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ABSTRACT Measuring the nonlinear responses of living cells has enabled an understanding of their
behavior and functionality. Currently, this response has been studied at radio and optical frequencies, leaving
an unexplored gap in the field of microwaves. This paper presents a system that combines microwave
technology with a microfluidic platform to measure the nonlinear susceptibility of living organisms to
electromagnetic fields. The applied technique involves feeding the system with two tones (2.1GHz and
4GHz) to generate third-order intermodulation products (PIMP) at 5.9GHz. Nonlinear susceptibility was
measured from the power levels of PIMP using a spectrum analyzer. Broadband electrodes based on the
slot bowtie geometry were manufactured to operate at 5 GHz with a bandwidth of 4GHz. Additionally,
an engineering process is presented to optimize the power of the internal mixer of the spectrum analyzer
to obtain the maximum dynamic range and improve the sensitivity of the system. Nonlinear susceptibility
to microwaves was analyzed in four samples: pure ethanol, a mixture of ethanol and dimethyl sulfoxide
(DMSO), live Escherichia coli (E. coli), and heat-killed E. coli. The results show that ethanol has zero
nonlinear susceptibility, whereas when it is mixed with DMSO, a nonlinear response appears at a value
of 4 dB with respect to the nonlinear susceptibility of the system in the absence of a sample. Finally, the
nonlinear susceptibility of live E. coli to microwaves was detected, with a difference of 8 dB over the
reference value and 6 dB with respect to the heat-killed E. coli sample.

INDEX TERMS E. coli, intermodulation products, microfluidic, microwave, nonlinear susceptibility, non-
invasive, power, spectrum analyzer.

I. INTRODUCTION
In recent years, there has been growing interest in rapid,
non-invasive, and highly sensitive mechanisms for the
determination of cellular properties [1]. In this sense, the
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integration of microwave and microfluidic technologies
has shown great potential for real-time cellular analysis
by expanding the knowledge about their operation and
behavior [2]. The implications of these findings cover a wide
range of fields such as medicine, industry, pharmacy, and
research.
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Recent studies have highlighted the potential of
microfluidic-basedmicrowave sensors. For instance, a review
of microfluidics-based microwave sensors emphasized their
potential for highly sensitive, rapid, and non-invasive mea-
surements [3]. Furthermore, the applications and increasing
trend of utilizing microfluidic-microwave devices have
been presented by [4] and [5]. Additionally, research on
wireless microwave sensing of bacterial membrane potential
in microfluidic-actuated platforms has also been presented,
providing a rationale for nonlinear membrane responses
[6], [7].
The nonlinear characteristics of living cells have also been

studied. From a mechanical point of view, the deformation
and transmission of force due to external stimuli have been
studied in microorganisms [8] as well as their viscoelastic
properties [9].

Regarding the interplay with electromagnetic fields, dif-
ferent experimental methods and theoretical models have
been developed for radio frequencies (RF). For exam-
ple, Chen et al. [10] characterized the nonlinear dipolarized
responses of living cells based on the modulation of the
applied frequency within a microfluidic device. Kuznetsov
and Kuznetsova [11] developed a nonequilibrium ther-
modynamic theory to describe nonlinear RF interactions
in living cells and their effects on molecular properties.
Bartoli et al. [12] measured vibrational modes in living
human cells using advanced microcantilever technology.
Antonacci et al. [13] performed noncontact mechanical and
chemical analyses of single living cells using spectroscopic
techniques. Moreover, at optical frequencies, the nonlinear
susceptibility tensor has been utilized to generate a second-
order signal, which aids in sensing the action potential
variation in cells [14], [15]. This principle has also been
applied in Nonlinear Optical Microscopy (NLOM), a tech-
nique that generates images through nonlinear interactions
between light and matter [16], [17], [18]. NLOM has proven
instrumental in studying various cellular functions, including
protein interactions, tissue engineering, and bacterial biofilm
formation [19], [20].

Accordingly, the nonlinear electromagnetic response of
living cells to radio frequency (RF) and optical electromag-
netic frequencies has been thoroughly explored in existing
literature. In contrast, this study addresses the existing gap by
investigating this nonlinearmicrowave susceptibility of living
cells.

