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Abstract

:

In this study, complementary split-ring resonator (CSRR) metamaterial structures are proposed for label-free dielectric spectroscopy of liquids in microplates. This novel combination of an array of sensors and microplates is readily scalable and thus offers a great potential for non-invasive, rapid, and label-free dielectric spectroscopy of liquids in large microplate arrays. The proposed array of sensors on a printed circuit board consists of a microstrip line coupled to four CSRRs in cascade with resonant frequencies ranging from 7 to 10 GHz, spaced around 1 GHz. The microwells were manufactured and bonded to the CSRR using polydimethylsiloxane, whose resonant frequency is dependent on a complex relative permittivity of the liquid loaded in the microwell. The individual microstrip lines with CSRRs were interconnected to the measurement equipment using two electronically controllable microwave switches, which enables microwave measurements of the 4 × 4 CSRR array using only a two-port measurement system. The 4 × 4 microwell sensor arrays were calibrated and evaluated using water-ethanol mixtures with different ethanol concentrations. The proposed measurement setup offers comparable results to ones obtained using a dielectric probe, confirming the potential of the planar sensor array for large-scale microplate experiments.
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1. Introduction


Microplates are nowadays used in many scientific areas as they enable time-efficient methods for simultaneously observing different chemical and biological events. A high number of small-volume wells, microwells, allows us to observe events in a small area without compromising high-throughput screening. Microplates are used in cell analysis [1,2,3], bacterial analysis [4], protein screening [5], enzyme screening [6], etc. Even though using microplate speeds up the processes by a great margin, it still takes time and expensive equipment to accurately monitor and quantify these events.



There are different methods to detect events in microplate wells. The traditional ones require the equipment called microplate reader, which relies on several different detecting methods that require some sort of chemical label. The three most often used methods are: (1) absorption measurements, measurement of transmitted light is used to calculate the concentration of a sample in a microwell, since light absorbed by the sample relates to its concentration [7]; (2) fluorescence measurements, the light emitted by fluorescent molecules that have been excited by a higher-level energy source is measured to calculate the concentration of a sample in a microwell [8]; (3) luminescence measurements, the light emitted from chemical reactions inside the well itself is captured to calculate the concentration [9].



Other methods do not require microplate readers but rather utilize different physical properties of the samples to detect and quantify reactions without any labels. With regards to the label-based sensing method, the label-free method is normally less time-consuming, less expensive, and more reliable as labels can alter cell properties [10]. In addition, the fluorescent labeling method used mostly for biochemical and molecular interactions cannot be used for the biophysical characterization of living cells [11]. In that manner, many different biosensors have been developed, such as optical biosensors employing photonic crystals [12], bioimpedance sensors [13], nanowire array sensors [14], and optical micro-ring resonator sensors [15].



Aside from previously described sensing approaches, microwave dielectric sensing is considered a great candidate for microplate sensing as it is a non-invasive, rapid, reliable, affordable, and precise measurement method. Dielectric spectroscopy was invented by physicist Peter Deby in 1912 as a technique suited for physics [16]. In the past century, it has become a well-established method for biological matter characterization [17] due to the strong dielectric contrast between various bio-species [18]. Variations in water content and physical parameters of a sample produce changes in the dielectric properties of the substance under test, raising the ability to analyze biomaterial without altering its biological state, which is essential for quantitative biology. The dielectric spectroscopy is performed by measuring the interaction between the biological sample and applied electrical field, and from that interaction, complex permittivity can be extracted [19]. By obtaining the complex permittivity of a sample, it is possible to calculate various parameters, such as cell size and concentration [20,21], cell interactions [22], antibody and antigen bindings [23], chemical reactions [24], etc. There are different ways to measure the complex permittivity of material, and the most traditional way is by using dielectric probes [25] or transmission lines loaded with a liquid of interest [22,26,27]. The more recent methods employ capacitive sensors [25,28,29,30] and or resonating structures [31,32,33,34]. In [29,33,35] the dielectric values of MUT obtained using label-free microwave sensing methods are comparable with values obtained using more established methods, demonstrating that microwave dielectric spectroscopy has the capabilities of determining a material’s permittivity with high accuracy.



