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ABSTRACT: In the future, rapid electrical characterization of cells with impedance flow
cytometry promises to be a fast and accurate method for the evaluation of cell properties. In
this paper, we investigate how the conductivity of the suspending medium along with the heat
exposure time affects the viability classification of heat-treated E. coli. Using a theoretical
model, we show that perforation of the bacteria membrane during heat exposure changes the
impedance of the bacterial cell from effectively less conducting than the suspension medium
to effectively more conducting. Consequently, this results in a shift in the differential
argument of the complex electrical current that can be measured with impedance flow
cytometry. We observe this shift experimentally through measurements on E. coli samples
with varying medium conductivity and heat exposure times. We show that increased exposure
time and lower medium conductivity results in improved classification between untreated and
heat-treated bacteria. The best classification was achieved with a medium conductivity of
0.045 S/m after 30 min of heat exposure.

■ INTRODUCTION
Impedance flow cytometry (IFC) has seen significant interest
and investigation in the last 2 decades1−3 due to its potential
for label-free characterization of biological cells and its simple
process for fabrication of chips. In impedance flow cytometry,
a liquid containing particles or cells is continuously injected
and flows across a set of detection electrodes. The change in
current during the passing of a particle is measured
simultaneously at multiple frequencies and, as result, different
parts of the cell structure are probed.

The majority of IFC related work has focused on
characterization of larger cells such as red blood cells, yeast,
and other eukaryotic cells.4−9 Less work has gone into
investigating bacteria and other smaller particles, likely because
it is difficult to achieve sufficient signal-to-noise ratios for
smaller cells. Multiple studies have tried to suggest changes to
the design and fabrication of the detection electrodes meant to
improve the sensitivity of the technology.10−15 However, the
bacteria studies that have been done have focused on simple
detection and differentiation from nonbiological particles,16−18

and on the assessment of the viability of the bacteria.19−21

Previously, we have looked into the effect of three
inactivation methods on the IFC characterization of E. coli.22

To do that, we inactivated the bacteria using ethanol,
autoclaving, and heat exposure (90 °C). We further
investigated the viability of the cells before and after
inactivation using three methods: plate counts on agar plates,
membrane integrity using a fluorescent viability kit, and
impedance flow cytometry (using a prototype impedance flow

cytometer from the Danish company SBT Instruments A/S).
The plate counts confirmed the inactivation (i.e., no growth)
for all three inactivation methods, and the investigation with
the fluorescent viability kit showed that the membranes of the
bacterial cells were perforated after inactivation. Surprisingly,
however, we found that the impedance response was different
after inactivation for the three inactivation methods. While
cells inactivated with either ethanol or with autoclaving could
be classified as such with a selectivity of 99.6% and 90.9%
compared to viable cells, cells inactivated by heat (90 °C)
could only be classified with a selectivity of 18.0% compared to
untreated cells. This left a fascinating unanswered question
about why heat inactivated bacteria, that show no growth on
appropriate agar plates and have perforated membranes, do not
exhibit a significant change in impedance response.

In this paper, we describe our latest investigations of the
impedance response of bacterial cells after heat inactivation.
We attempt to clarify how the duration of the heat exposure
affects the IFC results. We investigate if prolonged exposure to
heat (at 90 °C) affects the ability of IFC to classify heat-treated
cells from untreated cells, again using an impedance flow
cytometry prototype from SBT Instruments. We also examine
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what role the conductivity of the suspension media plays in the
effectiveness of the classification. We attempt to explain the
observed behavior using an analytical model based on Maxwell
mixture theory.

