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Abstract 

A meta-atom microfluidic-based sensor (MAMS) for detecting, enumerating and 

differentiating cancer cells is proposed. A microfluidic constriction channel is placed 

between the gaps of a two-gap split ring resonator (SRR). This two-gap SRR is 

implemented in a way that is sensitive to the stiffness of the cell which is passing 

through the constriction channel. With passing a cell through the channel, 

geometrical features of the SRR changes, and these changes are reflected in the 

device output. In addition, dielectric properties of the cells passing through the 

constriction channel, changes the sensor output upon electromagnetic excitation of 

the SRR. As both stiffness and relative permittivity of the cell, which are 

biosignatures of a cell, determines the output characteristics of the sensor, this label-

free assay can almost perfectly distinguish between different cancer cells and normal 

cells with high sensitivity. Sensor function is simulated and analyzed, as proof of 

concept, to show the effectiveness and high sensitivity of the device in 

differentiating of cells with different dielectric and stiffness properties. 
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I. Introduction 

Microfluidic devices have emerged as promising technology for facilitating 

acquisition of novel biosignatures based on electrical and mechanical properties of 

cancer cells [1]. These intrinsic physical properties of cells that reflect underlying 



molecular structure are indicators of cell state associated with a number of processes 

including cancer progression, stem cell differentiation, and drug response. 

Particularly, cell mechanical stiffness is an indicator of various changes in cells state 

including cancer cell function, motility, and invasion capacity [2]. Many tools 

capable of probing cell mechanics, including atomic force microscopy (AFM), 

optical tweezers, and magnetic tweezers, have been developed [3]. To increase the 

throughput, microfluidic approaches have been developed that rely on either the 

physical constriction or the hydrodynamic shear stress from a channel, a cross-

section, or a T-junction [4]. The microfluidic constriction channel is used to quantify 

the cellular entry and transition process through a micro channel with a cross-

sectional area smaller than the dimensions of a single cell, enabling single cell 

detection and enumeration [5]. The deformability of cells through constriction 

channels has been used to distinguish tumor cells from non-tumorigenic cells [6]. 

Using other cell characteristics besides mechanical properties such as optical 

properties simultaneously in a single assay enables very accurate cell differentiation. 

Split-ring resonators are ideal structures for the realization of compact high-

sensitivity and high-resolution sensors due to their high-quality factor resonance, 

compact size, and high sensitivity to changes in the constituent materials and 

physical dimensions [7]. Various metamaterial-based sensors have been studied at 

microwave frequencies for chemical and biosensing applications, as they offer label-

free measurement, less time-consuming sample preparation, low fabrication cost, 

and suitability for lab-on-a-chip implementation [8]. 

In this work, a system consisting of a microfluidic constriction channel and a two-

gap SRR, for cell detection and enumeration with high sensitivity is presented. Using 

both dielectric properties and stiffness, as electro-optical and mechanical signatures 



of a cell, is expected to provide label-free, accurate and highly sensitive biomarkers 

of cell type and state.  

 

II. MAMS Structure 

The structure of MAMS is shown in Fig. 1. The structure consists of a 

polydimethylsiloxane (PDMS) microfluidic constriction channel with cross section 

of 8 × 6 μm2. Two voids (blue regions beside constriction channel in Fig. 1) as 

relaxation regions are also created to allow the cell to interact with and displace SRR 

(golden region in Fig. 1) arms (We call each side of the SRR arm) and partially 

recover its shape. The SRR material is gold and its width, length and thickness are 

2, 25 and 0.5 μm, respectively. The SRR is placed on two supports (black regions in 

Fig. 1) which holds the suspended SRR (effects of mass and gravity is negligible). 

The SRR contains two suspended planes in the constriction channel which interact 

with the cell passing through the constriction channel, and act as a stiffness sensor; 

very stiff cells can displace the SRR arms, or equivalently change the geometrical 

dimensions of the SRR more than less-stiff cells and these geometrical changes are 

directly reflected in the output characteristics of MAMS. The gap (without 

displacement) between these two planes is 6 μm and its thickness is 1 μm. There are 

another PDMS layer on top of the structure to avoid leakage of carrier fluid to outside 

environment which is not shown for better visualization.  