In this study, we utilize metamaterial-based resonating structures conceived around complementary split ring (CSRR) topology to exploit the influence of the complex permittivity of the loaded material on the resonant frequency of the CSRR. Metamaterials were first mentioned by Veselago in 1968 [36] as materials that exhibit negative permittivity and permeability not found in nature. All known materials have positive permittivity ε and permeability μ, except for ferrites that have negative μ at lower frequencies and metals that have negative ε near-visible frequencies [37]. When negative permeability and permittivity are obtained, wave vector k, magnetic H and electric E fields form a left-handed triplet resulting in an antiparallel group and phase velocity [38]. In addition, inversed Snell law, inversed Doppler effect and backward Cherenkov radiation are achievable.



One of the first and most researched two-dimensional metamaterial cells is a split ring resonator (SRR), shown in Figure 1a, and it has been so far used as a dispersionless filter [39], and as a sensor in microfluidics [40] and bio-sensing application [41], among many others. When coupled with a magnetic field perpendicular to its surface, the SRR exhibits negative permeability at a frequency above the self-resonant frequency. The SRR exhibits an electrical field between rings that is parallel to its surface resulting in a small penetration depth and sensitivity [38]. In addition to that, the distance between the two rings is too small to accommodate a microwell. This problem can be mitigated using a CSRR topology.



The CSRR metamaterial cell, shown in Figure 1b, is often used as a dielectric sensor [40,42,43,44,45,46]. It is a planar resonator, a dual counterpart of the SRR, with a sub-wavelength footprint and a high-quality factor with the electric field perpendicular to a circular patch in the middle, and with an already developed circuit model, which makes it a great candidate for microplate dielectric sensing compared with other metamaterials. When excited by the electric field perpendicular to its surface [38], the CSRR behavior can be modeled with an electrical circuit, as shown in Figure 1c. Lt is the inductance of a microstrip line, C is a capacitance between the CSRR cell and a microstrip line, Lc is the inductance of the CSRR, and εrCc is the capacitance between the CSRR ring and the ground plane. The derived equation for a resonant frequency on which the LC network forms a short circuit that manifests as a total reflection is written in (1). Placing a material under test (MUT) on top of the resonator will change relative permittivity εr of a capacitance Cc which in turn will change the resonant frequency. It is often coupled with a microstrip transmission line etched into the ground plane on the other side. In that way, a high electric field coupling is ensured. In addition to that, multiple CSRRs operating on different frequencies can be coupled onto the same transmission line, each maintaining high-quality factor and high sensitivity, with a reported frequency shift of around 250 MHz per arbitrary unit of relative permittivity [42].


  f =  1  2 π    L c   (  C +  ε r   C c   )       



(1)







In this study, a novel method for microplate well event monitoring is conceived around a CSRR array, the combination of resonating structures and microwell array has not been demonstrated so far, according to the author’s best knowledge. In [28], the impedance spectroscopy was used for 96-well microplate sensing at low frequencies up to 110 kHz utilizing a multiplexer system for interconnection between sensors and impedance analyzer. A system for dielectric measurements of cell cultures was proposed in [29], and it increased the frequency range of impedance spectroscopy by employing an additional transmission line sensor. Nevertheless, it is not compatible with microwells. A quad-band CSRR setup for dielectric characterization of material was reported in [42] with the highest frequency of 5.8 GHz. In the reported design, the diameter of the inner patch is altered between sensors to achieve the desired resonant frequencies, and the sensing was performed by covering the whole CSRR cell with a MUT. In this study, the CSRRs sensors are proposed with the highest resonant frequency of 9.8 GHz utilizing only the electrical field perpendicular to the inner patch for microplate dielectric sensing while keeping the same inner radius dimension R across all CSRRs.



In this work, we decided to excite four sensors at four distinct frequencies by using a single transmission line, which in turn allows us to characterize multiple events with a minimal number of microwave interconnects to the measurement equipment. Furthermore, the scaling of the proposed sensor array is easily achievable either by having more cascaded CSRR sensors on a single line or by having microwave switches to interconnect multiple lines with CSRRs. The proposed system was used for a rapid dielectric spectroscopy of MUT, which was demonstrated using four water-ethanol mixtures with ethanol fractions of 20%, 40%, 60%, and 80%. The sensor arrays can measure the complex permittivity of the sample with comparable results to one obtained using a dielectric probe using significantly less volume in a small and compact design.