■ THEORY
Impedance measurements of cells has been used for almost a
hundred years to study the viability of cells and cell cultures.23

The prevailing idea is that the inactivation method perforates
the lipid membrane of the cell, leading to a breakdown of
metabolic activity and an inability of the cell to maintain
structure.24,25

This is especially true for eukaryotic cells, but also cells with
more rigid envelope structures are considered nonviable when
the lipid membrane is broken.24 For a healthy cell, an intact
membrane acts as an insulating barrier surrounding the
cytoplasm in the core of the cell. More specifically, the
insulating membrane acts as a capacitor that electrically shields
the cell interior at lower frequencies (typically <1 MHz) but is
short circuited at higher frequencies (typically >1 MHz)26,27

making way for electrically probing of the membrane and cell
interior.28 This idea is also the basis of several commercially
available cell counters based on the Coulter counter
principle.29

Bacteria are not homogeneous particles but are often
represented by more or less complex models of concentric
shells (i.e., the cell envelope) around a homogeneous interior
(i.e., the cytoplasm of the cell). Since we are performing the
IFC experiments on samples with Gram-negative E. coli
bacteria, we have chosen to represent the bacteria as a
spherical model with three shells representing the three layers
found in the cell envelope structure of Gram-negative bacteria:
the outer membrane, the periplasmic space, and the inner
membrane (or plasma membrane), as shown in the inset of
Figure 1a. More complex modeling of the bacteria shape can
be done (e.g., elongated shape30); however, spherical modeling
is sufficient to describe the general behavior of the impedance.
The impedance chips used for the experiments have two sets of
front-facing microelectrodes as illustrated in Figure 1a. As the
bacteria transitions through the microchannel and sequentially
passes between the two sets of electrodes, the corresponding
differential impedance forms a characteristic double Gaussian
shown in Figure 1b. The peak value of the transition
corresponds to the situation where the cell is between one of
the electrode sets. In the following, we will refer to the peak
impedance between the first electrode set (with the bacterium)
as Z and the impedance of the second electrode (without the
bacterium) set as Z0.

We use Maxwell mixture theory to predict the impedance
behavior of inactivated cells (i.e., cells with perforated
membranes). To do this, we will use the complex permittivity
that depends on the relative permittivity (ε), the conductivity
(σ), and the angular frequency (ω) in the following way:

(1)

For a nonhomogeneous shelled sphere like the one used to
represent the Gram-negative bacterium, an effective complex
permittivity (εef f* ) can be calculated that takes the combined
electrical properties of the interior of the cell (εi*) and each of
the shells into account.31 This complex permittivity can be
calculated by first calculating the effective permittivity of the
interior sphere with one shell and then continually adding
additional shells starting from the innermost one:

(2)

The effective permittivity of the bacteria suspended in the
electrolyte medium (εmix* ) is given by the Maxwell-Garnett
mixing equation:32,33

(3)

where ϕ is the volume fraction occupied by the bacterial cell
(see Supporting Information) and (εmix* ) is the complex
permittivity of the medium.

The differential complex impedance of the entire system
(ΔZ = Z − Z0) can then be calculated using eqs 4 and 5:

(4)

(5)

with κ being a correction factor (see Supporting Information)
for the nonuniformity of the electric field at the electrode edges
into account2,34 that depends on the width of the electrodes in
the direction of the flow and the height of the detection
channel, and l is the length of the electrode perpendicular to
the flow. Using Ohms law, the current (I*) and subsequently
the differential current (ΔI*) can be calculated:

Figure 1. Dielectric bacteria modeling. (a) Sketch showing a microfluidic channel with two sets of front-facing microelectrodes. A bacterium
represented as a sphere with diameter, d, and three concentric shells around it, is located between the first set of electrodes. The shells represent the
outer membrane, periplasmic space, and inner membrane of the cell. (b) Characteristic double Gaussian event that forms in the differential
impedance (Z − Z0) when the bacterium transitions sequentially between the two electrodes sets.
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(6)

(7)

The differential modulus and argument can then be
calculated using

(8)

(9)

The cell properties of the bacteria depend on factors such as
strain and growth conditions.35 For modeling, we use electrode
dimensions of 10 μm width and 25 μm in length and a channel
height of 10 μm identical to the dimension of the chip used for
experiments. The applied voltage (U) is 16 Vpp combined for
both frequencies and the bacteria diameter is 1 μm with the
dielectric properties of the shells and interior found in Table 1.