Passive intermodulation products (PIMP) are the result
of the nonlinear behavior of a system subjected to multiple
impinging frequencies. These products consist of second-
and higher-order sums and frequency differences from the
original signals [21], [22]. In the context of electromagnetic
systems, PIMP can be used to measure and characterize the
nonlinearity of the system; therefore, it can provide valuable
information on the nonlinear susceptibility characteristics of
cells [23], [24], [25].

Thus, this study aims to: (i) propose a microwave-
microfluidic system for real-time, non-invasive assessment

of the electromagnetic nonlinear response of cells using
microwave PIMP techniques, (ii) explore the system’s capa-
bility to capture nonlinear responses in various samples and
their dynamics under external stimuli, (iii) showcase the sys-
tem’s applicability in studying the nonlinear behavior of cells,
and (iv) validate its potential for advancing the understanding
of cellular dynamics by analyzing microwave-induced non-
linear responses.

The remainder of this paper is organized as follows:
Section II provides a description of the theoretical modeling
of the system. Section III describes the methodology used in
the proposed system, including the microwave PIMP-based
approach and microfluidic platform. Section IV presents the
experimental setup used to validate the proposed system,
including a description of the experimental setup, materials
and equipment used. Section V presents experimental results.
Section VI discusses the interpretation of the results,
a comparison with existing methods, and the limitations.
Finally, Section VII concludes the paper by summarizing the
contributions of the proposed system and outlining the future
work.

II. THEORETICAL BACKGROUND
In this section, three fundamental concepts are explored:
(i) the nonlinear response of cells generated by the transmem-
brane voltage, (ii) the role of PIMP in nonlinear microwave
susceptibility measurements, and (iii) the instrument mea-
surement optimization for the application of the PIMP
technique in cells.

A. THE TRANSMEMBRANE VOLTAGE
The electromagnetic behavior of cellular and intracellular
membranes is distinctly nonlinear, and is attributed to
phenomena such as the potential barrier resulting from the
variance between the inner and outer electrolytes, nonlin-
ear membrane capacitance, voltage-gated lipid membrane
permeability, conductance rectification, and the impact of
nonthermal electromagnetic interactions on the cellular
sodium ion channel [26], [27], [28].

The transmembrane voltage, or transmembrane potential
difference Vm, is the difference in electric potential between
the internal and external parts of a biological cell. This
potential arises from the interaction between ion channels and
ion pumps embedded in the cell membrane. The membrane
potential is typically of the order of V0 = 100mV in
the absence of an applied external electromagnetic field.
However, when a cell is exposed to an external electric field,
it can induce transmembrane voltage excess δVm , resulting
in Vm = V0 + δVm . During electric field stimulation,
the electric current density Jm through the cell membrane
was obtained by summing the capacitive current CmVm
and conduction current σm(Vm + V0)/dm, where Cm is the
membrane capacitance, σm is themembrane conductivity, and
dm is the membrane thickness. The membrane capacitance
can be calculated as Cm = C0 + β(1Vm)2, where β is the
dielectric dispersion (considering real and imaginary values)
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FIGURE 1. (a) Current-Voltage response for the diode-based model of a
live and dead cell. The inset plot shows the current density.
(b) Theoretical estimation for nonlinear susceptibility of E. coli.

of the biological cell [29]. Furthermore, for frequencies
below 100 kHz, β becomes negligible and the current-voltage
step-response is known to be approximated by a nonlinear
diode-like relationship of the form

Jm = J0[exp(Vm/VT ) − 1], (1)

where J0 and VT have typical values [25], [30] of 10−5A/cm2

and (approximately) 5mV, respectively. Moreover, consid-
ering the Vm dependence on Cm, the Maxwell stress tensor
from the capacitor charges alters its geometry, for example,
by reducing dm and increasing Cm [31]. Thus, Cm exhibits a
nonlinear response to Vm [32].
Figure 1 presents a current-voltage graph and the frequency

harmonics generated by a bacterium when subjected to an
external field. δVm was set to approximately 10mV for living
cell and 0mV for dead cells. Figure 1(a) illustrates the model
responses under both the conditions. Moreover, to highlight
the difference in current density, Fig. 1(a) provides an ampli-
fied view, revealing an estimated current-density difference
of 6mA/cm2.

