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Abstract: The investigation of the electromagnetic properties of biological particles in microfluidic 

platforms may enable wireless monitoring and interaction with functional activity of microorgan-

isms. Of high relevance is the membrane potential as it is one of the most important parameters of 

living cells. In particular, the complex mechanisms of the cell’s membrane potential are comparable 

to the dynamics of bacteria membranes, providing a simplified platform for advancing the current 

techniques and knowledge of general bio-particle dynamics. In this work, we provide a theoretical 

analysis and experimental results on the microwave detection of bacteria on a microfluidic-based 

framework for sensing the membrane potential of bacteria. The results enable to further advance 

the state-of-the-art of electromagnetic bacteria sensing and microfluidic control, and their implica-

tion for measuring and interacting with the cell and its membrane potentials, which is of great im-

portance for developing new biotechnological-engineered systems and solutions. 

Keywords: Bacteria, elasto-inertial focusing, microfluidics, microwaves, membrane potential, sens-

ing, shear stress, single cell detection, system-on-a-chip. 

 

1. Introduction 

Recent scientific and technological advancements are producing a plethora of inter-

action and sensing possibilities, eventually leading to communication that will drastically 

change the way we link with cells [1-2]. The continued efforts to satisfy more challenging 

sensing, interaction and processing requirements offer opportunities for disruptive tech-

nological advancements in science and engineering. One relevant example is the conver-

gence of disciplines like micro, bio, information technologies and cognitive sciences. These 

technological advances have crystallized in different brands and concepts known and 

used in multiple research fields at present, such as Lab-on-a-chip (LoC) [3]. For example, 

improved miniaturized systems allowing the integration of a complete system on a chip 

(SoC) with sensing, processing and wireless interaction functions including microfluidic 

and microwave subsystems [4].  

A main focus of the convergence of disciplines is in biological solutions and technologies involving interaction 

with cells. A cell is often thought of as the smallest unit of a living organism, made up of even smaller parts, each with 

its own functionality as shown in Figure 1. Cells can be categorized in eukaryote (e.g., mammalian cells, neurons) and 

prokaryote cells (e.g., bacteria). There are several differences between the two, but a major distinction between them is 

that eukaryotic cells have a distinct nucleus containing genetic material, while prokaryotic cells do not have a distinct 

nucleus and have free-floating genetic material instead. Besides this distinction, there are several similarities in the 

different elements that form these two types of cells, such as cell wall, cell membrane, cytoplasm, and ribosomes among 

others. Additionally, bacteria can be categorized according to gram-negative and gram-positive families (originally due 

to the permeability of specific dyes when observing them under the microscope), it mostly also relates to different 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 2 March 2021                   doi:10.20944/preprints202103.0079.v1

©  2021 by the author(s). Distributed under a Creative Commons CC BY license.

https://doi.org/10.20944/preprints202103.0079.v1
http://creativecommons.org/licenses/by/4.0/


 

 

membrane, or wall structure, as depicted in Figure 1. Generally, gram-negative bacteria have an outer membrane, which 

expresses itself by different responses of the bacteria, like for example virulence and antibiotic resistance.  

Furthermore, recent microbiology advances have determined that bacteria are an easily characterizable model or-

ganism with an extraordinarily complicated set of abilities, comparable to the whole brain sensing [5-6]. Among them 

is quorum sensing, a cell-cell signaling system that may have a common evolutionary origin with eukaryotic cell-cell 

signaling, and related to action potentials. For example, the action potential in neurons (eukaryotic cells) is used to 

transmit information to other neurons, whilst equivalent action potentials are generated in bacterial biofilms to transmit 

information to external or other bacteria, in the surrounding. The two systems are behaviorally similar, but quorum 

sensing in bacteria is more easily studied in depth than cell-cell signaling in eukaryotes [7]. Because of this relative ease 

of study, bacterial dynamics are also more suited to direct interpretation than eukaryotic dynamics, i.e., those of the 

neurons [8].  

An action potential is a rapid rise and subsequent fall in voltage, or membrane potential, across a cellular mem-

brane with a characteristic pattern. A significantly important current intensity is required to initiate a voltage response 

in a cell membrane; if the current is insufficient to depolarize the membrane to the threshold level, an action potential 

will not be triggered [9-10]. Membrane potential refers to the difference in charge between the inside and outside of a 

cell (such as neurons or bacteria), which is created due to the unequal distribution of ions on both sides of the cell. The 

term action potential refers to the electrical signaling that occurs within neurons, or bacteria biofilms, arising from 

changes in membrane potential from ion concentrations in the vicinity of membranes. Hence, action potentials have 

some similarities to membrane potentials. In the case of action potentials, the electrical and chemical potential can be 

treated independently from each other. This is in contrast to membrane potentials as they can lead to chemical changes, 

and vice versa [11]. 

In this work, we focus mainly on sensing tasks as a way of monitoring and interacting with bacteria cells. Hence, 

it is important to note that an action potential’s transmitted signal comes from a locally excited/generated membrane 

potential. In particular, for bacteria, but in some extent also in general for both prokaryotic and eukaryotic cells, mem-

brane potentials are dynamic in time and in location, and related to a diverse number of tasks mainly grouped in energy 

(e.g., motility, ATP synthesis, membrane transport and antibiotic resistance) and signaling/processing (e.g., antibiotic 

resistance, communication, cell division and pH homeostasis) [11], which at the cell level may enable novel approaches 

for diagnosing and treating health diseases such as cancer [12-13]. 

In particular, the membrane potential, given a specific location, changes in time in response to a stimulus or per-

turbation as depicted in the bottom graph in Figure 1. The time response corresponds to an initial or stable resting 

potential (negative voltage value) which then, given a disruption, it produces a depolarization (the membrane becomes 

less negative in voltage), succeeded by a repolarization (the membrane potential returns to the voltage resting potential), 

followed by a hyperpolarization (increase in negative voltage of the membrane potential), to finally end at the stable 

resting voltage potential. All these processes occur over a few milliseconds and millivolt differences [7-8,11,14]. 
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Figure 1. Cells are categorized in eukaryote (e.g., mammalian cells, neurons) and prokaryote cells (e.g., bacteria). Additionally, 

bacteria are categorized according to gram-negative and gram-positive, relating to different membrane or wall structure as de-

picted in the up-per/middle-right panel of the figure. The dynamic process known as action potential happens in both types of 

cells. In particular, the membrane potential, given a specific location, changes in time in response to a stimulus or perturbation as 

depicted in the bottom graph. 

 

We have introduced the basics of membrane potentials that are critical for microbiological investigations. 

However, in-depth analyses and concepts of membrane potential are beyond the scope of this article; a vast review can 

be found in [7-8,11,14]. 