2. Materials and Methods


Dielectric characterization of the samples was performed using a Keysight slim form open-ended 200 mm coaxial probe (N1501A) (Keysight, 3110 Rotselaar, Belgium) connected to Keysight PNA (E8361A) (Keysight, 3110 Rotselaar, Belgium). The power level of PNA was set to −5 dBm with 30 Hz IF bandwidth and frequency ranging from 4 GHz to 7 GHz with 100 points in between, resulting in a total sweep time of 3 s. The temperature measurements were performed using the National Instruments USB-TC01 data acquisition device with thermocouple. The CSRRs were designed on a Rogers RO4350b printed circuit board (PCB) with a dielectric constant of 3.66, the thickness of 0.508 mm with 18 μm thick copper cladding, and gold coating of 5.1 μm. Microwell plates were fabricated using polydimethylsiloxane (PDMS) and a 3D printed mold using an in-house available standard 3D printer. The PDMS microplate wells were bonded to the PCB using a thin layer of PDMS. End launch subminiature version A (SMA) coaxial connectors were used to interconnect the CSRR sensor array to a Keysight M9735A vector network analyzer (VNA) and microwave switches. Two analog broadband non-reflective GaAs pHEMT microwave switches, HMC641ALC4 from Analog Devices (Analog Devices, Digi-Key, Enschede, The Netherlands), were used for fast switching between four sensor arrays. The switches do not only increase the reading speed, but they also decrease the equipment cost as only a two-port VNA is sufficient to evaluate multiple transmission lines with cascaded CSRR sensors. The VNA calibration was performed using a Keysight 85052D 3.5 mm calibration kit. The block diagram of a measurement system and calibration reference planes are shown in Figure 2. The first three CSRRs in each sensor array were used for dielectric sensing, while the last one was kept empty through measurements as a control sensor to demonstrate system stability. The measurements were carried out from 4 GHz to 9 GHz, using frequency spacing of 10 MHz (501 points), with the intermediate frequency (IF) bandwidth of 200 Hz and calibration correction turned on. The sweep time for the corresponding settings on used VNA was 2.52 s, which is relatively rapid given that other techniques require a longer measurement time. Furthermore, it is possible to use four distinctive frequency bands and follow the resonant frequency only and thus furthermore reduce the sweep time into the sub-second period. A DC power source E3631A from Agilent Technologies (Keysight, 3110 Rotselaar, Belgium) was used with Arduino Nano microprocessor to bias and automatically control microwave switches.



2.1. CSRR Sensor Design


The CSRR was designed using the Advanced Design System (ADS) and Momentum software packages from Keysight. The four CSRR were etched into the ground plane of the same 50 Ω microstrip line with a center-to-center distance of 15 mm between two neighboring cells, see Figure 3a. We opted for circular sensors in this work as it has been shown [41] that they offer better sensitivity than rectangular sensors. In addition to that, the circular sensors have better compatibility with cylindric microwell plates. All CSRR cells were designed with the same middle circle patch radius R. To obtain a high-frequency operation of the CSRR with a middle patch radius of 2 mm, four splits were used. They bring an additional capacitance in series into the resonator, which lowers the total capacitance and consequently increases the resonant frequency of the CSRR. Altering the ring width E, splits widths A and B, and gaps D and C, shown in Figure 1b, four CSRRs with resonant frequencies of 6.9 GHz, 7.9 GHz, 8.9 GHz, and 9.8 GHz were designed. The designed sensors are shown in Figure 3a, while the final design dimensions are listed in Table 1.




2.2. Microwell Design


The microwells were manufactured using PDMS due to its versatility and extensive use as a microfluidic channel medium. A mold was manufactured using an in-house available 3D printer. The microwell is shown in Figure 3b with its dimensions, the base diameter is 3 mm, while the height is 4 mm, which translates into a volume of around 28 μL. The base diameter of the microwell is smaller than the diameter of the CSRR so that only the electric field sourced by the middle patch interacts with the MUT. We opted for such a design choice to ensure the high penetration depth of a sensor as electric field distribution in the middle is perpendicular to its surface. Finally, all microwells had the same overall CSRRs.