B. THIRD-ORDER PIMP GENERATION
In the linear operation range of a receiver, that is, a spectrum
analyzer, the output signals increase proportionally with the
input level until the system goes into compression and the
output stops increasing. This is where PIMP arises as the sum
and difference of the input signals according to Mf1 ± Nf2,
whereM and N can be any integer number and the sum (M+

N ) indicates the order of the products. For instance, the third
order is found at 2f1 ± f2, 2f2 ± f1, 3f1 and 3f2.
To theoretically estimate the nonlinear microwave suscep-

tibility of the cell, the generated current can be modeled in

a manner similar to Eq. 1 where Im = I0[exp(Vm/VT ) − 1].
If the system is directly excited with two sinusoidal signals
of the same amplitude V0 and frequency components of
ω1 = 2π f1 and ω2 = 2π f2, then the current output can be
obtained using the Taylor expansion as follows:

Im(t) = a2V 2
m + (a1Vm +

9
4
a3V 3

m) cos(ω1,2t)

+
1
2
a2V 2

m cos(2ω1,2t) +
1
4
a3V 3

m cos(3ω1,2t)

+ a2V 2
m cos(ω1 ± ω2) +

3
4
a3V 3

m cos(2ω1,2 ± ω1,2),

(2)

The term IPIM3 =
3
4a3V

3
m cos(2ω1,2 ± ω1,2) is the third-order

intermodulation product that creates a voltage drop in the
internal resistor of the function generator Rs, which is
typically 50�. The power PPIMP can be computed using the
following equation:

PPIMP = Rg
I2PIMP

2
(3)

Then, by varying δVm the nonlinear microwave susceptibility
can be computed in terms of the third-order intermodulation
products. Figure 1(b) plots the individual input powers of the
two tones versus the PIMP power with a value of a3 = 10−8

for δVm = 0 and δVm = 10mV.
The power of the third-order PIMP increases three times

faster than that of the input signals. Thus, a 1 dB input signal
increase results in a 3 dB PIMP level rise, reducing the power
difference 1P between the input signal and the third-order
PIMP by 2 dB.

III. ENHANCING INSTRUMENT PERFORMANCE
FOR PIMP MEASUREMENTS
The power difference 1P between the input power level and
the PIMP harmonics is defined as the Intermodulation Free
Dynamic Range (IMFDR). In this context, PIMP serves as
a technique to boost the sensitivity of the spectrum analyzer
when dealing with nonlinear samples, thereby optimizing the
dynamic range. In this study, source 1was set to f1 = 2.1GHz
and source 2 to f2 = 4GHz, with frequency separation 1f
and power Pf1 = Pf2 = −19.3 dBm. The third-order PIMP
component is located at 2f2 − f1 = 5.9GHz with a measured
power of PfIM = −98.4 dBm and initial IMFDR=79.1 dB.
Figure 2 shows the power of the two input signals and the
selected PIMP frequency.

The intermodulation free dynamic range (IMFDR) refers
to the range within which a system can operate without
third-order intermodulation products exceeding the noise
floor of the system. A dynamic range chart visually
determines the maximum dynamic range and optimal mixer
power considering the third-order intercept point (TOI),
Phase Noise (PN), and average noise level (DANL) related
to the resolution bandwidth (RBW). Geometric analysis of
the chart’s curves, shown in Fig. 3, yields equations for the
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FIGURE 2. Third-order PIMP generated at 2f2 − f1 = 5.9GHz. The IMFDR
corresponds to the power variation between input signal and PIMP level.

FIGURE 3. (a) Dynamic range chart of the spectrum analyzer for IMFDR as
a function of input mixer level and selected resolution bandwidth.

TABLE 1. Technical specifications of the Spectrum Analyzer FSW43
(Rohde & Schwarz, Germany).

maximum dynamic range and optimal mixer level as

DRmax =
2
3
(TOI − DANL) (4)

and

MPopt =
1
3
(2TOI + DANL). (5)

Using the technical data reported in Table 1, the initial
and maximum dynamic range and optimum mixer power are
117.4 dB and −38.5 dBm, respectively.