 

 

 

 



 

 

 

 

 

 

 

 

Fig. 1. MAMS structure 

 

To calculate how much force a cell passing through the constriction channel exerts 

on each arm and resultant displacement of the arms, compression of spherical objects 

in contact with two parallel plane is calculated [9, 10]. In our simulations, it is 

supposed that the undeformed and unstressed cell shape is sphere. In addition, it is 

supposed that the geometry is symmetric about the yz plane which crosses the 

middle of the cell, 𝑥 = 30 𝜇𝑚 plane in Fig. 2(a), and therefore the arms have equal 

displacement. 

 

 

 

 

  



 

  

 

 

 

 

                                (a)              (b) 

Fig. 2. A squeezed cell in the constriction channel. (a) Decompression force differential element inside the 

area of contact. (b) Displacement of the cell at an arbitrary point inside the area of contact. 

 

When squeezed cell is in contact with the rectangle part of the arms in the 

constriction channel (for the sake of simplicity, we say in contact with the arms), 

decompression forces displace the arms. It is supposed that the decompression forces 

act along x direction and other components of the force are neglected. As shown in 

Fig. 2(b), 𝑤1 is the displacement of the cell at an arbitrary point inside the area of 

contact. Then, by considering a differential force element 𝑑𝑤 at a point (𝑦′, 𝑧′) 

inside the area of contact, the deformation of the cell at (𝑦, 𝑧) point is [10]: 𝑤(𝑦, 𝑧) = 1−𝜎2𝜋𝐸  ∬ 𝑝(𝑦′,𝑧′)√(𝑦−𝑦′)2+(𝑧−𝑧′)2𝑐𝑜𝑛𝑡𝑎𝑐𝑡 𝑎𝑟𝑒𝑎 𝑑𝑦′𝑑𝑧′                       (1) 

where E and σ are Young's modulus and Poisson's ratio of the cell, respectively. 

The configuration shown in Fig. 2(a), is considered for solving the contact problem 

between the cell and the arms, and finding consequent maximum arm displacement, 

when the cell touches the arms during transiting in the constriction channel. 



The shape of the cell in the constriction channel is changed from a sphere to a cube-

like shape. Without loss of generality of the design, dynamics of the cell movement 

and shape change is not considered in this work, and the cell shape is designed in a 

way that to be like cells in constriction channels in similar experiments [11]. The 

surface of the rectangle part of the arms in the constriction channel and the velocity 

of the cell should be large and low enough, respectively, to allow the cell completely 

interact with the arms and create maximum displacement of the arms for a specific 

cell. This maximum displacement is used to calculate electromagnetic response of 

the system. 

Eq. (1) was used to find the force exerted on the contact area by the cell, for the first 

moment that the cell touches the arms and their displacement is approximately zero. 

This calculated force is used as an initial condition to simulate maximum 

displacement of the arms by using COMSOL software. It is assumed that the cell 

body and the arms, which are in contact, are isotropic and linearly elastic. Fig. 3 

shows the arms displacement in X direction under the influence of the force exerted 

by a cell with Young’s modulus of 0.73 kPa, Poisson's ratio of 0.49 and size of 11 

μm, similar to MCF-10A [12]. It should be mentioned that the design of MAMS can 

be modified to be suitable for other types of cells with different characteristics. 

 

 

 

 

 

 

                     (a)        (b) 

Fig. 3. Arms displacement in X direction. (a) Top view (xy plane). (b) xz plane view. 



When geometrical features of the two-gap SRR such as the size of the gaps are 

changed, electromagnetic response of MAMS is modified significantly, which 

demonstrates that high sensitivity detection is achievable using MAMS [13, 14]. In 

order to verify the expected functionality of MAMS and its performance, an 

electromagnetic simulation is performed using COMSOL software. Simulation 

results and analysis are presented in the next section.  

 

III. Results & Discussion 

To explore the THz characteristics of MAMS, a simulation based on finite difference 

time domain (FDTD) method by using COMSOL software is performed. Fig. 4 

shows S21 parameter for zero arm displacement and different relative permittivities 

of the cell, 10, 20, 30, 40 and 50. It is assumed that the cell is not stiff and 

consequently would not displace the arms; this case provides a baseline for analysis 

and comparison of the results. 

 

Fig. 4. S21 (dB) for zero arm displacement for different cell relative permittivities. 

 



As can be seen in Fig. 4, by increasing εr, the resonance dips move toward lower 

frequencies, and resonance frequency shifts are remarkable. For example, by 

changing εr from 10 to 20, resonance frequency decreases from 1524 to 1507 GHz, 

or equivalently 17 GHz shift in resonance frequency. Presence of asymmetric 

geometrical features in MAMS such as the rectangle part of the arms and displaced 

arms allows MAMS to produce Fano resonances [15], which enhances the sensitivity 

of MAMS and Q value [16].  