3. Results


3.1. Dielectric Probe Measurements of the Samples


In order to determine the relative complex permittivity of the samples, measurements were conducted using the dielectric probe with the measurement setup shown in Figure 4a. In total 8 samples of water-ethanol mixture with ethanol concentration ranging from 10% up to 80% in steps of 10% were prepared by mixing 96% medical ethanol with distilled water. The mixing was performed in a glass container, with each sample having the same volume of 15 mL. Dielectric probe measurement was performed twice for each sample, before and after loading sensors, to determine the change in permittivity of the sample as the portion of the ethanol evaporated during the time it took to load sensors. The change in permittivity of a sample with 70% ethanol concentration can be observed in Figure 4b. To ensure permittivity change is only due to ethanol evaporation, the temperature of the samples was recorded before each probe measurement. The temperature of all samples was around 20 °C with a maximum difference of 0.4 °C recorded between the two probe measurements indicating the temperature stability.




3.2. ADS Simulations and Measurements Loaded CSRRs with Air


As stated previously, the CSRR in this work was used as a sensor. In other words, once the middle patch of the CSRR is loaded with a MUT, the resonant frequency of the resonator changes. Initially, CSRRs were designed without the PDMS microwell, and the corresponding simulation results of individual resonators are shown in Figure 5a. As can be noticed in Figure 5a, two types of simulations were carried out. Based on these results, we can conclude that the faster method of moments (MoMs) simulations yield comparable results to the slower finite element method (FEM) simulations. Afterward, four resonators were cascaded in the ascending order based on resonant frequencies. As it is our goal to create an array of transmission lines with CSRRs, multiple lines were manufactured and evaluated. The measured frequency responses of a transmission line with the sensor array, shown in Figure 5b, shows good agreement with simulation data in Figure 5a, given that connectors are positioned and mounted manually.




3.3. Measurements of Loaded and Interconnected CSRRs with PDMS Microwells


The PDMS loading influences the resonant frequency of the CSRR as it is in the gaps between a middle patch and ring, and ring and ground plane. In Figure 3b, it is shown that PDMS covers everything except the middle part of the CSRR patch where MUT is placed. Figure 6a shows the measured devices, and Figure 6b shows the measured transmission coefficients of all structures having the PDMS on top. Because PDMS has higher relative permittivity than the air of 2.8 and loss tangent of 0.016 at 5 GHz, the resonant frequencies of all devices are lower when compared with the case without PDMS, shown in Figure 5b. The first and second resonant frequencies can be observed around 5.5 GHz and 6.5 GHz, while the third and fourth resonant frequencies can be observed around 7.6 GHz and 8.2 GHz. Finally, the four lines with sensor arrays were interconnected using microwave switches, shown in Figure 6c, and the corresponding microwave measurements of transmission coefficients are presented in Figure 6d. As expected, there are additional losses existing in the transmission path due to the microwave switches and additional coaxial cables used for interconnection.




3.4. Dielectric Sensor Calibration and MUT Measurement Results


The microwave measurements in Section 3.2 and Section 3.3 were carried out to verify the design and to investigate the influence of microwave switches on the total performance of the sensor array. In this section, the mathematical model is derived according to [40], where the complex permittivity of a sample can be determined by measuring the change in resonant frequency and peak attenuation. The simple linear model written in (2) is used where   ∆ f =  f  M U T   −  f  r e f    ,   ∆  |   S  21    |  =  |   S  21 , M U T    |  −  |   S  21 , r e f    |   ,   ∆  ε ′  =  ε   ′  M U T     −  ε   ′  r e f       and   ∆  ε ″  =  ε   ″  M U T     −  ε   ″  r e f      ,  f  indicating resonant frequency,    S  21     indicating peak attenuation,   ε ′   and    ε ″    indicating the real and imaginary part of relative complex permittivity, respectively. Subscript   M U T   indicates values obtained when measuring material under test where subscript   r e f   indicates reference sample–here water-ethanol mixture with an ethanol concentration of 50% is chosen as a reference sample.