Bacterial membrane potentials are different from neural potentials because of the size of bacteria and their 

membrane structure. Hence, different techniques have been developed and utilized to measure bacterial membrane 

potential quantitatively and temporally. Gold standard methods for membrane potential sensing are patch clamping 

and voltage, or fluorescent, sensitive dyes [11]. In patch clamping, one measures the absolute value of the membrane 

potential. On the contrary, with voltage sensitive dyes, one can only monitor changes in the membrane potential. Both 

methods are effective but invasive and laborious. Instead, electromagnetic approaches can be applied to cells suspended 

in solutions [15-18]. 

Electro-magnetic (EM) wave biosensors are attracting a lot of attention due to multiple benefits, such as being 

minimally invasive and cost effective [19-21]. Recent advances in microwave sensing [22-23], together with other 

applications of microwaves in the 𝐺𝐻𝑧 frequencies [24-26], enable to explore new narrow band windows for membrane 

interactions research. Studies of the effects of a weak (non-thermal) microwave radiation on the cellular structures have 

clearly shown that the reaction of cells to weak microwave radiation is highly selective in frequency. In particular, the 

reaction of cells becomes extremely strong at certain frequencies. Although various researchers have reported different 

values of the resonant frequencies obtained in experiments, all these frequencies were in the range of 𝐺𝐻𝑧 [14,27]. 

Furthermore, microwave frequencies allow monitoring inside the human body, with considerable penetration (𝑐𝑚) 

distance and resolution (𝑚𝑚) [28]. 
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To approach this monitoring, microfluidics has been proven a useful technology for interacting and controlling 

microorganism’s functions through the interplay with fluid streams [29]; performing these functions without 

mechanical moving parts, and with little noise generation in the process. In particular, inertial and elasto-inertial 

microfluidics, using Newtonian and non-Newtonian fluids, respectively, can provide efficient single-particle flows in 

the center of a microfluidic channel and cell focusing that guarantees optimal sensitivity and accuracy [30-36]. In 

addition, microfluidics is a resourceful platform for the administration of perturbations to bacteria [37-39] that can 

trigger the generation of membrane potentials as a means, for example, of self-protection [11]. 

 

2. Detection techniques 

It is of relevant importance to detect bacteria individually in order to monitor and interact with their membrane 

potential on a one-by-one basis. Furthermore, individually detecting and analyzing microorganisms is of capital 

importance in a variety of fields encompassing health, industry and environment, for applications ranging from 

diagnosis in clinics, pharma manufacturing, beverages production and solid fuel-treatment deposits [40-41], among 

others. 

In this work, not all the possibilities for detecting bacteria are listed, but only a representative portion regarding 

physical measuring methods in order to show the general characteristics. Therefore, it is compared several elements of 

relevance, in single-cell bacteria physical methods sensing, to show the general trade-offs encountered. Extensive and 

broad revisions of scientific measurement techniques can be found in [19,42-44]. In this work, it will not be described, 

or compared, molecular techniques, such as PCR, microarrays, ELISA or others like culture methods, respirometry, 

fluorometers and bioluminescence, to mention a few; a detailed discussion can be found in [41,45-47]. 

Parameters of interest for detecting bacteria include: specificity, sensitivity, limit-of-detection, and time-to-result. 

In detail, specificity is the capacity of a detection technique to discern or detect only the relevant microorganisms or 

their characteristics of interest. However, specificity is largely dependent on many factors. In particular, it is strongly 

influenced by chemical reagents or dyes. Instead, in this work we compare the capacity of the physical measurement 

technique to focus on measuring a specific parameter (parameter specificity) of the microorganism that is meant to be 

detected, imprinted in the specific physical change that is sensed. In this regard, sensitivity is used in general to quantify 

the capability of a detection system to capture minimum signals from microorganisms of interest. In the practical side, 

it is more interesting the limit-of-detection, but it is dependent on many additional factors, like for example bacteria 

strains. Nevertheless, it is not the aim of this work to compare the sensitivities or limits-of-detection between different 

detection techniques, but to compare their sensing capabilities. Hence, the term sensing volume is used in order to apply 

a common quantifiable parameter among the detection techniques, and allowing a fair comparison between them. The 

sensing volume here refers to the minimum volume actually sensed in the procedure used for the detection in the 

different techniques, and quantified in liters. Another parameter of interest is the time-to-result, which accounts for 

sample preparation, incubation (if needed) and measurement process; for some techniques, or depending on the sample 

size, it can take a long time and is also a function of many factors that need consideration. Instead, in order to compare 

different techniques, we have taken the specific time to obtain the physical measurement part of the technique, and 

normalize it to the time taken to measure an equivalent 100𝜇𝐿 of sample, which is a common analysis volume for most 

applications to gather sufficient statistics (determined by Poissonian distribution of particulates in the detection 

processes) for the concentrations of interest. Therefore, the measurement time indicated does not take into account 

incubation processes or other preparation steps.  

In Figure 2, it is shown the comparison of several reported detection techniques in the literature based on the 

measurement time, in minutes, and the sensing volume, in liters. The values reported for the sensing volume correspond 

to either the geometrical dimension of the sensing volume or the actual indicated liquid volume. If multiple values were 
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reported in the same study, the better value (i.e., best performance) is reflected in the chart. The reported experiments 

were performed with bacteria or particles with similar size to allow for a better comparison in the chart. 

 

Figure 2. Comparison of several reported physical based methods for bio-particle detection techniques in the literature (optical, 

microwave, electric and some others). In order to compare the different measurement times reported for different total analyzed 

volumes, this time has been normalized to the equivalent time to analyze a final total volume of 100𝜇L. Fluid management is di-

vided in micro, macro and other. Finally, the parameter specificity is divided in high, medium and low. A trend between the meas-

urement time and the sensing volume is encountered, since in order to have more sensibility (smaller volumes sensed) more time is 

needed in order to measure a large part of the sample. 

 

The measurement techniques are grouped in four categories: optical, microwave, electric and others. Optical 

techniques refer to measurement systems where both the microorganism illumination and sensing is performed using 

light-based techniques [31-32,48-56]. Microwave systems make use of electromagnetic illumination and detection at 

higher frequencies in the order of 𝐺𝐻𝑧 (> 1 𝐺𝐻𝑧 and < 1 𝑇𝐻𝑧), where the equivalent wavelength is similar or smaller 

than the fundamental characteristic dimension of the measurement system [this work,57-62]. Electrical techniques 

consist mainly of approaches that make use of low frequency electrical signals (< 1 𝐺𝐻𝑧) for measurement, where the 

equivalent wavelength is larger than the fundamental characteristic dimension of the measured system [63-68]. Other 

techniques consist of different physical-based (e.g., mass spectroscopy, magnetic detection) measurement systems that 

have been proposed or exist for detecting bacteria [44,69-70]. 