Usually, IFC experiments are carried out using medium with
relatively high conductivity (e.g., 1xPBS at ∼1.6 S/m)
compared to the cells that are probed. This is overall a good
strategy since it usually leads to higher current and better
signal-to-noise ratio (i.e., peak-to-noise).36

However, we conduct our experiments using phosphate
buffered saline (PBS) diluted with ultrapure water (UPW) to
lower the conductivity of the PBS. While this does affect the
peak-to-noise ratio, it also leads to a situation where the
differential argument of the current depends heavily on
whether the bacterium increases or decreases the impedance
of the system during a transition. More specifically, the
differential current shifts out of phase if the cell changes from

being effectively less conducting to effectively more conducting
than the medium and vice versa. If the original signals that are
subtracted are in phase, the resulting differential phase will
shift from in-phase to out-of-phase when the amplitude of one
of the signals changes from larger to smaller than the other
signal. This idea is illustrated in Figure 2 for situations where
the bacteria is less conducting than the medium and more
conducting than the medium.

For bacteria, measurements with IFC various conditions
determine if this shift happens, for example, when changing the
frequency from a low frequency where the membrane blocks
the current and the impedance is high, to a higher frequency
where the membrane is more transparent to the current, and
the impedance is lowered (on the condition that the
conductivity of the cell interior is higher than that of the
media). Additionally, the phase shift will also occur at lower
frequencies when the membrane of the cell is perforated, e.g.,
after inactivation. As the membrane perforates, the effective
impedance of the membrane drops, and the cell interior is
probed even at lower frequencies.

For cell measurements, the two subtracted signals are not
necessarily completely in-phase due to the capacitance of the
system (primarily from the lipid membrane). Even so, when
plotting the differential argument, the detected events are
expected to move between three general positions as indicated
in Figure 2b:

• Position 1: The cells/particles are effectively less
conducting than the medium at both low and high
frequency (|Z| > |Z0|). This could be e.g., polystyrene
beads.

Table 1. Dielectric Properties and Thickness of the Three Shells (Outer Membrane, Periplasmic Space, Inner Membrane) and
the Interior Core (Cytoplasm) Used for Modeling of the Bacteriuma

outer membrane periplasmic space inner membrane cytoplasm media

conductivity (σ) [mS/m] 1e−1 3200 1e−6 220 40
80
160
800

permittivity (ε) 12.1 60 5.5 108 80
thickness [nm] 8 15 4 not applicable not applicable

aDielectric properties from ref 36, media properties from experimental parameters.

Figure 2. Influence of relative conductivity. (a) Sketch of the time dependent AC current (one frequency) on two electrode sets during the passage
of a particle/bacterium with a lower effective conductivity than the medium surrounding it (σbac < σm) and the reverse situation where the particle/
bacterium has a higher effective conductivity compared to the medium (σbac > σm). (b) Sketch of the 3 main proposed positions of particles/
bacteria populations in a scatterplot with argument at low frequency on the x-axis and the argument of the high frequency on the y-axis. In position
1, the impedance of the particles/bacteria are effectively higher than that of the surrounding medium at both low and high frequency (e.g.,
homogeneous nonconducting beads). In position 2, the impedance of the particles/bacteria in the high frequency is lower than that of the medium
(e.g., bacteria cells with intact membranes if the high frequency is high enough to bypass the membrane capacitance). In position 3, the particles/
bacteria are effectively more conducting than the medium at both frequencies (e.g., cells with broken membranes). (c) Analytical calculation based
on MMT that shows the behavior of a bacteria with fixed properties in a medium with increasing conductivity. The bacteria position follows the
predicted positions as the media conductivity increases (i.e., as the bacteria moves from more conducting to less conducting than the medium).
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• Position 2: The cells/particles are effectively less
conducting than the medium at the low frequency (|Z|
> |Z0|), but more conducting in the high frequency (|Z| <
|Z0|). This could be, e.g., cells with intact cell membranes
that are opaque at low frequencies but transparent at
high frequencies

• Position 3: The cells/particles are effectively more
conducting than the medium at both low and high
frequency (|Z| < |Z0|). This could be, e.g., cells with
broken membranes that allow current to run through the
more conducing cell interior, even at low frequencies.

