayer, as confirmed by visual observation. Within 10 hrs after exposure, there was 
significant difference between the treated and untreated cells showing a 7% variation from the untreated cells. Untreated, 
etoposide-treated, and ALT-treated cells showed impedance decline with a linear trend slope of 0.5, 1.2, and 1.6 % per 
hour respectively. Both toxin-treated wells displayed a 50% reduction in impedance after 50hrs of exposure compared to 
the control which only reduced by ~20%.  
 
3.3 Fitting of an equivalent circuit model 
Figure 3a shows the Nyquist plot of experimental data fitted with the proposed equivalent circuit model (Fig 3a inset). 
The model was applied to the confluent monolayer as well as six time points after exposure to toxin (29, 30, 31, 32, 37, 
and 49hrs). Total error of the full model approached >200% for confluent layers with individual components fitting up to 
70% error. With the removal of systematic components (Fig 3b), total error reduces to <15% for fully confluent layers 
and >70% for broken layers. Figure 4 shows the normalized resistance obtained from the equivalent circuit model as well 
as the resistance obtained from the ECIS software.  
 
3.4 Immunofluorescent staining 
Figure 5 shows fluorescent images from the untreated and ALT-treated wells. Nuclei stain, DAPI, appeared blue while 
Cy5, conjugated to cleaved caspase-3, appeared red. Cells were fixed 60hrs after exposure to toxins.  
 
4. DISCUSSION 
4.1 Model construction 
As a first approximation, an equivalent circuit model can be developed to describe the electrical characteristics of a 
material system. The polar plasma membrane of a cell is considered a double layer capacitor, while the tight junctions in 
between cells can be treated as a resistor 23,35–37. In a monolayer, these equivalent circuit components operate in parallel. 
The membrane is not a solid capacitor, however, and transports ions and proteins across its membrane. To account for 
this ‘leaky’ character, the capacitor can be replaced by a constant phase element. The interaction between the media and 
gold electrode can be monitored as a capacitor 38–40. Solubility factors must diffuse through the media to the cell surface 
in order to maintain cell metabolism. This diffusion can also be expressed as a constant phase element. Figure 3a inset 
shows the complete equivalent circuit model. This model, however, would only hold true for a confluent monolayer. 
Although the exact parameters show a gross approximation, the general behavior of the model is consistent with 
experimental data.  
 
Table 2 shows the error in the individual components of the equivalent circuit model as the layer grows to confluence 
and then degrades due to toxin exposure. It can be seen that the error to fit for the systematic components (media and 
electrode interface) increases as the layer becomes more confluent while the error for cellular components (tight 
junctions and membrane) increase as the monolayer degrades. Subtraction of the system components leads to a 
significantly better fit. These reduced model parameters give a quicker change in toxicity compared to impedance or its 
components. Figure 4 shows the comparison between the resistance measured by the ECIS equipment and the calculated 
parameters for the cell layer. The model more closely examines the properties of the cell layer, allowing for faster 
changes in parameter compared to the measured values (2 hrs and 20 hrs, respectively). A quick response to the presence 
of toxin is important for the application of biosensors. The toxin introduction method does not allow for perfect mixing 
and there is a time delay before toxin has reached the cell. This flaw can be improved with system design and by 
implementing BioMEMS techniques to consolidate and amplify toxin concentrations.  
 
4.2 Time Lapse Impedance data 
The growth of a MDCK cell monolayer forms an electrically-insulating material. The increased surface area coverage by 
the plasma membrane, as well as the formation of tightly bound junctions between neighboring epithelial cells, increases 
the overall impedance during growth. The increase in impedance shows exponential development as is expected for a 
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cell culture population. After 14hrs, the impedance leveled off at ~2,200 Ω. Monolayer confluence was confirmed 
through optical microscopy during the 24 hr time-point, at which media was substituted in for non-supplemented DMEM 
to prevent population growth during toxin exposure. After toxin exposure, a linear decrease in impedance was observed 
across all wells containing cells. The presence of toxin increased the rate of impedance drop by two, distinguishing 
induced apoptotic events due to the presence of toxin from cell starvation due to lack of refreshed media. At 70 hrs the 
ALT-treated cells showed an increase in impedance implying increased cell spreading in attempt to reform the 
monolayer.  
 