In terms of fluid management, defined as the relevant fluid mechanics principles that govern the system, it is 

divided into three categories: micro, macro and other. Micro refers to managing fluids in flow channels with cross-

section dimensions smaller than 100𝜇𝑚. Macro refers to flows handled in fluidic channels or containers with at least 

one cross-section dimension larger than 100𝜇𝑚. Other fluid-controlled techniques refer mainly to systems in which 

there is no intentional fluid flow management to make the particles flow through the sensing area. 
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Finally, the parameter specificity is divided in three levels: high, medium and low. The parameter specificity is 

defined for measurement techniques that aim at sensing a particular physical property of the particulates, rather than 

just detecting the whole element only. The high level refers to experiments which have used a labeling technique or the 

physical measurement extracts high-level information from the bacteria. The medium level refers to studies where the 

physical measurement extracts qualitative information with little direct relation to the bacteria's biological state or 

characteristics. The low level refers to studies that only detect bacteria without any further insight. Figure 2 shows a 

common trade-off between measurement time and sensing volume. This is expected since (roughly) in order to have 

more sensibility (smaller volumes sensed) more time is needed to measure a large part of the sample. Furthermore, 

there is an important gap in the literature with respect to having small sensing volumes and using microwave 

techniques. 

There is no specific technique that reins in all regions but it is true that over the past 30 to 40 years many advances 

have been performed in optical [31-32,48-56] and low/medium-frequency electrical techniques [15,63-68,71-73]. In 

contrast, this work is based on microwave techniques at the microfluidic scale, falling therefore in the center of the chart 

both in terms of sensibility and measurement time, which is of interest for bacteria detection applications, and especially 

relevant for sensing and interacting with bacterial membrane potentials. 

3. Microfluidic elasto-inertial focusing of particles 

Over the past decade, microfluidic technology has been proven essential in biological research to precisely control 

the motion and position of microorganisms in a fluid flow, and is consequently the methodology selected in this work 

to complement the microwave-based sensing techniques to achieve hydrodynamic focusing of microorganisms. In this 

regard, inertial focusing [74] is an effective technique for controlling particle (particles are utilized as a surrogate of 

biological species) positions in microfluidic devices at moderate Reynolds numbers (𝑅𝑒), i.e., 𝑅𝑒 ∼ 1 − 100; in fluid 

mechanics [75], 𝑅𝑒 characterizes the ratio of inertial to viscous forces used to classify flow regimes as laminar (flow 

organized in layers) or turbulent (flow dominated by velocity fluctuations). As first studied in [76] for Newtonian fluids, 

in a cylindrical pipe, initially randomly distributed particles are known to focus to an annulus located between the 

center and wall of the pipe, while in square-section channels, following the symmetry of the system, particles instead 

focus to four equilibrium regions centered at the faces of the flow-bounding walls [77]. However, when utilizing 

viscoelastic fluids, i.e., a type of non-Newtonian material that exhibits both viscous and elastic behavior when 

undergoing deformation, particles have been found to migrate toward the centerline of pipes/channels in the case of 

fluids with constant viscosity [78]. The underlying principle of these phenomena is the balance of the hydrodynamic 

forces acting on the particles while advected by the flow. Particularly, in the case of elasto-inertial microfluidic systems 

[32], four main forces need to be considered: (i) wall-interaction force, (ii) shear-gradient lift force, (iii) viscoelastic force, 

and (iv) Stokes’ drag force. 

3.1. Elasto-inertial forces in microfluidic flows 

The wall-interaction force becomes important in the vicinity of solid boundaries, where the streamlines of the flow 

are diverted toward the side of the particle away from the wall, accelerating the fluid, causing a lower pressure on the 

centerline-side of the particle, and resulting in the wall-interaction force depicted in Figure 3, responsible for separating 

the particle from the wall. Moreover, in microfluidic devices, due to the moderate Reynolds numbers encountered, 

fluids flow following a parabolic velocity profile, i.e., laminar regime, generated by shear stresses induced by the wall. 

Consequently, as represented in Figure 3, particles experience a larger relative velocity on the side away from the 

centerline of the pipe/channel. This velocity dissimilarity causes pressure differences that impart a force directed toward 

the wall, and referred to as shear-gradient lift force. As a result, in the case of Newtonian fluids, the location where these 

two forces balance each other determines the equilibrium position of particles in the wall-normal direction of the flow. 
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However, when particles are submerged in nonhomogeneous shear flows, i.e., viscoelastic fluid, an additional 

viscoelastic force is generated on the particles in the direction of decreasing shear rate [79], which modifies the inertial 

equilibrium position by forcing particles to migrate toward the centerline of the pipe/channel. Finally, as included in 

Figure 3, Stokes’ drag is the frictional force that particles experience in a uniform flow and proportional to the velocity 

difference between particles and a viscous fluid. In the case of long, straight pipes/channels, viz. with no curvature, 

Stokes’ drag force is responsible for accelerating/decelerating particles until they achieve the same velocity as the flow. 

This last force, however, does not play a direct role in determining the steady-state position of particles in the wall-

normal directions as it acts, mainly, in the streamwise direction of the flow. 

 

Figure 3. Schematic of the hydrodynamic forces acting on particles in an elasto-inertial microfluidic channel. The particles are ran-

domly distributed at the inlet of the channel. The interaction, and final balance, of the wall-normal forces results in the focusing of 

the particles at the centerline. The main forces are: shear-gradient lift force (yellow), wall-interaction force (violet), viscoelastic force 

(red), and Stokes’ drag force (green). 

3.2. Dimensionless numbers and characteristic regimes 

The characterization of elasto-inertial fluid motion and particle focusing in wall-bounded microfluidic flows is 

efficiently assessed by considering the Reynolds number defined as 𝑅𝑒 =
𝜌𝑓𝑈𝑐𝐷ℎ

𝜇𝑓
, where 𝜌𝑓 and 𝜇𝑓 are the density and 

dynamic zero-shear viscosity of the fluid, 𝑈𝑐 is the centerline fluid velocity, and 𝐷ℎ = 2𝑊𝐻/(𝑊 + 𝐻) is the hydraulic 

diameter with 𝑊and 𝐻 the width and height of the microfluidic channel, respectively, and the Weissenberg number, 

characterizing the ratio between elastic and viscous forces, given by 𝑊𝑖 = 𝜏𝑓𝛾̇ =
𝜏𝑓𝑈𝑐

𝐷ℎ
, where 𝜏𝑓 is the fluid relaxation 

time, and 𝛾̇ = 2𝑄/(𝐻𝑊²) is the characteristic shear rate with 𝑄 = 𝑊𝐻𝑈𝑚 the volumetric flow rate and 𝑈𝑚 = (2/3)𝑈𝑐 

the mean fluid velocity in a laminar channel flow. The ratio between these two dimensionless numbers corresponds to 

the elasticity number 𝐸𝑙 = 𝑊𝑖/𝑅𝑒 = 𝜏𝑓𝜇𝑓/(𝜌𝑓𝐷ℎ²), which only depends on the channel dimensions and fluid properties. 