Whether the bacteria are more or less conducting compared
to the surrounding media obviously depends on the
conductivity of the medium. In Figure 2c, the differential
argument calculated using the model properties found in Table
1 is plotted with increasing medium conductivity for the two
frequencies used for experiments (366 kHz and 6.9 MHz). As
the medium conductivity increases, it is seen that the predicted
differential argument passes through the 3 positions as the cells
go from being more conducting to less conducting than the
medium.

In Figure 3, the differential phase as a function of inner and
outer membrane conductivity is plotted for the two
experimental frequencies (366 kHz and 6.9 MHz) and
changing medium conductivities (40 mS/m, 80 mS/m, 160
mS/m, and 800 mS/m). We see that the conductivity of both
membranes can increase multiple orders of magnitude before
the shift occurs and that the shift does not happen if the
medium conductivity is higher than the cytoplasm conductivity
(here 220 mS/m). This tells us that it is not just a matter of
“if” the membrane is perforated, but also the degree of
perforation and that a perforated membrane in itself is not
enough to differentiate inactivated cells from intact cells based
on differential argument.

The analytical results lead to the following expectations for
the experimental results:

• A shift in the argument means that the membrane is
perforated enough, so that the effective conductivity of
the cell is higher than that of the surrounding media.

• It is not necessary that both outer and inner membranes
are perforated if the conductivity of the periplasm is high
enough. In this way, the cell becomes effectively more
conducting than the media surrounding it even if only
the outer membrane is perforated.

• The shift in argument is expected to happen “sooner”
(i.e., at lower membrane conductivities) when the media
conductivity is lower.

• If the argument does not shift, it means that the
membrane is not sufficiently perforated or that the
conductivity of the cell interior is lower than that of the
surrounding media.

• The shift in argument is expected to be more significant
in the low frequency compared to the high frequency.

■ METHODS
Testing the Effects of Prolonged Heat Exposure.

Preparation of heat inactivated samples were performed in
order to duplicate results from our previous work.22 E. coli
bacteria (ATCC8739) were grown overnight in TSB (tryptic
soy broth, Sigma-Aldrich) at 37 °C and with 180 rpm shaking.
The following day, 10 μL of the overnight culture was
transferred to a vial with 10 mL of fresh TSB and incubated for

5 h. Five glass vials, each containing 1 mL of culture, were then
prepared. Four of them were placed inside an aluminum heat

Figure 3. Differential argument as a function of membrane
conductivity. Color gradient map of the calculated differential
argument for increasing conductivity of the inner and outer
membrane (σinner, σouter) at the experimental frequencies of (a) 366
kHz and (c) 6.9 MHz at 4 different medium conductivities (σm): 40
mS/m, 80 mS/m, 160 mS/m, and 800 mS/m. (b, d) Differential
argument at the diagonal line (σinner = σouter) of the color gradient
maps for each of the conductivities.
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block on a hot plate. The hot plate was set to 90 °C, and the
temperature of the block was monitored using a thermometer
submerged in an ultrapure water (UPW) sample also placed in
the heat block.

One bacteria sample was placed directly on ice, while the
subsequent 4 samples were removed from the heat block after
5, 10, 20, and 30 min and then placed on ice.

Drop plating (3 drops of 10 μL on tryptic soy agar) was used
to confirm the inactivation was successful so that no cell
growth was observed after 24 h in any of the heat-treated
samples.