   [      ∆ f       ∆  |   S  21    |       ]  =  [       m  11        m  12          m  21        m  22        ]   [      ∆  ε ′        ∆  ε ″       ]   



(2)







In order to obtain m-matrix coefficients, sensors CSRR1, 2, and 3 were loaded with four different samples with known relative complex permittivity obtained from probe measurements, while CSRR4 was kept empty as a reference throughout measurements to evaluate the drift of the measurement equipment. The transmission frequency response of each array is shown in Figure 7, with arrows indicating observed resonant frequencies. The least-square fitting method was used to determine coefficients as using four known samples makes the system of equations overdetermined. In total, 20 μL of each sample was loaded into each microwell using a pipette. After determining m-matrix coefficients, Equation (2) can be multiplied on the left side by inverse m-matrix resulting in Equation (3).


   [      ∆  ε ′        ∆  ε ″       ]  =    [       m  11        m  12          m  21        m  22        ]    − 1    [      ∆ f       ∆  |   S  21    |       ]   



(3)







According to Equation (3), by knowing the transmission frequency response of the sensor, it is possible to determine the complex permittivity of a MUT. To verify the mathematical model, the set of samples with an ethanol concentration of 20%, 40%, 60%, and 80% was used. The resonant frequency observed while measuring each sample was linearly increasing with ethanol percentage shown in Figure 8. On the other hand, the change in peak attenuation was not linear, shown in Figure 9. Finally, the calculated relative complex permittivity of the samples using CSRR1, 2, and 3 in array 1, compared with the one obtained using a dielectric probe, is shown in Figure 10.





4. Discussion


During the dielectric characterization of samples using the dielectric probe, a substantial difference was observed in the complex permittivity of a sample before and after loading sensors. In Figure 4b, a maximum difference of 8% in a real part of relative permittivity between two measurements was measured; higher relative permittivity was observed after loading sensors indicating a higher concentration of water in the sample than before due to ethanol evaporation. To compensate for relative permittivity change in a sample, for arrays 1 and 4, the permittivity of the sample was assumed to be the same as probe measurements before and after loading microwells, respectively. For array 2, 1/3 of the difference between two probe measurements were added to permittivity measured before, and similarly, 2/3 were added for array 3.



The comparison of data in Figure 5a,b shows that there is a good match between designed and manufactured CSRRs with respect to the resonant frequency, which confirms the design approach and methodology. The transmission coefficient levels are lower when four CSRRs are connected in a cascade due to a change in the characteristic impedance of the transmission line on frequencies higher than CSRRs resonant frequency generating additional reflections and losses. Furthermore, the data comparison in Figure 6b,d shows the additional losses brought by switches in the measurement path. Nevertheless, those additional losses are taken into account by sensor calibration.



The microwells fabricated of PDMS were manually positioned and bonded to the PCB having sensor arrays. The microwells fabrication was performed with the same 3D printed mold to decrease variation between different sets of microwells as the diameter variation and position of microwells can introduce additional uncertainties. This manual process brings additional variability between the frequency response of several sensor arrays, as can be observed in data in Figure 6b. Nevertheless, a more accurate fabrication process can mitigate the errors originating from the positioning and bonding of the microwells to the PCB. On the other hand, a more noticeable difference can be observed in Figure 6d between structures once additional cables and microwave switches were used. This difference can be mitigated in the future by integrating switches and sensor arrays onto the same PCB.



The measurement results of calibration samples in Figure 7 show five distinct local minimums for each sensor array with black and red arrows indicating observed local minimums for 10% and 70% ethanol concertation, respectively. The third local minimum did not experience a change in frequency when loaded with different samples, indicating it is due to additional reflection rather than the resonating frequency of CSRR3. The proposed system has distinctive resonant frequencies while sensing samples with different polarities and losses, suggesting the possibility of sensing a large variety of samples. Possible limitations can arise from sensing the samples with high losses, which will decrease the quality factor of resonators, making it more difficult to precisely determine the resonant frequency or even overlap with a frequency response of the neighboring sensor. Further research is required to quantify these system limitations. Furthermore, the resonant frequency of CSRR4 in array 1 does change for around 70 MHz during calibration, which can be attributed to additional reflection and losses from interconnections as well, while in other arrays, it stays the same indicating stability of the measurement setup.