Other parameters that are of second-order importance include the geometry of the channel, the strength of the shear-

thinning effect, the initial position of particles, and the blockage ratio defined as 𝜅 = 𝑑/𝐷ℎ  with 𝑑 the particle diameter; 

when 𝜅 < 0.25, blocking effects can be assumed to be negligible. 

As studied in [79], the equilibrium position for most particles in a viscoelastic fluid is either at 𝑌𝑝 ≡ 𝑦𝑝/𝐷ℎ >≈

0.15 or at the channel axis, where 𝑌𝑝 is the normalized vertical position away from the centerline. This is due to the 

occurrence of the inertial-force peak at 𝑌𝑝 ≈ 0.15, which is explained in the lines below. For a second-order fluid, the 

viscoelastic force on a particle is 𝐹𝑉𝐸 =
−40

3
𝜋𝜌𝑓𝑈𝑐²𝜅𝑑²𝐸𝑙 𝑌𝑝, with the negative sign indicating that the force drives the 
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particle toward the center of the channel, in contrast to the shear-gradient lift force, which causes the particle to migrate 

away from the central axis, given by [30] 𝐹𝑆𝐺 = 𝐶𝑆𝐺𝜌𝑓𝑈𝑐²𝜅𝑑²   for 𝑌𝑝 ≈<  0.3, where 𝐶𝑆𝐺  is the shear-gradient lift 

coefficient, which is a positive function of 𝑌𝑝 and has a maximum value of 𝐶𝑆𝐺 ≈ 0.05at 𝑌𝑝 ≈ 0.15, and is equal to zero 

at both 𝑌𝑝 = 0  and 𝑌𝑝 ≈ 0.3 ; the wall-interaction force 𝐹𝑊𝐼 = −𝐶𝑊𝐼𝜌𝑓𝑈𝑐²𝑑⁶/𝐷ℎ⁴  ( 𝐶𝑊𝐼  is the wall-interaction lift 

coefficient) is not considered in this analysis because it is assumed that the particle is close to the centerline and 

sufficiently away from the wall. The relative magnitude between 𝐹𝑉𝐸 and 𝐹𝑆𝐺 determines whether the particle can be 

focused at the centerline or not. In fluid flows with 𝐸𝑙 ≫ 1, the viscoelastic force overcomes the maximum shear-

gradient inertial force and the particle migrates toward the centerline. In contrast, for fluid flows with 𝐸𝑙 ≪ 1, the 

particle stops at a location before 𝐹𝑆𝐺reaches its maximum. Therefore, the balance between 𝐹𝑉𝐸 and 𝐹𝑆𝐺  at 𝑌𝑝 ≈ 0.15 

leads to an estimate for the critical elasticity number of 𝐸𝑙𝑐 ≈ 0.025 ∼ 0.01. 

The channel length 𝐿  required for particles to achieve equilibrium positions at the centerline, i.e., particle 

focusing, is based upon the magnitudes of the forces described above and their variation along a particular channel. As 

an extremely important design parameter, this length must be estimated carefully. Following a scaling analysis for 

straight channels, in [30] it was estimated the focusing length 𝐿𝐹 based on the transversal particle migration velocity 

𝑈𝑝 [80], which was calculated using the balance of 𝐹𝑆𝐺 and Stokes’ drag force, defined as 𝐹𝐷 = 3𝜋𝜇𝑓𝑑𝑈𝑝, obtaining the 

expression 𝐿𝐹 =
3𝜋𝜇𝑓𝐷ℎ²

𝐶𝑆𝐺𝜌𝑓𝑈𝑐𝑑²
∼

𝜋𝜇𝑓𝐷ℎ²

𝐶𝑆𝐺𝜌𝑓𝑈𝑐𝑑²
, where 𝐶𝑆𝐺  takes values in the range 0.02 − 0.05, 𝐹𝑉𝐸  is zero at the channel 

centerline and is consequently not considered to estimate 𝐿𝐹 . In the case of significantly small particle Reynolds 

numbers, i.e., 𝑅𝑒𝑝 = 𝑅𝑒(𝑑/𝐷ℎ)² ≪ 1, the focusing mechanisms may be degraded due to the diffusion rate of particles 

becoming comparable to the inertial migration velocities [81]. This limitation is evaluated by means of an equivalent 

particle Peclet number defined as 𝑃𝑒𝑝 =
𝑈𝑝𝐿𝑐

𝐷
=

𝐶𝑆𝐺𝜇𝑓²𝐷ℎ𝑅𝑒𝑝²

2𝑘𝐵𝑇𝜌𝑓
, where 𝐿𝑐 = 𝐷ℎ/2 is a characteristic length scale, and 𝐷 =

𝑘𝐵𝑇/3𝜋𝜇𝑓𝑑  is the Stokes-Einstein diffusion coefficient of a particle with 𝑘𝐵  the Boltzmann constant and 𝑇  the 

temperature of the system. For the diffusion effects to be negligible in inertial microfluidic systems, it is required that 

𝑃𝑒𝑝 ≫ 1. 

In addition to the inertial and viscoelastic forces creating equilibrium positions for particles within the cross 

section of a channel, particles suspended in a fluid will interact in a flow with finite inertia to create particle trains with 

regular spacing in the streamwise direction of the flow. This phenomenon has been observed, for example, in 

millimeter-scale pipe flows [82] and rectangular microchannels [83]. Therefore, particle concentration is also a critical 

factor affecting the focusing behavior and accuracy. Aside from the potential interparticle interactions, there are wake 

effects due to particles being concentrated in a few relatively narrow streamlines. In order to identify when these effects 

become important, the number of particle diameters per channel length, or length fraction, 𝜆𝑚𝑓 = 𝑑/𝐿 is defined, which 

is more appropriate than a volume fraction given that particles are focused to single streams. One can convert from a 

volume fraction 𝛼 to 𝜆𝑚𝑓 using the relation 𝜆𝑚𝑓 =
6𝐻𝑊𝛼

𝜋𝑑²
. For 𝜆𝑚𝑓 ≫ 1, focusing to a single stream is not to be expected 

due to wake interactions between particles, whereas the opposite is true for 𝜆𝑚𝑓 ≪ 1. Note that for a given 𝛼, 𝜆𝑚𝑓 

increases quadratically with decreasing 𝑑, such that accurate focusing of smaller particles requires significantly more 

(quadratically) diluted solutions.  