A. TOI VERSUS MIXER LEVEL
The TOI is the hypothetical point at which the linear
response and third-order intermodulation lines intersect after
the receiver enters compression. Although the TOI cannot be
measured directly, it can be calculated from the known line
slopes and the measured space between the intermodulation
signals and input signals Pfn , according to

TOI =
1P
2

+ Pfn , (6)

which results in a value of 20.17 dBm.
The dynamic range chart (Fig. 3) shows that the slope of

the TOI line is +2, indicating a 2 dB decrease in the dynamic
range for each 1 dB increase in fundamental tone power; the
y-axis intersection at 0 dBc is equal to the TOI value.

B. DANL VERSUS MIXER LEVEL
The measurement process employed narrow-span spectral
analysis controlled by the RBW, enhancing the noise signal
ratio and dynamic range without affecting the scan time.
Minimizing the video bandwidth (VBW) filter mitigates
PIMP variation near the noise floor. In this regard, as shown
in Fig. 3, the DANL relative to the mixer-level power has
a −1 slope, indicating a 1-dB S/N decrease for each 1-dB
power reduction in the input mixer. At 0 dBc on the y-axis,
the x-axis mixer level is equal to the 1-Hz RBW DANL with
0-dB input attenuation. As a result, the noise floor increases
by 10 dB for every tenfold RBW increase, and by 10 and
30 dB for 10 Hz and 1 kHz settings, respectively, compared to
the 1 Hz RBW. The spectrum analyzer’s DANL for this study
was −156 dBm at a 5 Hz RBW with 0 dB input attenuation.

C. PHASE NOISE EFFECT ON DYNAMIC RANGE
Phase noise originating from the electrodes or the spectrum
analyzer can obscure the PIMP if it coincides with the phase
noise skirt. Similar to broadband noise, the phase noise floor
varies with the RBW. Thus, signals displayed on a log-power
scale (Video) require a −2.26 dBc phase-noise offset owing
to the averaging scale. For a 1 GHz signal, the phase noise
of the spectrum analyzer was approximately −104 dBc at a
normalized 50 Hz RBW (Fig. 3).

D. VALID MEASUREMENT RANGE
As shown in Fig. 4, a custom dynamic range chart adjusts
the mixer power and dynamic range for third-order PIMP
measurements in living cells. In real scenarios, the cell
PIMP frequencies align with the system PIMP frequencies,
adding voltages with unknown phases. In particular, in-phase
signals can display amplitudes 6 dB higher than those of the
individual contributors. Equal-amplitude signals that are 180◦

out of phase can cancel out, displaying no distortion product.
The linear uncertainty was calculated as follows:

u = 20log10(1 ± 10Peff/20). (7)

Then, assuming an error uncertainty of less than 1 dB, and
solving Eq. 7 for Peff, it is possible to determine the shift
adjustment of the TOI as

Peff = 20log10(10
u/20

− 1) = −18.3 dB (8)

and the effective TOIeff of the spectrum analyzer is given by

TOIeff = TOI + (Peff/2) = 11.03 dBm. (9)

The TOI line was shifted according to Eq. 8. A new
optimum mixer level and intermediate maximum dynamic
range can be computed using the TOIeff value according
to Eq. 4 and Eq. 5, that gives as a result 111.35 dB and
−44.64 dBm, respectively. The dynamic range differencewas
6.09 dB. Thus, to reduce the measurement error, the optimum
mixer level was shifted down in power by 6.09 dB, and the
final valid measurement range corresponded to the colored
region in Fig. 4.
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FIGURE 4. Intermodulation-free dynamic range as a function of input
mixer level and selected resolution bandwidth for living cell nonlinear
measurements.

FIGURE 5. Set-up of the nonlinearities measurement system based on
passive intermodulation product.

IV. DESCRIPTION OF THE SYSTEM
The system of this work is presented in three main blocks:
(i) measurement of microwave intermodulation products,
(ii) microfluidic control of the sample flow, and (iii) sample
preparation. The first block is the proposed configuration,
which is tailored for measuring passive intermodulation
products at microwaves. The second block element comprises
a detection platform combining microwave and microfluidic
technologies based on previous research [33]. Finally, the
third block details the sample preparation, aligning with
the focus of this study to measure the nonlinear microwave
susceptibility of living organisms.