The change in resonant frequency and peak attenuation for each sensor is shown in Figure 8 and Figure 9. The resonant frequency observed while measuring each sample is linearly increasing with the ethanol percentage increase, which is expected as the real part of complex permittivity linearly decreases with an increase in ethanol concentration. On the other hand, the change in peak attenuation is nonlinear due to nonlinear change in the imaginary part of complex permittivity, shown in Figure 9. Finally, the derived complex permittivity values using the mathematical model from Section 3.4 were plotted against results obtained using the dielectric probe in Figure 10. The smallest deviation in real part was obtained by CSRR1, which was expected as it has a linear change in resonant frequency with change in ethanol concentration. On the other hand, peak attenuation change in CSRR3 follows the same function as a change in the imaginary part of the samples, resulting in the highest accuracy when determining the imaginary part of permittivity. This observation is in agreement with results in [40], the change in resonant frequency is due to a change in real part, and the change in attenuation level is due to change in dielectric losses introduced by MUT. The discrepancy in the imaginary part of complex permittivity in Figure 10c for 20% mixture in CSRR3 can be justified by deviation from the expected value in peak attenuation; similar values can be expected in other arrays as well due to a similar change in peak attenuation. Additional research is required to clarify these deviations. Furthermore, the calibration was performed for every sensor, nevertheless, similar results were obtained for all sensor arrays while using the calculated calibration coefficients of array 1, indicating similar behavior of sensors across all arrays and the future possibility to calibrate only one array, which in turn reduces calibration time significantly.



In conclusion, our proposed approach for monitoring events in microplates based on an array of cascaded CSRR sensors multiplexed over several transmission lines shows great potential for laboratory life science applications. It allows rapid, label-free, automated, and non-invasive sensing of relative complex permittivity in biological materials and liquids while offering at the same time scalability and affordability for numerous applications.
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Figure 1. (a) A SRR metamaterial cell; (b) a CSRR cell etched below a microstrip line into the ground plane with important dimensions; (c) an equivalent circuit model of the CSRR cell. 
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Figure 2. The block diagram of a measurement system with calibration reference planes. 
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Figure 3. (a) A microstrip line with four CSRRs etched into the ground plane; (b) a PDMS microwell on top of the CSRR. 
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Figure 4. (a) Probe measurement setup; (b) real and imaginary part of the relative permittivity of water-ethanol mixture with 70% ethanol fraction before and after loading microwells. 
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Figure 5. (a) A frequency response of four individual CSRRs etched into the ground plane of a 50 Ω microstrip line, solid line represents MoM simulations and dashed line represents FEM simulations; (b) a measured frequency response of four CSRRs in cascade. 
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Figure 6. (a) Sensor arrays 1 to 4 having empty PDMS microplate wells; (b) the transmission frequency response of structures having empty PDMS microplate wells; (c) interconnected sensor arrays 1 to 4 having PDMS microplate wells with microwave switches and coaxial cables; (d) the transmission frequency response of sensor arrays with PDMS and switches. 
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Figure 7. Transmission frequency response of the sensor array (a) 1, (b) 2, (c) 3, and (d) 4 filled with water-ethanol mixtures used for calibration with ethanol fraction of 10%, 30%, 50%, 70%. 
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Figure 8. Observed resonant frequency shifts of the sensors in array (a) 1, (b) 2, (c) 3, and (d) 4 when filled with water-ethanol mixtures with different ethanol fraction. 
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Figure 9. Observed attenuation peak values of the sensor array (a) 1, (b) 2, (c) 3, and (d) 4 when filled with water-ethanol mixtures with different ethanol fraction. 
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Figure 10. Relative permittivity of the samples obtained using sensors in array 1 (a) CSRR1, (b) CSRR2, (c) CSRR3 as stars, and values obtained using dielectric probe as circles, with blue indicating real part and red indicating imaginary part. 
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Table 1. CSRRs resonant frequencies and dimensions.
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	CSRR1
	CSRR2
	CSRR3
	CSRR4





	Resonant frequency [GHz]
	6.9
	7.9
	8.9
	9.8



	R [mm]
	2
	2
	2
	2



	A and B [mm]
	0.2
	0.2
	0.2
	0.6



	C and D [mm]
	0.8
	0.5
	0.2
	0.2



	E [mm]
	0.8
	0.5
	0.2
	0.2
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