3.3. Microfluidic design for microwave-based sensing of bacteria 

Elasto-inertial microfluidics can be prepared by additives comprising biological, or synthetic, polymeric powders. 

For example, 500𝑝𝑝𝑚 of polyethylene oxide (PEO) polymer in a phosphate-buffered saline (PBS) solution can be used 

to force particles to focus into a single-stream at the center of a microfluidic channel [31]. As explained above, elasto-
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inertial focusing is achieved under specific conditions which depend mainly on the Reynolds and Weissenberg numbers 

and, to a second-order approximation, on the blockage ratio and length fraction. The interplay between these different 

parameters is visually summarized on the regime diagram depicted in Figure 4. The vertical critical-Reynolds-number 

(𝑅𝑒𝑐 ≈ 2300) line separates the laminar flow region, where the balance between forces discussed in this section applies, 

from the transitional/turbulent region not typically considered in microfluidic applications due to the complexities 

introduced by the increased velocity fluctuations. In parallel, the diagonal critical-Elasticity-number (𝐸𝑙𝑐 ∼ 0.01) line 

delineates the separation between elasto-inertial and inertial focusing regimes. The red dashed rectangle indicates the 

parameter design space, which is detailed below, targeted for sensing bacteria using microwave-based detection 

techniques. 

 

Figure 4. Regime diagram of the dimensionless Reynolds (𝑅𝑒) and Weissenberg (𝑊𝑖) numbers for viscoelastic fluids of inertial 

flows in microfluidic channels. The colormap corresponds to the squared blockage ratio (𝜅) multiplied by the slenderness ratio 

(𝐿𝐹/𝐷ℎ); a value of 𝐶𝑆𝐺 = 0.05 has been utilized. The diagonal dashed line (critical elasticity number 𝐸𝑙𝑐 ∼ 0.01) separates elasto-

inertial from inertial focusing regimes, while the vertical dot-dashed line separates laminar (𝑅𝑒 < 2300) from transitional/turbulent 

flow regimes. The red dashed rectangle indicates the parameter design space targeted for sensing bacteria using microwave-based 

techniques.  

 

The constraints of the microfluidic channel designed are imposed by manufacturing, sensing, fluid properties, 

and biological limitations, and correspond to: (i) the width, height and length of the channel are 𝑊 = 𝐻 = 50𝜇𝑚 and 

𝐿 = 60𝑚𝑚 as standardized by manufactured microchips; (ii) the average fluid velocity provided by the pressure pump 

is tuned to 𝑈𝑚 = 0.2m/s (the range 𝑈𝑚 = [0.17 −  0.225] m/s is considered to calculate the targeted parameter design 

space) to provide sufficient exposure time (approximately 250𝜇𝑠) for sensing the biological species on a field-of-view 

of 50𝜇𝑚 as typically required by a microscope; (iii) the viscoelastic fluid utilized is based on a solution of water with 

500𝑝𝑝𝑚 of 0.4 𝑀𝐷𝑎 PEO solution and resulting in 𝜌𝑓 = 1000𝐾𝑔/𝑚3kg/m³, 𝜇𝑓 = 1.95𝑚𝑃𝑎 ⋅ 𝑠 and 𝜏𝑓 = 11.39𝑚𝑠 [28]; 

and (iv) the diameter of the bacteria considered is 𝑑 ∼ 1𝜇𝑚 with a reasonable particle number density for preparing 

solutions in the order of 𝑛𝑝 ∼ 5 · 10⁴ 𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒𝑠/𝑚𝐿. This set of values results in the elasto-inertial microfluidic design 

located within the red dashed rectangle depicted in Figure 4, and corresponding to 𝑅𝑒 ≈ 8 which is smaller than 2300 

(laminar regime), 𝑊𝑖 ≈ 68 which is larger than 1 (viscoelastic fluid), 𝐸𝑙 ≈ 9 which is larger than 𝐸𝑙𝑐 ∼ 0.01 (elasto-

inertial focusing regime), 𝑃𝑒𝑐 ≈ 11 which is sufficiently larger than 1 (inertial regime), 𝜅 = 0.02 which is smaller 

than 0.25 (blocking effects are negligible), 𝑄 = 30𝜇𝐿/𝑚𝑖𝑛, 𝜆𝑚𝑓 ∼ 1.25 · 10⁻⁴ which is much smaller than 1 (dilute 
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solution), and 𝐿𝐹 ∼ 1𝑚 (a value of 𝐶𝑆𝐺 = 0.05 has been utilized) which is more than an order of magnitude larger than 

𝐿 = 60𝑚𝑚. 

The inadequacy of the design in terms of focusing length, i.e., 𝐿𝐹 ∼ 1 ≫ 𝐿 = 0.06𝑚, is expected due to the small 

diameter of the particles considered; elasto-inertial manipulation of particles is typically limited to 𝑅𝑒𝑝 ≫ 0.1 as 𝐿𝐹 

scales inversely with 𝑑². A solution recently proposed to overcome this challenge is based on oscillatory microfluidics 

[81]. Unlike traditional steady-flow microfluidics, oscillatory microfluidics switches the streamwise direction of the flow 

at a low frequency. Due to the symmetry of the velocity field along the flow axis, the elastic and inertial forces acting 

on the particles preserve their directionality when the flow is switched, and consequently, by exploiting this symmetry, 

the focusing length can be extended indefinitely, even though the channel itself has a much shorter, fixed length. Based 

on the dimensionless numbers described above, the frequency of the oscillations 𝑓𝑚𝑓 and the corresponding distances 

traveled by the particles can be defined for a given system. In particular, 𝑓𝑚𝑓 is limited in the lower end by the distance 

𝐿  the particles can travel within the microchip. On the higher end, 𝑓𝑚𝑓  is limited by the entrance length, viz. 

streamwise distance required for the flow to develop. In the case of laminar flow, this upper limit is quantified by the 

dimensionless Womersley number, which expresses the pulsatile flow frequency in relation to viscous effects, defined 

as 𝑊𝑜 = 𝐷ℎ√
2𝜋𝑓𝑚𝑓𝜌𝑓

𝜇𝑓
. 

Small Womersley numbers, i.e., 𝑊𝑜 < 1, indicate that the flow is fully developed for most of the oscillation period, 

and consequently entrance-length effects can be ignored. In general, the wall-normal particle focusing positions 

achieved by this oscillatory flow method are the same as for traditional steady-flow systems [84]. Particularly for the 

microfluidic design considered in this work, selecting an oscillation frequency based on the mean velocity of the fluid 

and a length equal to the channel length, i.e., 𝑓𝑚𝑓 = 𝑈𝑚/𝐿, the Womersley number obtained is 𝑊𝑜 = 0.16 < 1, which 

is sufficiently small for entrance-length effects to not impact the elasto-inertial focusing of particles. 