For IFC measurements, 3 μL of bacteria sample was
transferred into 3 mL (1/1000 dilution) of diluted PBS
(Dulbecco’s phosphate buffered saline, Sigma-Aldrich). This is
done to reduce both the concentration of cells in the sample
and the conductivity contribution from the growth media. The
PBS was diluted with UPW in the following ratios: 1/40, 1/20,
1/10, and 1/2. The UPW is deionized, and the conductivity of
the sample is therefore dependent on the dilution of the PBS.
The conductivity of the 4 samples was measured using a

Primo5 conductivity meter (HannaNorden AB, Sweden) to be
45 mS/m, 85 mS/m, 175 mS/m, and 860 mS/m, respectively.
IFC Measurements. The IFC measurements were carried

out using an impedance flow cytometer prototype from SBT
Instruments A/S (Herlev, Denmark). Each sample was
measured using the IFC prototype at two simultaneous
frequencies of 366 kHz and 6.9 MHz to match the previously
obtained results.22 The voltage applied to the electrode was 15
Vpp for all samples except for the samples in 1/2xPBS where it
was reduced to 1.5 Vpp to avoid clipping of the differential
signal at the ADC. The clipping of the signal happens because
of asymmetries in the detection electrode fabrication that
causes the differential current between the electrode sets (Z
and Z0) to be different from 0. As the medium conductance is
increased this nonzero current increases beyond the dynamic
range of the ADC in the flow cytometer. To mitigate this, the
input voltage is reduced leading to a reduction in peak height
of the events. Because the argument is calculated as the ratio of
imaginary and real part of the signal, a reduction in peak height
does not affect it, but obviously the moduli cannot be
compared without some form of normalization.

Figure 4. Density plots of experimental results. Density plots showing the results from individual measurements on samples with increasing heat
exposure times (0 to 30 min in columns left to right) and medium conductivity (1/40xPBS to 1/2xPBS in rows top to bottom). Striped, red lines
indicate the median value of the LF and HF argument for each population.
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The raw IFC measurements were analyzed using a custom
software program created by SBT Instruments. The results
were plotted as density plots (based on kernel density
estimation) showing the differential argument for low and
high frequency. Furthermore, ROC curves were generated
using MATLAB to show how well the heat inactivated cells can
be differentiated from untreated cells.

■ RESULTS AND DISCUSSION
No cell growth was seen on any of the heat exposed samples
after 24 h at 37 °C, meaning that the E. coli are inactivated after
5 min of exposure to 90 °C.
Impedance Response of Heat-Treated E. coli. Figure 4

shows the measured differential argument of the impedance at
366 kHz and 6.9 MHz. The figure shows a grid of plots, each
plot based on a measurement with a specific heat exposure
time and medium conductivity. The exposure time increases
with each row from leftmost (0 min, i.e., untreated) to
rightmost (30 min). Similarly, measurements with low
conductivity medium (1/40xPBS) are found in the top row,
with increasing conductivity for the rows below, ending at 1/
2xPBS at the bottom row. The low-density populations of
events seen in almost all samples at position 1 and position 3
are expected to be cell residues and/or debris from the flow
system (from tubing, pumps, etc.). These populations are
observed even in pure PBS samples.

The interplay between the exposure time, medium
conductivity, and the movement of the measured population
between the three general positions is seen in Figure 4.

When the surrounding media conductivity is low (i.e., 1/
40xPBS and 1/20xPBS), the differential argument shifts when
the heat exposure time increases and more of the cells shift
from position 2 toward position 3. This supports the idea that
prolonged exposure to heat further breaks down the cell
membrane and allows current to pass through the bacterium at
the low frequency, effectively shifting the cell from being less
conducting to more conducting than the medium surrounding
it.

It also supports the prediction that simple perforation is not
enough to shift the population but that the effective
conductivity of the membrane must change several orders of
magnitude before the shift happens (e.g., longer exposure
causes larger or additional ruptures in the membrane).