Fig. 5 shows the resonance frequency of MAMS as a function of arms displacement 

for different relative permittivities. With increasing εr, resonance frequency 

decreases, and as stated before, these changes in resonance frequency are significant, 

and the values of resonance frequency shift range from 4 GHz to about 40 GHz for 

specified values of arms displacement and cell relative permittivity, which shows 

excellent sensitivity of MAMS. The sensitivity of MAMS to arms displacement, 

which in fact is sensitivity to the cell stiffness, decreases for larger displacements.   

 



 

Fig. 5. Resonance frequency as a function of arm displacement for εr = 10, 20, 30, 40 and 50. 

 

From a circuit theory perspective, a SRR can be considered as a resonator, which is 

coupled with illuminated electromagnetic wave. It can be modeled using an LC 

circuit and the resonance frequency of this LC circuit is as follows [17]: 

 𝑓 = 12𝜋√𝐿𝐶                                                     (2) 

where L and C are total inductance and capacitance at resonance frequency. The 

inductance L is formed by resonator loop, and varies with arms displacement. The 

capacitance C is formed by split gap in the SRR which contains the cell and carrier 

fluid. The effects of carrier fluid and fringing fields on capacitance is neglected. 

Therefore, the capacitance C can be considered as parallel plate capacitor and be 

written as: 𝐶 = 𝜀𝑐𝑒𝑙𝑙×𝐴𝑠𝑝𝑙𝑖𝑡 𝑔𝑎𝑝 𝑠𝑖𝑧𝑒+2×𝑎𝑟𝑚 𝑑𝑖𝑠𝑝𝑙𝑎𝑐𝑒𝑚𝑒𝑛𝑡 where A is the area of the rectangle 

part of the arms in the constriction channel. Therefore, it would be an accurate 



estimation that the cell dielectric properties affect electromagnetic response of 

MAMS, and especially resonance frequency shifts. 

In this work, the relative permittivity sensitivity and displacement sensitivity, 𝜕𝑓(𝜀𝑐𝑒𝑙𝑙 , 𝑑)/𝜕𝜀𝑐𝑒𝑙𝑙 and 𝜕𝑓(𝜀𝑐𝑒𝑙𝑙 , 𝑑)/𝜕𝑑, are defined as dip frequency shift per 

relative permittivity unit (RPU) and displacement unit (μm), respectively. The 

displacement sensitivity is dependent on SRR design parameters, such as SRR 

geometrical features and properties of materials used in SRR. To analyze and 

improve sensitivity of MAMS, eq. (2) can be used. In this work, the displacement 

sensitivity reached 732 GHz/μm for 𝜀𝑟 = 10 and 265 GHz/μm for 𝜀𝑟 = 50; for 

larger displacements, these values decrease. For the cell relative permittivity, the 

sensitivity reached 113.6 GHz/RPU for 0.6 μm arm displacement. For larger and 

smaller displacements, the relative permittivity sensitivity decreases. For larger 

displacements, self-inductance of the SRR increases, which decreases frequency 

shift, and consequently decreases the relative permittivity sensitivity. 

Excellent sensitivity of MAMS to both cell relative permittivity and stiffness, as 

distinct and independent biosignatures of a cell, enable us to characterize unknown 

cells during passing through MAMS with high sensitivity, and predict cell type and 

state accurately. 

 

IV. Conclusion 

A novel sensor for detecting and differentiating cells based on their stiffness and 

dielectric properties in a single assay presented. Both cell stiffness and relative 

permittivity, as two biosignatures of a cell, are reflected in the electromagnetic 

output characteristics of the device. In fact, the system is able to sense the effect of 

two independent cell properties in a single measurement. This device contains a 



microfluidic constriction channel and a two-gap split ring resonator, which enables 

us to perform relevant assays with high sensitivity. The important advantage of this 

sensor is its high sensitivity; cells with close stiffness and relative permittivity 

values, which are their signatures, can be distinguished accurately. The current 

design can be easily modified to allow the sensor to be used for a variety of cancer 

cells as necessary. This label-free sensing method has the potential to be 

implemented in a lab-on-a-chip system for non-(electrical) contact cell detection and 

enumeration. 
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