4. Microwave detection 

In many situations, electromagnetic waves interact with inhomogeneous particles and the corresponding 

electromagnetic-matter interaction process is referred to as scattering. In this work, we will center the analysis on this 

phenomenon to monitor biological particles dynamics rather than using detection effects as commonly used. A general 

scheme of the configuration of electromagnetic illumination and detection of scattering by a small particle (e.g., bacteria 

or polystyrene beads) in a liquid medium (e.g., water) is depicted in Figure 5. One of the goals in scattering experiments 

is to infer information about the relative permittivity, or refractive index, of the particle from measurements on the 

scattered field. Here, particle refers to a region in space characterized by a dielectric complex permittivity (𝜖𝑠, 𝜎𝑠) which 

is different from that of the surrounding medium (𝜖𝑚, 𝜎𝑚). 
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(a)                                                 (b) 

Figure 5. The electromagnetic response of bacteria depends on their shape and size, their internal structure, and the electric con-

ductivity and permittivity of the different bacterial cell components, which may depend on the bacterial physiological state. (a) 

Scheme of the configuration and relevant values depicted, where 𝜖𝑠 stands for permittivity of the cell, 𝜎𝑠 conductivity, 𝑎 radius, 

𝜖𝑚 permittivity of the medium, 𝜎𝑚 conductivity, 𝑑𝑝  is the length of the illumination and detection plates and 𝑑𝑠 distance to the 

cell (considered equally spaced). (b) Conductivity, permittivity and thickness/volume of the different parts of bacteria have been 

extracted from [85-86] and congruent with [58,63]. 

 

In particular, at microwave frequencies, and for the typical dimensions of the experimental setups, the conditions 

of scattering are of near-field (in contrast, for light frequencies where the conditions are of far-field). Furthermore, since 

the particle is isolated due to using dilute enough solutions (normal samples of interest), it is only considered single 

scattering (not considering multiple scattering) as described in [87-89]. 

4.1. Scattering by a small spherical particle 

When an electromagnetic wave impinges on an object, the incident wave can be modeled as a uniform 

electromagnetic wave (sufficiently accurate since the emitter is much larger than the particle); assuming (i) the 

electromagnetic wave to be polarized in the 𝑧 direction and (ii) the particle to be a small spherical region of radius 𝑎 

with permittivity 𝜖𝑠 . Essentially, the particle sees a constant field as the plane wave impinges on it (and almost 

electrostatic field on the incident field). The incident field polarizes the particle making it resemble an electric dipole. 

Since the incident field is time-harmonic, the small electric dipole will oscillate and radiate like a Hertzian dipole in the 

far field, but it can also be analyzed in the near-field. A Hertzian dipole can be approximated by a small current source 

so that 𝐽(𝑟) = 𝑧̂𝐼𝑙𝛿(𝑟). The vector potential 𝐴 due to a Hertzian dipole is 𝐴(𝑟) =
𝜇

4𝜋
∭ 𝑑𝑟′⃗⃗⃗  

𝐽(𝑟′⃗⃗⃗⃗ )

|𝑟−𝑟′|
𝑒−𝑗𝛽|𝑟−𝑟′| = 𝑧̂  

𝜇𝐼𝑙

4𝜋𝑟
𝑒−𝑗𝛽𝑟 , 

where 𝜇 is the permeability, 𝐼 is the time harmonic current, 𝑙 is the length of the dipole, 𝑟 is the distance from the 

particle and 𝛽 is the complex wavenumber. 

4.1.1. Near-Field regime 

The electric field is given by 𝐸⃗⃗ = −𝑗𝜔𝐴 − 𝛻𝛷, where the scalar potential term dominates over the vector potential 

in the near field of the scatterer. The scalar potential 𝛷⃗⃗⃗(𝑟) is obtained from the Lorenz gauge as 𝛻 ⋅ 𝐴 = −𝑗𝜔𝜇𝜖𝛷, and 

resulting in 𝛷(𝑟) =
−1

𝑗𝜔𝜇𝜖
𝛻 ⋅ 𝐴 =

−𝐼𝑙

𝑗𝜔𝜖4𝜋

𝜕

𝜕𝑧

1

𝑟
𝑒−𝑗𝛽𝑟 . When close to the dipole, by assuming that 𝛽𝑟 ≪ 1 , a quasi-static 

approximation can be utilized for the potential (equivalent to ignoring retardation effects) 
𝜕

𝜕𝑧

1

𝑟
𝑒−𝑗𝛽𝑟 ≈

−𝑐𝑜𝑠𝜃

𝑟2 , and 

reducing the potential to 𝛷(𝑟) ≈
𝑞𝑙

4𝜋𝜖𝑟2 𝑐𝑜𝑠 𝜃. The dipole induced by the small particle is formed in response to the 

incident field. The incident field can be approximated by a constant local static electric field 𝐸⃗⃗𝑖𝑛𝑐 = 𝑧̂ 𝐸𝑖 . The 

corresponding electrostatic potential for the incident field is then 𝛷𝑖𝑛𝑐 = −𝑧̂ 𝐸𝑖 , so that 𝐸⃗⃗𝑖𝑛𝑐 ≈ −𝛻𝛷𝑖𝑛𝑐 = 𝑧̂𝐸𝑖 . The 

scattered dipole potential from the spherical particle in the vicinity of it and in the same axis of illumination is given by 

𝛷𝑠𝑐𝑎 = 𝐸𝑠
𝑎3

𝑟2. The electrostatic boundary problem is 𝐸𝑠 =
𝜖𝑠−𝜖

𝜖𝑠+2𝜖
𝐸𝑖 . As a result, the electric scattered near-field is given by 

𝐸⃗⃗𝑠𝑐𝑎 = [
𝑘2 𝑎3

𝑟

𝜖𝑠−𝜖

𝜖𝑠+2𝜖
−

𝑎3

𝑟3

𝜖𝑠−𝜖

𝜖𝑠+2𝜖
] 𝐸𝑖  𝑧̂ ≈ −

𝑎3

𝑟3

𝜖𝑠−𝜖

𝜖𝑠+2𝜖
𝐸𝑖  𝑧̂. A similar derivation can be obtained for the magnetic scattered near-

field given by 𝐻⃗⃗⃗𝑠𝑐𝑎 ≈
𝑘 𝑎3

𝑟2

𝜖𝑠−𝜖

𝜖𝑠+2𝜖
𝐻𝑖

 
𝑧̂ [90], where 𝐻⃗⃗⃗𝑖𝑛𝑐 = 𝑧̂ 𝐻𝑖is the incident magnetic field. 
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4.2. Microwave scattering of bio-particles 

In microwave standards [91-92], 102 𝑊/𝑚2  is a typical magnitude of radiation fluxes below which thermal 

effects are negligible, which is approximately four orders of magnitude larger than the minimum microwave intensity 

levels at which the spontaneous excitation of membranes was observed in experiments [9,11,19,85-86,93-97]. For 

instance, in this work, the calculations are estimated assuming illumination of 100 𝑚𝑊  during 500 𝑚𝑠  at 25𝜇𝑚 

distance, which yields an irradiance of around 1.7 ⋅ 102 𝑊/𝑚2 when averaged. This estimation is close to the non-

thermal regime in a 30𝜇𝑚 𝑥 30𝜇𝑚 effective field of view on a 1𝜇𝑚 particle. 

