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Abstract

:

This paper presents a measurement procedure for analyzing the dielectric properties of cells using descriptive statistics. The study focuses on four cancer cell lines (MDA-MB-231 and MCF-7 breast cancer, SaOS-2, and 143B osteosarcoma) and DMEM culture medium, utilizing the Lorentzian fit model of the return-loss function. The measurements are performed using a circular patch resonator with a 40 mm diameter, powered by a miniVNA operating in the frequency range of 1 MHz to 3 GHz. Eight specimens are prepared for each group to ensure reliability, and the return loss is recorded ten times for each specimen. Various statistical parameters are calculated and evaluated, including the average value, standard deviation, coefficient of variation, and relative error between the average and the first values. The results demonstrate that one single acquisition highly represents the entire set of ten data points, especially for the resonant frequency, with an accuracy error lower than 0.05%. These findings have significant implications for the methodological approach to detecting cells’ dielectric properties, as they substantially reduce time and preserve the specimens without compromising the accuracy of the experimental results.
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1. Introduction


Over the past two decades, the measurement of dielectric properties has profoundly impacted various scientific fields, including industry, building, heritage materials, and soil pollution assessment [1,2,3,4,5,6,7]. In recent years, microwave-based sensors have emerged as valuable tools in the biological and biomedical domains, providing non-invasive methods for the early-stage prognosis of diseases, including malignancies [8,9,10]. The measurement of the dielectric properties of biological tissues has proven to be highly beneficial in biomedical and healthcare applications due to its high sensitivity, versatility, and non-invasiveness [11,12,13,14].



Nowadays, there are several microwave-based techniques available for measuring the dielectric properties of a huge variety of materials, such as complex impedance measurements at low frequencies using an impedance analyzer [15] or resonance methods at high frequencies [16] using a Vector Network Analyzer (VNA). In this work, we focused on the latter technique since it offers several advantages, such as the possibility to obtain both amplitude and phase information of the signals and measure the scattering parameters. Moreover, working at high frequencies offers several advantages when measuring the dielectric properties of cells, like increased sensitivity to subtle changes and a reduced influence of electrode polarization that occurs when charges build up at the interface between the cell and the measurement electrodes (i.e., required by the impedance analyzer) [17,18,19]. Indeed, this methodology enables the analysis of living tissue properties through non-invasive measurements of scattering parameters or complex permittivity [20,21,22], allowing the identification of pathological conditions based on variations in tissue dielectric properties [23]. For instance, Hardinata et al. [24] proposed a complementary split-ring resonator and tested it on animal tissue samples such as chicken, beef, pork, and veal. Similarly, Deshours et al. [25] described the use of a microstrip ring resonator with coplanar access for the dielectric characterization of biological tissues. Microwave probes have also been utilized to characterize cancer tissues and cells, yielding significant results. Hussein et al. [26] evaluated the dielectric properties (dielectric loss, dielectric constant, and conductivity) of a healthy non-tumorigenic cell line (MCF-10A), four breast cancer cell lines (Hs578T, MDA-MB-231, MCF-7, and T47D), and one colon cancer cell line (HT-29) using an open-ended coaxial probe in the 0.2–13.6 GHz range. Macit et al. and Odelstad et al. [27,28] used an open-ended coaxial probe to measure the dielectric property level of human fetal osteoblastic (hFOB) and osteosarcoma (SaOS-2) cell lines, respectively, in the 0.5–10.0 GHz and 2–50 GHz ranges. Oueslati et al. [29] designed a metamaterial split-ring resonator to analyze colorectal (SW620) and breast cancer (Hs578T and MCF-7) cell lines in the 1.0–8.0 GHz range, effectively distinguishing between cells based on different resonance frequencies. Furthermore, our previous works [30,31] employed a circular patch resonator to detect differences among four cancer cell lines (SaOS-2, 143B, MCF-7, and MDA-MB-231) and their aggressiveness. We analyzed the return-loss signals using the Lorentzian fit model, investigating differences in three main parameters of interest: minimum return loss (minRL), resonance frequency (fr), and full width at half maximum (FWHM) within the 1–3 GHz range. The purpose of the sensor described in [31] is to assess the dielectric properties of cells and biological samples in a non-contact and non-invasive manner. Unlike open-end methods that require probe immersion and risk potential sample contamination, the patch sensor proposed here is placed under the culture plate, ensuring the contactless evaluation of the dielectric properties. This design feature enhances the reliability and integrity of the measurements, making it an optimal choice for studying biological samples.