The system is shown in Fig. 5 comprising two microwave
signal generators (SG1 and SG2) (SMB100A, Rohde &
Schwarz, Germany), a signal combiner (SC) (Mini-circuits,
USA), a 30 dB directional coupler operating from 0.5 to
26.5GHz (DC) (ZCDC30-5R263-S+, Mini-Circuits, USA),
and a 10MHz to 43.5GHz spectrum analyzer (SA) (FSW43,
Rohde & Schwarz, Germany). The directional coupler
received a combined signal from the signal generator. This
is then transmitted to the electrodes via the output port.
The reflected signal was captured at the coupled port of the
directional coupler and measured using the SA. To obtain
optimal results, the frequency references of all sources and
the analyzer were synchronized to a 10MHz signal.

FIGURE 6. (a) Manufactured Broadband microwave electrodes and
microfluidic channel. (b) Microchannel manufacturing process using soft
lithography.

The electrodes were based on a slot bowtie geometry,
as shown in Fig. 6 and manufactured using the RT/Duroid
4003 substrate with a relative permittivity of εr = 3.55,
loss tangent of 0.9 × 10−3, and thickness of 0.8mm. The
measured resonance frequencies of these electrodes were
5GHz, with a bandwidth of 4GHz. This electrode geometry
was selected for its sensitivity and bandwidth characteristics,
which enabled the PIMP measurements.

This study addresses the micro-scale sensing regime by
incorporating a microfluidic channel of 50µm × 50µm
in cross-section. By considering the estimated number of
bacteria within each sample, determined via observation with
an inverted microscope, and optimizing the flow rate to
achieve a balance of hydrodynamic forces, the bacteria were
constrained to focus at the centerline of the microchannel.
Consequently, the particles pass through the center of the
sensing volume. Accordingly, because the sensed volume
is proportional to the microwave interrogating hot-spot, the
nonlinear measurements mainly come from the presence of
individual or few dead/live bacteria.
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The microfluidic system consisted of a microfluidic circuit
and microfluidic channel bonded to the surface of the
electrodes. The microfluidic circuit was formed using a pump
with pressure/vacuum and flow control (Precigenome, USA),
PTFE connectors, and 1/16′′ tubes. These were connected
to the inlet and outlet of the microfluidic channel on
the electrodes. The microfluidic channel was manufactured
using PDMS and standard soft lithography techniques.
As illustrated in Fig. 6(b), a channel mold was created in
the SU-8 using soft lithography. PDMS was poured onto the
mold, and the channel was removed from the mold and glued
onto the electrodes using oxygen plasma treatment.

Sample preparation materials and equipment included
Escherichia coli (E. coli) strain K-12, Luria-Bertani (LB)
broth, and a benchtop shaking incubator (Corning, USA) for
bacterial culture. Amixture of ethanol and dimethyl sulfoxide
(DMSO) was probed to have nonlinear properties [34]. The
measurements were performed in a controlled environment to
ensure accuracy and reliability of the results.

A. SAMPLE PREPARATION
In this study, four samples were prepared to deploy nonlinear
microwave susceptibility: (i) pure ethanol, (ii) a mixture of
Ethanol and DMSO, (iii) live, and (iv) dead E. coli. For
the ethanol–DMSO mixture, three sets with different ethanol
mole fractions of 1.22, 0.41 and 0.24 were considered.

Live E. coli were cultured in Luria-Bertani (LB) broth at a
temperature of 37◦C for 24 h. The bacteria were harvested by
centrifugation and resuspended in phosphate-buffered saline
(PBS). The final concentration of resuspended bacteria was
approximately 108 cells/mL.

Dead E. coli bacteria were prepared by mixing a 10 mL
portion of the live bacterial sample with 40 mL of water.
A 1 mL sample was then taken from this mixture and
subjected to heat treatment at 80◦C for 20 min. Finally,
a 100 µL sample of each prepared sample was placed in the
sensing region of the electrodes for further analysis.