Remember that the bacteria cells in the samples do not
grow, so it is not a question of whether the additional
perforation inactivates the cell. The important point is that the
perforation becomes more apparent in the impedance signal as
the population shifts more for increased exposure times.

As the media conductivity increases (1/10xPBS and 1/
2xPBS), the shift in differential argument is not apparent. For
the sample 1/10xPBS, we see that some cells shift when going
from untreated cells to heat inactivated cells, but most of the
cells stay in the same position. We only expect the relative
impedance to change if the conductivity of the cell interior is
higher than that of the medium and these results therefore
indicate that the cytoplasm conductivity is at or below that of
1/10xPBS (∼160 mS/m). This may be an underestimation
since exchange between cytoplasm and medium could occur as
the membrane perforates artificially lowering the cytoplasm
conductivity. However, if the cytoplasm was fully replaced by
medium, we would not expect to see a shift in population at
the lower medium conductivities.
Classification of Viable and Inactivated Bacteria.

Differentiation between untreated and heat-treated cells is
done by generating ROC curves and calculating the area-
under-curve (AUC). A higher AUC is an indication of better
classification while an AUC of 0.5 means the classification is no
better than random. The calculated AUC based on the low and
high frequency argument as a function of exposure time can be
seen in Figure 5. They show that the classification between
heat-treated and untreated E. coli improves as the exposure
time is extended, as well as for lower medium conductivities.
The ROC curves themselves can be seen in the Supporting
Information (Figure S1).

From Figure 5, we can see that the best classification
between untreated and heat-treated bacteria is achieved when
classifying based on the low frequency argument for the
bacteria that have been exposed to the heat for 30 min
(although the improvement from 10 to 30 min is not very
large) and are suspended in the lowest conductivity medium
(1/40xPBS). It is reasonable that the best classification is seen
in the low frequency since the relative change in membrane
impedance is larger going from an intact and “opaque”
membrane to a perforated one. Under these conditions, a
simultaneous sensitivity of 97.1% (ratio of untreated bacteria
correctly classified as such) and a selectivity of 99.1% (ratio of
heat-treated bacteria correctly classified as such) can be
achieved. This is a noticeable improvement compared to our
previous work, where the optimal threshold (found in the high
frequency argument) only yielded a selectivity of 18.0%. A
surprising observation was the decrease in the AUC for 30 min
heat exposure in 1/10xPBS. It is currently unknown if this
drop is related to the heat resistance of the bacteria or to
experimental variations.

Figure 5. Area under curve. AUC values as a function of exposure time for low and high frequency (366 kHz and 6.9 MHz). For each exposure
time, the AUC for samples with conductivities of 1/40xPBS, 1/20xPBS, 1/10xPBS, and 1/2xPBS is plotted. An AUC value of 0.5 indicates that
classification is not possible, while an AUC of 1 means perfect classification.
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■ CONCLUSION
In this paper, we have presented our measurements on heat
treated E. coli bacteria using impedance flow cytometry. We
have shown that the bacteria can be classified based on
whether they are heat-treated but that the performance of the
classification depends on the duration of the heat exposure and
the conductivity of the medium. The impedance classification
relies on a shift in the differential argument of the bacteria that
occurs when the bacterial cell changes from being less
conducting to more conducting than the medium surrounding
it. This seems to depend not only on the medium conductivity
but also on the duration of the heat exposure step, indicating
that the structural changes in the bacteria membrane during
heating may also be time dependent. We found the best
differentiation between untreated and heat-treated E. coli when
the sample was heat-treated for 30 min and was suspended in a
medium with a conductivity of 45 mS/m (1/40xPBS).
However, the relevance of these particular conditions may
change depending on the investigated strain and application.
What remains clear is that care must be taken when using
impedance flow cytometry to classify the viability state of heat-
treated E. coli. Further studies should be conducted to
understand how the cell structure changes during prolonged
heat treatment and correlated to the observed change in
impedance.
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