It is worth noting that all these studies lack a standardized testing methodology for evaluating cells’ dielectric properties, and the results are sometimes obtained by averaging multiple acquisitions or based on a single acquisition. Additionally, to the best of the authors’ knowledge, the validity of the methodology has yet to be evaluated in statistical and metrological terms through repeated measurements of the samples.



Therefore, this paper proposes a comprehensive descriptive statistical analysis of a dataset comprising 400 return-loss measurements, for a total of 1200 data points, to establish an optimal measurement procedure for microwave-based sensors. The subsequent sections are structured as follows: Section 2 provides an overview of the cell lines used, the experimental setup, and the experimental process, including the procedure and statistical analysis. Section 3 presents and discusses the obtained results, while Section 4 summarizes the conclusions and significant achievements.




2. Materials and Methods


2.1. Cell Line and Sample Preparation


The sensor we devised in [31] was developed to distinguish between cell lines originating from different cancer types and with different levels of aggressiveness. In view of this, we focused our attention on two human breast adenocarcinoma cell lines—MCF-7 and MDA-MB-231 [32,33]—and two pediatric human osteosarcoma cell lines—SaOS-2 and 143B [34,35,36,37]—to assess their dielectric response and included the pure culture medium DMEM for control baseline assessment [38]. Notably, SaOS-2 and MCF-7 represent low-aggressiveness osteoblast-like osteosarcoma and low-aggressiveness breast cancer cell lines, respectively, while 143B and MDA-MB-231 correspond to high-aggressiveness lung-tropic metastatic osteosarcoma and high-aggressiveness bone-tropic breast cancer cell lines [39,40].



To conduct the experiments, the cells were seeded in standard 60 mm Petri dishes, considering their growth rate to ensure a similar number of cells at the time of the experiment, which took place 24 h later. The dishes were then placed in an incubator at 37 °C with 5% CO2. All cell types and the pure DMEM culture medium were maintained in 1.5 mL of DMEM throughout the measurements. Eight replicates were prepared for each biological sample, and an equivalent number of replicates was prepared for the culture medium (DMEM) as a control group to establish a baseline for comparison. Ten subsequent acquisitions were performed for each sample to determine if one acquisition could represent the average value across multiple measurements. Therefore, 400 return-loss (RL) signals were collected for further descriptive statistical analysis with the experimental system described below.




2.2. Experimental Setup


Figure 1 reports the experimental setup. In particular, the proposed probe comprises a square dielectric grounded layer (L = 100 mm) and a circular patch resonator with a 20.00 mm radius. A SubMiniature ver. A (SMA) connector was placed on the conductive edge and was employed to measure the dielectric properties of the cell line samples. The probe was realized with Rogers RO4835 laminate with a dielectric layer of 760 µm and two external layers in copper with a thickness of 35 µm. RO4835 shows a dielectric constant 𝜀RO4835 and a loss tangent tanRO4835(𝛿) of 3.66 and 0.0031, respectively. The operating frequency was computed through the following Equation (1) [41]:


   f r  =   c ·  γ  1 , 1     2 π  r e     ε e      ,  



(1)




with γ1,1 as first zero of the derivative Bessel function of order one (γ1,1 = 1.84), re as the effective radius, and εe as the effective dielectric permittivity. The probe was initially designed and evaluated through CST studio software and realized through a micro-forge CNC.