Apoptosis induced by exposure to etoposide was confirmed by immunofluorescent imaging (Fig 7).  The impedance 
signals between the etoposide-treated and ALT-treated cells are similar, allowing us to infer that the change in signal in 
the ALT-treated cells was caused by apoptosis. The disparity between respreading in ALT-treated cells towards the end 
of the trial can be explained through the mechanisms of apoptosis inductions. The chemical etoposide will persist in 
solution after disrupting cell function, allowing it to continue damaging cells after lysis. ALT must bind to surface 
proteins of a cell in order to damage the cell. This binding consumes the reagent, preventing further damage to other 
cells.  
 
5. CONCLUSION 
Confluent epithelial cell monolayers, that have formed tight cel-cell junctions, can be used to detect the presence of 
toxins in real-time with the use of impedance spectroscopy. By examining the electronic properties, which correlate to 
the health and physical properties of the cells and the electrodes, higher sensitivity can be achieved over simple 
impedance measurements. In combination with BioMEMS technology, such a method is capable of being applied to a 
biosensor for detecting unknown pathogens.  
 
6. FIGURES 

 

Figure 1: Frequency scans showing the optimal frequencies for examining the ●impedance (16kHz), ■capacitance (62.5Hz), 
and ▲resistance (1kHz) at 28hrs. 
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Figure 2: Normalized impedance at 16kHz for MDCK untreated, treated with ALT and Etoposide (n=3 wells). 

 

Figure 3: Nyquist plots for the a) original and b) reduced models. Plots show ■experimental data and ●fitted model. Insets: 
Electrical circuit diagram for the proposed models. 
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Figure 4: The normalized resistance for the (---)untreated cells, (- - -) ALT treateded cells, (-- --) reduced circuit model 
parameters for the ALT treated cells. 

 

Figure 5: Fluorescent images of untreated (a,b) and etoposide treated (c,d) cells stained with DAPI (b,d) and cleaved caspase-3 
(a,c). There was no measurable apoptosis within the control well. Scale bar is 50µm. 

7. TABLES 

Table 1: Percent error of fit for the full system and reduced models. Total error was 142% and 13% respectively 
 

 Rb PM nM CE Ps ns
System 15.8 10.7 0.89 24.3 63.6 27.0 

Monolayer 7.66 5.52 0.47 NA NA NA 
 

  

0.2

0.4

0.6

0.8

1

1.2

28 33 38 43 48
N

or
m

al
iz

ed
 R

es
is

ta
nc

e

Time (hrs)

Proc. of SPIE Vol. 8371  83711F-6

Downloaded From: http://proceedings.spiedigitallibrary.org/ on 11/16/2014 Terms of Use: http://spiedl.org/terms



 

 

Table 2: Percent error of fit for the cellular components (R1, P1, n1) and systematic components (C1, P2, n2). It can be seen 
that the cellular components fit best when a confluent layer is reached (28hrs) while the system components fit best when 

confluence is lost. 

Cellular 
Components 

System 
Components 

Hour R1 P1 n1 C1 P2 n2 

27 41.024 23.662 1.6908 111.1 11.683 1.601 

28 15.799 10.65 0.89149 24.29 63.57 27.03 

29 16.093 10.856 0.898 25.713 59.471 59.471 

30 41.424 23.283 1.699 245 12.107 1.6195 

31 38.577 21.11 1.555 125 12.855 1.737 

32 40.266 21.609 1.608 224 13.277 1.768 

37 36.245 18.39 1.397 74.157 15.626 2.129 

49 43.707 14.406 1.6293 24.482 Null Null 
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