In Figure 6, measured experimental values of bacteria permittivity and conductivity in the frequency range 1 −

10 𝐺𝐻𝑧 are shown using the technique described in [98-99]. These measured values, although for a bacteria culture 

sample they are indicative for single-bacteria measurement, are relevant for deriving the expected detected scattering 

levels for 1𝜇𝑚-size particles representative of bacteria.  

 

Figure 6. Microwave complex permittivities for small 1𝜇𝑚 particles. Measured complex permittivity of bacteria in the range 1 −

10 𝐺𝐻𝑧 using the technique described in [98-99], which are in concordance with [58]. 

 

The complex permittivity of polystyrene beads differs substantially from the permittivity of the medium (water), 

resulting in a better scattering detectability. However, the permittivity of cells at rest, or when generating a potential, 

do not differ much from its medium. As a result, cells are almost transparent at microwave frequencies compared to 

the medium in which they are submerged; a similar scenario is encountered at optical frequencies. The membrane’s 

capacitance (related to the real part of the complex permittivity) of bacteria depends on its surface area, while the 

conductivity of the membrane depends on its cross-sectional area [11,100]. Hence, it is not expected to easily observe a 

large variation between a cell at rest and generating an action potential, because these physical dimensions are not 

expected to change significantly. Moreover, the expected complex permittivity, shown in Figure 7 (a), and scattering 

signal for a bacteria in an action potential state, depicted in Figure 7 (b), where a 1% change has been assumed to show 

the difficulty of achieving detection discrimination with respect to bacteria at rest. In particular, in Figure 7 (a), the peak 

at 10𝐺𝐻𝑧 of the imaginary part of water and bacteria corresponds to a resonance due to intermolecular hydrogen 

bonding [101].   
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(a)                                                    (b) 

Figure 7. Microwave complex permittivities and expected scattering signal levels (near-field) for small 1𝜇𝑚 particles. (a) Complex 

permittivity values for the frequency range 1 − 100 𝐺𝐻𝑧 approximated from [58,63,85-86], also adding water, bacteria in an action 

potential process and polystyrene beads. (b) Calculated expected scattering detection signal levels in power. 

 

The required sensitivity for detection is shown in Figure 7 (b) in terms of power, in order to assess the required 

performance of the involved instrumentation for measuring these magnitudes. The required sensitivities might be 

achieved either by using novel detection instrumentation at microwave frequencies [102], or enhancing the response 

using cavity-like configurations [103-104]. In the following section, a framework for measuring the action potential is 

presented. 

5. Membrane potential detection 

Cellular, as well as intracellular, membranes exhibit a distinct nonlinear electrical behavior, due to the potential 

barrier resulting from the difference between the inner and outer electrolytes and the action of ion-pumps [105]. In the 

absence of an applied electromagnetic field, the transmembrane potential difference 𝛥𝜙  is equal to the cell resting 

potential 𝑉0 (≈ −100𝑚𝑉 for a typical cell). When a low frequency field is applied, a transmembrane excess potential 

appears 𝛥𝜙 = 𝑉0 + 𝛿𝜙. As a result, a transmembrane current density 𝐽𝑚 is generated. The current-voltage response is 

known to be fairly well approximated by a nonlinear diode-like relationship of the form 𝐽𝑚 = 𝐽0(𝑒𝛿𝜙/𝑉𝑇 − 1) with 

typical values 𝐽0 ≈ 10−5𝐴/𝑐𝑚2, 𝑉𝑇 ≈ 5𝑚𝑉 [104-110], where all electrical variables of interest (e.g., field, currents) may 

be derived from a single scalar potential 𝛷(𝑟). 

At optical frequencies, the use of a generated second harmonic to sense the action potential variation has been 

demonstrated by making use of the nonlinear susceptibility tensor [111-112]. In this work, we propose to sense the 

membrane’s action potential at microwave frequencies by leveraging the non-linear behaviour of the voltage-current 

relationship of the membrane potential, as exploited in frequency mixing in radio- and microwave frequencies, which 

are mainly based on diodes [113]. Ideally, the charges respond to the rapid microwave wavelength as indicated in [14]. 

As shown in Figure 8 (b), the cell’s membrane is illuminated with a microwave field, while the membrane’s voltage 

working point in the non-linear voltage-current model will be determined by the cell’s self potential state, as shown in 

Figure 8 (a). Depending on the state of the membrane potential, the scattered signals will have multiple generated 

frequency harmonics (due to the non-linear voltage-current model of the membrane), compared to the incident 

illuminating signal. In particular, using a Taylor series expansion for the first two terms of the transmembrane current 

density 𝐽𝑚, the expected efficiency of the second-order process at 𝛿𝜙 = 100 𝑚𝑉, compared to 𝛿𝜙 = 0 𝑚𝑉, is 2 · 108 

times larger, while the second-order process at 𝛿𝜙 = 100 𝑚𝑉compared to the first-order one is 3 · 10−5, which is still 

significantly efficient [114]. 
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(a)                                               (b) 

 

(c)                                                (d) 

Figure 8. Nonlinear voltage-current response of the membrane potential. (a) Current density non-linear dependence with the dif-

ferential voltage potential. (b) Induced current density due to an impinging microwave field at two different membrane potential 

states, while at rest and while at generating an action potential. (c) Frequency domain analysis where the fundamental frequency 

(pump) scattering due to the membrane, making it very difficult to sense the difference between the bacteria at rest and in an action 

potential state. Instead, the difference in the second frequency harmonic is around 8 orders of magnitude. (d) Frequency plot of 

the expected relative second harmonic responses at rest and at action potential state. Furthermore, the size of the bacteria scales the 

response with the cube of the radius. 