The probe was linked to a vector network analyzer MiniVNA-TINY [42] for measuring return loss in the chosen operating frequency range of 1.9–2.6 GHz, with a sampling frequency of 0.5 MHz. The VNA was calibrated using the calibration kit provided by the WIMO manufacturing company based on SMA open, short, and 50 Ω terminations.



Plexiglass support was realized ad hoc to guarantee the proper positioning of the Petri dishes over the probe. Moreover, four markers were drawn to ensure placement repeatability and to avoid misalignments between the dishes and the sensitive element during the tests.




2.3. Data Processing


The RL data were fitted using a Lorentzian curve (Equation (2)) through a non-linear least-squares method:


  L  ( x )  =    A p    1 +    (    x −  x p     x u  −  x l     )   2    ,    



(2)




where Ap is the peak amplitude, xp is the peak abscissa (frequency), and xl and xu represent the lower and upper bounds of the abscissa corresponding to half the amplitude of the distribution, respectively.



The fitting process allowed the determination of three key parameters: the minimum return loss (minRL), resonant frequency (fr), and full width at half maximum (FWHM). Outliers in the datasets were identified and eliminated using the ROUT method, applying a false discovery rate (Q) of 0.01% [43], which combines robust linear regression and outlier removal. For each parameter of each sample, the mean value (  m ¯  ), standard deviation (SD), and coefficient of variation (CV) were calculated based on the ten repetitions. An F test on the sum-of-squares was performed to compare two different fit models—a straight line (SL, y = nx + q) and a horizontal line (HL, y =   m ¯  )—to assess the drift of the parameters of interest over time. There was approximately a 70 s interval between the first and tenth acquisition of the same sample, both for the pure culture medium and the biological samples.



To determine the feasibility of a faster but accurate measurement strategy for measuring adherent cells’ dielectric properties with just a single acquisition and to gain insights into its consistency and reliability, the absolute and the relative errors between the first measurement of each specimen and the average value of the ten measurements were computed:


  Error   of   First   Measurement    E F M =  m 1  −  m ¯  ,  



(3)






      Relative   Error   of   First   Measurement    R E F M % =  |    E F M  m   |  % ,  



(4)




where EFM is the distance between the first measurement m1 and the mean value   m ¯   is computed over the ten measurements of each MUT replicate.



Data analysis was performed with GraphPad Prism 9.5.





3. Results and Discussion


By employing the ROUT method, we were able to detect and eliminate outliers from the dataset. Among the 1200 collected values, a total of 5 data points were identified as outliers and excluded from the subsequent descriptive statistical analysis.



To provide a visual representation of the statistical parameters, Figure 2 showcases an example of these parameters computed over the ten consecutive acquisitions for the minimum return loss (minRL), resonant frequency (fr), and full width at half maximum (FWHM) for one DMEM sample. The main statistical parameters in the figure are the mean value, standard deviation, and error of the first measurement (EFM).



Figure 3 depicts, as an example, the three fitting parameters (minRL, fr, FWHM) measured for each of the eight DMEM samples over ten repetitions. The figure shows that the ten acquisitions exhibit a scattered distribution around the average value for each of the measured parameters, displaying a random pattern without any discernible increasing or decreasing trend. The absence of a trend suggests that there is no systematic variation or bias in the measurements over time. The F-test between SL and HL highlights how the line resulting from the SL did not differ significantly from the HL for the three parameters of interest (minRL, fr, FWHM) and for all the tested DMEM samples. This finding suggests that there is no significant drift or variation in the parameters over time, indicating the stability and reliability of the measurement setup and methodology, thus reinforcing the validity of the measurement methodology and its suitability for investigating the dielectric properties of cells and biological tissues.



Figure 4 presents, as an example, the ten consecutive measurements obtained for one sample for each tested group: DMEM, SaOS-2, 143B, MCF-7, and MDA-MB-231. The measurements are displayed for the three fitting parameters (minRL, fr, FWHM). The linear trend line is also included for each replicate.