V. MICROWAVE NONLINEAR EXPERIMENTAL RESULTS
Measurements were conducted using broadband elec-
trodes [33] to assess the third-order intermodulation product
power at 5.9GHz. The results showed that without a sample,
the measured power was −98.46 dBm. When Ethanol
was introduced as the sample, the power decreased to
−112.34 dBm, indicating the loss of ethanol. Subsequently,
the introduction of live E. coli as a sample resulted in a
power measurement of −90.16 dBm, suggesting that E. coli
introduced nonlinearities to the system. Finally, a sample
containing a mixture of ethanol and live E. coli was prepared,
and the measured power decreased to −105.34 dBm,
as shown in Fig. 7.

These findings suggest that the presence of live E. coli
introduces nonlinearity to the system, as evidenced by the
increase in the measured power compared with the empty
electrodes. The decrease in power when ethanol was added to
the E. coli sample further supported this observation because

FIGURE 7. Comparison of the microwave nonlinear measurements for the
four experiments deployed.

FIGURE 8. (a) Third-order intermodulation products for a empty channel
and a 50µL Ethanol sample. (b) Volume variation of the Ethanol sample
(blue line) and reference line of the empty electrodes received power.

of the reduced quantity of living bacteria. Further analysis and
discussion of the results are presented in the next section.

To ensure the repeatability of our findings, the experiments
were conducted twice over three different days under
controlled conditions, meticulously documenting procedures,
and controlling variables such as room temperature, humidity,
and sample preparation techniques.

VI. DISCUSSION OF RESULTS
A. ETHANOL SAMPLE MEASUREMENT
In the absence of a sample on the electrodes, the peak power
of the system was measured as −98.46 dBm. Subsequently,
the resolution bandwidth (RBW), measurement span, and
value of the internal oscillator attenuator were adjusted to
optimize the dynamic range of the measurements. Specifi-
cally, the central frequency was set to 5.9GHz, span was set
to 100 kHz, RBW was set to 50 Hz, and attenuator power
was adjusted to approximately 20 dB until the optimummixer
level was reached.

Following these adjustments, an expected linear sample,
such as ethanol, was placed within the sensing area of
the electrodes to perform testing measurements. The peak
power measured for the ethanol sample was found to be
−112.34 dBm, as shown in Fig. 8(a). Compared to the power
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FIGURE 9. (a) Ethanol+DMSO nonlinear response measurment.
(b) Intermodulation products for solutions with different Ethanol/DMSO
mixtures at Ethanol mole fractions of 1.22, 0.41, 0.24.

measured in the absence of a sample, there was a noticeable
reduction in power when the ethanol samplewas present. This
decrease in power is attributed to the system losses introduced
by the ethanol sample. Despite these losses, the output
power response maintained a linear trend, underscoring the
consistent performance of the system across the varying
sample volumes. As the volume of the ethanol sample varied,
a corresponding variation in the measured peak power was
observed, as shown in Fig. 8(b). This response exhibits
linear behavior, indicating a direct proportionality between
the sample volume and the measured peak power.

B. ETHANOL-DMSO MIXTURE
To quantify the nonlinearities, a mixture of Ethanol and
DMSO with an ethanol mole fraction of 0.24 was utilized as
a reference sample. The power requirement associated with
this mixture was measured as −95.76 dBm. This process is
illustrated in Fig. 9(a), which represents an increase of 3 dB
compared to the powermeasured in the absence of any sample
on the electrodes.

This increase in the power signifies the introduction of
nonlinear characteristics into the system, which are induced
by the presence of a nonlinear sample. To further investigate
the effect of nonlinearity, measurements were conducted
using ethanol mole fractions of 0.24, 0.41 and 1.22. In this
regard, Fig. 9(b) shows the measured output power for
different mole fractions, which follows the same trend as that
presented in [34].

C. COLI NONLINEAR SUSCEPTIBILITY MEASUREMENTS
Initially, live E. coli was measured to ascertain nonlinear
susceptibility. A 50 µL sample of live E. coli was introduced
into the sensing region of the electrodes using the microflu-
idic system. The peak power measured for this sample was

−90.16 dBm. Compared to the power measurement obtained
in the absence of a sample (−98.46 dBm), there is a notable
difference of 8 dB. This variation underscores the nonlinear
effects exerted by live E. coli samples.