 

Figure 8 (c) shows the nonlinear voltage-current response of the membrane potential responsible for generating 

harmonic frequencies. When impinging with a microwave frequency field (e.g., 10 𝐺𝐻𝑧), an induced current density is 

generated on the working point of the membrane potential state, where its magnitude and frequency harmonics are 

incremented when the cell is at an action potential compared to a rest state. The fundamental frequency (pump) 

scattering due to the membrane (around 10𝑛𝑚) is obscured compared to the scattering generated by the cell’s bulk 

body (which is at least two orders of magnitude larger), making it very difficult to sense the difference between the 

bacteria at rest and in an action potential state. Instead, the second frequency harmonic, for instance, is characterized 

by a difference that is approximately 8 orders of magnitude between the two states. The reason for this result is that 

the frequency mixing is essentially sensing directly the effect of the membrane potential and not the whole bacterial 

body. The expected relative second-order response at different frequencies, with respect to the fundamental pump 
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frequency at rest and at action potential state, are shown in Figure 8 (d). As a note, the size of the bacteria scales the 

response with the cube of the radius, hence it is more challenging to detect 1𝜇𝑚 than 10𝜇𝑚 cells. 

 

Figure 9. Second harmonic signal power dependence with pump frequency vs. pump power level. It is common for frequency con-

version, the non-linear dependence of the power for the generated signal, while the dependence on frequency smoother. 

Figure 9 shows the second harmonic signal level expected with respect to the pump frequency in the 𝐺𝐻𝑧 range, 

and the pump power proposed to apply being in the 𝑚𝑊 range within the non-thermal regime. It is shown, as it is 

common for frequency conversion, the non-linear relation between pump power and generated harmonic’s power. 

 

For typical room temperature values and a bandwidth of 10𝐻𝑧, the noise level is around −164𝑑𝐵𝑚, while at 4𝐾 

cryogenic-temperature levels the equivalent noise is around −182𝑑𝐵𝑚. Moreover, in the reactive near-field region of 

electromagnetic fields, the response levels of the electric and magnetic fields are not the same. In particular, the magnetic 

field, more closely related to currents, for higher frequencies computes to have a higher level of electromagnetic 

response, as shown in Figure 10. Nevertheless, the expected intensity levels and the equivalent noise levels are of the 

same order. A cryogenic low noise amplifier, or other similar techniques, may be appropriate to experiment with to 

detect such low signal levels to achieve a reasonable SNR and enter into the sensitivity limits of detectors. Further 

discussion is needed in this topic. As a first experimental approximation, it would be appropriate to use a very low-

noise amplifier [115-116]. An additional option would be to use advanced quantum microwave-based techniques 

[102,117] to detect such low levels. 
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Figure 10. The signal levels regarding magnetic fields are slightly higher compared to electric fields for higher frequencies. Consid-

ering the magnetic or electric field, the second-order signal level is close to the noise level. Different techniques can be applied in 

order to improve the sensitivity of detectors, such as novel quantum electromagnetic sensing schemes. 

 

As shown in Figure 10, it is relevant to explore the microwave 1 − 100 𝐺𝐻𝑧  frequency range to inspect for 

resonances and enhance the detectability of such weak level signals. Other potentially expected resonances, shown in 

Figure 11, due to membrane potentials have been proposed [14], which may vary depending on the membrane thickness 

and other factors, but it is reasonably feasible that some will occur in the microwave range. 

 

Figure 11. The speed of sound in water is around 1500𝑚/𝑠 and the typical bacterial membrane thickness is in the order of 10𝑛𝑚. 

Hence, mechanical resonances due to the shape and length of bacteria or due to movements of the membrane charges (either same 

sign or difference sign charges) have been proposed to exist and to have pronounced resonant characteristics in the microwave 

range. 

 

Hence, the relevance of this work is also related to the potential of providing a method for further investigating 

these subtle sources of information encoded in the exploratory resonances resulting from mechanical disturbances, or 

due to electrical charges of same or opposite sign of bio-particles. In general, in this work, plain equations have been 

indicated both for the electric and magnetic fields in the near-field regime to deal with scattered fields from small bio-
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particles. In particular, it has been derived that in order to wirelessly detect bio-particles, it is required a moderate level 

of sensitivity, around −60𝑑𝐵𝑚, which is achievable with laboratory equipment. In the contrast, in order to monitor 

signals related to biological functionalities of the bio-particles, much better sensitivities are required, in the order of 

−160𝑑𝐵𝑚 , together with using derived scattering approaches different from monitoring the first order response. 

Because first order scattering approaches are fundamentaly related only to the physical dimensions of the bio-particles, 

while hig-order scattering signals are more related to intrinsic physical states of the biological particles. 

6. Conclusions 

Recent observations of the signaling roles of the membrane potential of bacteria has drawn the attention of 

researchers to study the dynamics of membrane potentials, many of which remain unexplored. Most membrane and 

action potential studies have focused on mammalian systems (eukaryote), which has led to a fundamental framework 

and models of cellular dynamics. As discussed in this work, the prokaryote realm (e.g., bacteria), however, is different 

for several important reasons, and hence the basic assumptions made by existing models may need careful 

consideration when applied to bacteria. Therefore, acquiring experimental measurements of bacterial membrane 

potential dynamics is essential to advance our understanding of how to apply these models. 

The ability to manipulate biological cells is critical in a diversity of biomedical and industrial applications. In this 

regard, microfluidics-based cell focusing is an extremely useful functional operation preceding downstream biological 

analysis, since it allows the accurate wall-normal positioning of cells advected through microfluidic channels, and thus 

enables sophisticated cell manipulations in a passive manner. Furthermore, oscillatory inertial microfluidics achieves 

inertial particle manipulation and focusing in a previously inaccessible flow regime, which facilitates the introduction 

of controlled disruptions to bacteria through, for example, membrane-lysis processes in the form of shear stresses, 

compressive loads, and friction forces. This latter feature is especially useful in membrane potential analysis of cells and 

suggests the development of a microwave-fluidic platform for sensing and interacting in the short term. 

In this work, we have summarized the general concepts of bacteria’s membrane potentials. Furthermore, we have 

revised several detection techniques for bacteria together with a comparison between most of the relevant features 

among them. A microfluidic framework has been defined and quantified with operating regimes and specific values. 

Next, we have discussed the detection of bacteria using scattering microwave techniques, and measurements of complex 

permittivity have been presented for the analysis. Finally, we have proposed a method for enhancing and 

particularizing the membrane potential dynamics in the microwave range. 

Eventually, an approach capable of observing electromagnetic changes in the activation region when disrupting 

membrane potential signals has been described. It is concluded that the sensitivities needed to detect the membrane 

potential of bacteria in the frequency range 1 − 100 𝐺𝐻𝑧 impose the use of state-of-the-art microwave technologies, 

together with the potential existence of detection windows at frequencies around and above 10𝐺𝐻𝑧.  

Fortunately, the requirements of microfluidics and microwave-based techniques converge to the need of 

miniaturization for sensitivity. However, microwave-microfluidic sensing and interaction with cells is still a largely 

uncharted territory in microbiology. We look further to apply this combined approach that holds the promise of 

facilitating new scientific discoveries in the areas of cell action and membrane potentials, and will ultimately help 

advance the status of controlling and sensing technologies. 
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