Figure 4 points out that, for each sample, the ten repetitive measurements exhibit a constant linear trend. The presence of a constant linear trend, consistently observed across the tested groups, further supports the earlier findings that the parameters of interest (minRL, fr, FWHM) exhibit a stable behavior without any significant drift or variation over time. It is worth noting that the linear regression analysis, as mentioned previously, also confirmed the absence of significant differences between the SL and the HL fit for all the biological samples.



Table 1, Table 2 and Table 3 report the   m ¯  , SD, and CV values for the DMEM, the four tested cell lines, and minRL, fr, and FWHM, respectively.



Table 1 presents the mean   m ¯  , SD, and CV values for the minRL parameter of all the tested materials. For the DMEM samples, the mean values of minRL range from −13.26 dB to −14.7 dB across the eight samples, with small deviations, as indicated by the SD values ranging from 0.02 dB to 0.07 dB. The CV values are consistently low, ranging from 0.15% to 0.52%, indicating a good level of accuracy and reproducibility in the measurements.



Similar results in terms of variations were obtained for the SaOS-2 cell line, with average minRL values in the range of −13.22 dB to −15.57 dB and SD values in the range of 0.02 to 0.07 dB. The CV values were also in line with those of DMEM (from 0.20% to 0.50%), indicating a low variability in the minRL within this cell line.



The variability was even a little lower for the other three tested cell lines, namely 143B, MCF-7, and MDA-MB-231. Indeed, values of minRL ranged from −12.71 dB to −15.58 dB, from −12.73 dB to −13.92 dB, and from −12.51 dB to −14.11 dB, respectively, and the SD was always in the range 0.02 dB to 0.05 dB, with CV values in the range of 0.13% to 0.32%, indicating a very low variability in the measured parameter.



In general, the presence of biological materials does not significantly impact the measurement variability, and the low SD and CV values highlight the stability and consistency of the measurements.



Table 2 presents the   m ¯  , SD, and CV values for the fr parameter. For the DMEM samples, the mean value of fr ranges from 2230.19 MHz to 2231.52 MHz, with very small deviations, as indicated by the SD values ranging from 0.09 MHz to 0.22 MHz. The CV values are, therefore, consistently low (<0.010%), indicating a high level of accuracy and reproducibility in the measurements.



Interestingly, for the minRL, similar results in terms of variance are obtained for the measured fr. SaOS-2 cells, indeed, returned SD and CV values consistent with those of pure DMEM, where 143B, MCF-7, and MDA-MB-231 cell lines showed even lower variance, with SD values always lower than 0.10 MHz and CV lower than 0.004%, both of them being about half of that obtained for DMEM and SaOS-2.



Table 3 presents the   m ¯  , SD, and CV values for the fr parameter. Moving on to the SAOS cell line, the mean FWHM values range from 39.03 MHz to 49.28 MHz and the SD ranges from 0.09 MHz to 0.20 MHz, while the CV values range from 0.23% to 0.45%. These results suggest a relatively narrow distribution and low variability in the FWHM measurements for SAOS-2. Similarly, for the 143B cell line, the mean FWHM values range from 39.33 MHz to 48.91 MHz and the SD ranges from 0.086 MHz to 0.21 MHz, with corresponding CV values in the range of 0.18% to 0.43%. These findings indicate a consistent FWHM parameter across the different samples of 143B. For the MCF-7 cell line, the mean FWHM values range from 44.12 MHz to 49.54 MHz and SD values are in the range of 0.12 MHz to 0.20 MHz, while the CV values range from 0.26% to 0.45%. These results demonstrate a relatively stable FWHM parameter for MCF-7. Lastly, the MDA-MB-231 cell line exhibits mean FWHM values ranging from 45.42 MHz to 49.77 MHz and an SD in the range of 0.10 MHz to 0.21 MHz, with corresponding CV values ranging from 0.22% to 0.44%.



Finally, Table 4 shows the relative error of the first measurement for the minRL, fr, and FWHM of the five MUTs.