Subsequently, 50µL of ethanol was added to the live
E. coli sample to ensure that the bacteria were no longer
viable. Subsequently, the measured peak power was reduced
to −105.23 dBm, which was even lower than the peak power
measured in the absence of the sample. This observation
can be attributed to the reduction in live E. coli and the
loss induced by the presence of bacteria altered in ethanol.
Fig. 10(a) provides a visual representation of the peak power
measured for empty electrodes, live E. coli, and ethanol-
treated E. coli samples.

1) LIVE AND HEAT-KILLED E. COLI MEASUREMENTS
In the final phase of the experiment, a heat-death process was
employed to isolate and negate the effects of ethanol on E.
coli + ethanol samples. Bacterial samples were prepared as
described in Section IV-A. Three samples were measured,
live E. coli, dead E. coli, and 100-times diluted dead E. coli
in water, to assess the nonlinear susceptibility of the bacteria
to the system. The peak power measured for live E. coli was
−89.72 dBm, whereas it was −96.23 dBm for heat-killed E.
coli and −104.56 dBm for diluted heat-killed E. coli.

These three measurements are shown in Fig. 10(b), along
with the reference signal of the empty electrodes. Live
E. coli exhibited a variation of approximately 6 dB when
compared to heat-killed E. coli, which is in agreement with
the theoretical estimation in Section II-B. However, when the
dead E. coli sample was diluted, the peak intensity decreased
by approximately 15 dB. The diluted samples primarily
contained water and inactivated E. coli, both of which were
mostly inert. These inert components do not contribute to the
signal but instead induce losses in the system, leading to a
decrease in the peak signal.

The nonlinear effects of live E. coli (−89.72 dBm)
were more pronounced than those of ethanol mixtures,
as evidenced by a significant 8 dB difference in power
compared to the absence of a sample, indicating strong
nonlinear susceptibility. In contrast, the measured output
power for heat-killed E. coli −96.23 dBm is comparable to
those of ethanol mole fractions of 0.24 and 0.41 (−97 dBm
and −95 dBm, respectively), suggesting similar nonlinear
characteristics to moderate ethanol concentrations. Diluted
heat-killed E. coli shows a peak power of −104.56 dBm,
lower than any ethanol mixture, indicating less significant
nonlinear effects. Moreover, the latter is comparable to
the highest ethanol concentration (1.22, −100 dBm). These
findings illustrate a spectrum of nonlinear values, with live
E. coli exhibiting the highest nonlinear susceptibility, heat-
killed E. coli showing moderate nonlinearity, and diluted
heat-killed E. coli showing the lowest.

The peaks presented in Fig. 10(b) (−90 dBm to
−110 dBm), above the noise level (−130 dBm), indicate
nonlinear susceptibility detection with a difference of more
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FIGURE 10. (a) PIMP measurement of live E. coli and a mixture of live E.
coli and Ethanol. (b) PIMP measured between live E. coli and heat-killed
E. coli diluted in water at proportions of 1/10 and 1/100.

than 20 dB. The noise level rises above the standard DANL
value of 1Hz according to equation 10log10(RBW). Hence,
increasing the RBWby a factor of 10 increases the noise level
by 10 dB.

VII. CONCLUSION
This work demonstrats a method for measuring microwave
nonlinear susceptibility in living cells, such as E. coli, based
on the principle of intermodulation products. The achieved
system sensitivity allows for distinguishing between live and
heat-killed bacteria from the nonlinear response resulting
from the system. The results obtained have enabled narrowing
of the gap between the RF and optical techniques for
measuring nonlinear susceptibility. Implementation of the
microfluidic system facilitated the precise regulation of the
sample volume interfacing with the electrodes. The large
bandwidth of the electrodes provides frequency separation
between the signals of the two generators, effectively
isolating the frequencies and avoiding the individual filtering
of each signal.

Therefore, this study has significant implications for the
field of cellular biology and related disciplines. In partic-
ular, it opens new avenues for studying cellular behavior
and responses, potentially leading to advancements in the
understanding of cellular processes and mechanisms. These
findings raise new questions that merit further research,
including the expansion of the range of bacterial species
studied to understand how different species respond to
microwave-microfluidic systems, improving the sensitivity
and resolution of the nonlinearity measurements, or poten-
tially being integrated with other systems such as optical
or electrochemical sensors to provide additional information
about the bacteria.
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