The REFM% values for all the parameters and all the tested groups are consistently lower than 1.5%. In detail, the REFM% values for the return loss and the resonance frequency are always lower than 0.800% and 0.018%, respectively, and are up to 1.4% only for the FWHM. These findings suggest that the measurement methodology that relies on a single acquisition of the return-loss signal introduces minimal error in quantifying the parameters of interest. In particular, the resonant frequency stands out as the most robust parameter for repetitive measurements. Of note, the resonance frequency was also demonstrated to be the most sensitive and robust parameter for discriminating between different cell lines and assessing their aggressiveness [28], and the results provided here further confirm its goodness in characterizing cell lines and evaluating their aggressiveness. However, the results in Table 4 emphasize the measurement procedure’s efficacy by demonstrating the general low error introduced in the determination of the main parameters. The low REFM% values indicate high precision and reproducibility in the measurements, which is crucial for reliable analysis and the discrimination of different cell lines.



The results reported in Table 1, Table 2 and Table 3 indicate minimal variability, demonstrating that the measurements are highly reproducible and comparable between DMEM and the tested cell lines. This finding substantiates the reliability and robustness of the measurement procedure and supports its suitability for accurately characterizing the dielectric properties of biological samples.



To further validate the accuracy of the measurements, a comparison was made between the mean value of the first measurement (MVF) and the mean values of the means (MoMs) or, on the other hand, the average of the ten repetitions for each of the eight replicates. The comparison revealed that the difference between the two values was consistently lower than 0.5% for all the tested materials. For example, when considering DMEM, the MVF for minRL was −13.84 ± 0.46 dB, while the MoM was −13.86 ± 0.43 dB. Similarly, the MVF for fr was 2230.92 ± 0.51 MHz and the MoM was 2230.83 ± 0.51 MHz. For FWHM, the MVF was 43.59 ± 2.86 MHz and the MoM was 43.78 ± 2.71 MHz. These small differences between the MVF and MoM values further support the consistency and accuracy of the measurement methodology. This outcome confirms that the first measurement provides representative data of the entire dataset, and the subsequent repetitions yield results that closely align with the overall mean values. Overall, the combined results from Table 1, Table 2, Table 3 and Table 4 underscore the precision, reliability, and robustness of the measurement methodology employed in the analysis of the dielectric properties of biological materials. The low scattering among consecutive measurements and the minimal differences between MVF and MoM values affirm the suitability of the procedure for the accurate characterization and discrimination of different cell lines based on their electrical properties.



In the literature, many studies focus on specific cell lines and employ different types of sensors and frequency ranges to measure the relevant parameters. In particular, [23] emphasized the measurement of complex permittivity (ε′ and ε″) in the frequency range of 0.2 GHz to 13.6 GHz. The procedure involves averaging multiple acquisitions and conducting three replicates for each specimen for MCF-10A, Hs578T, MDA-MB-231, MCF-7, T-47D, HT-29, and three types of culture medium. Moreover, Refs. [24,25] applied an open-ended coaxial probe to measure complex permittivity (ε*) and conductivity (σ) within the frequency range of 0.5 GHz to 10.0 GHz and 2.0 GHz to 50.0 GHz, focusing on hFOB and SaOS-2 cells in DMEM culture medium. Both studies utilize an average of multiple acquisitions to ensure accurate and representative measurements. In [28], the frequency range is 1.0 GHz to 3.0 GHz, and the parameters of interest include minimum reflection loss (minRL in dB), resonant frequency (fr in GHz), and full width at half maximum (FWHM in MHz). The study performs single acquisitions with eight replicates per specimen. Finally, in [26], authors adopt a similar approach by employing split-ring resonators to study SW620, Hs578T, and MCF-7 cells. This study analyzes the resonant frequency (fr in GHz), frequency shift (Δfr in MHz), and Q-factor within the frequency range of 1.0 GHz to 8.0 GHz. Table 5 shows the procedure employed to test cells’ dielectric properties.



Due to the heterogeneity of methods and measured parameters found in the literature and the diversity of measurement protocols used (such as the type and volume of the medium, number of cells, and their concentration), a direct comparison of the absolute values of the parameters is not possible. However, since a standardized measurement protocol is not well established, we believe that our findings about the testing procedure could also be proposed for the other methods reported since they concern similar MUTs for similar dielectric properties.



In any case, considering the different cell numbers employed in the research studies (from 4 × 105 to 12 × 105), we conducted an extrapolation of the dielectric constant at the natural frequency of our sensor for the MCF-7, MDA-MB-231, and SaOS-2 cell lines based on data from the literature [24,25,27]. The results indicated that the SaOS-2 cell line exhibited a lower dielectric constant (ε = 74.5) than the other two lines, leading to a higher resonance frequency (1942 MHz). On the other hand, MDA-MB-231 exhibited a lower dielectric constant (ε = 75) than MCF-7 (ε = 75.5), resulting in a higher resonant frequency (1940 MHz against 1938 MHz). Even if obtained from an extrapolation, it is interesting to note that these findings are in agreement with the measurements obtained from our sensor, where SaOS-2 shows an average fr of 2225.06 ± 0.42 MHz, MCF-7 an average fr of 2222.4 ± 0.26, and MDA-MB-231 an average fr of 2223.71 ± 0.19.




4. Conclusions


In this work, we propose a comprehensive descriptive statistical analysis of a dataset comprising 400 return-loss measurements, for a total of 1200 data points, to establish an optimal measurement methodology for microwave-based sensors. Indeed, even if the measurement of dielectric properties has significantly impacted various scientific fields over the past two decades and microwave-based sensors have emerged as valuable tools in the biological and biomedical domains, offering non-invasive methods for early-stage prognosis of diseases, including malignancies, there is a lack of standardized testing procedures for evaluating cells’ and tissues’ dielectric properties.



Experimental results revealed consistent and stable behavior of the measured parameters (minimum return loss, resonant frequency, and full width at half maximum) across ten consecutive measurements of the same sample. The measurements exhibited a constant linear trend without any significant drift or variation, supporting the reliability and reproducibility of the measurement procedure. The analysis of the mean values, standard deviations, and coefficients of variation for the different cell lines demonstrated the stability and consistency of the measurements. Moreover, the low REFM% values (0.8% for minRL, 0.3% for fr, and 1.4% for FWHM) indicate high accuracy and reproducibility in the measurements, which is crucial for reliable analysis and the discrimination of different cell lines, suggesting that the single measurement provides representative data of the entire set of ten repetitive measurements, thus allowing a substantial reduction in time and, most of all, the preservation of the biological specimens, without compromising the measurement accuracy.







Author Contributions


Conceptualization, E.R. and L.D.; methodology, L.D. and L.A.; validation, L.D., E.R. and Z.D.P.; formal analysis, E.R.; investigation, L.A. and B.P.; resources, E.R. and B.P.; data curation, E.R., L.D. and L.A.; writing—original draft preparation, L.A. and L.D.; writing—review and editing, E.R. and L.D.; supervision, E.R. and Z.D.P.; project administration, E.R.; funding acquisition, E.R., Z.D.P. and B.P. All authors have read and agreed to the published version of the manuscript.




Funding


Project funded under the National Recovery and Resilience Plan (NRRP), Mission 4 Component 2 Investment 1.5—Call for tender No. 3277 of 30 December 2021 of the Italian Ministry of University and Research funded by the European Union—NextGenerationEU. This research was partially funded by “Progetti di Ricerca Medi 2021”, RM12117A76BE1E97, Università di Roma, La Sapienza, to E.R. This work was supported by the Italian Ministry of Health with Current Research funds to B.P.




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


Not applicable.




Acknowledgments


Project ECS 0000024 Rome Technopole, Concession Decree No. 1051 of 23 June 2022 adopted by the Italian Ministry of University and Research, CUP B83C22002820006, Rome Technopole.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Venkatesh, M.S.; Raghavan, G.S.V. An Overview of Dielectric Properties Measuring Techniques. Can. Biosyst. Eng. 2005, 47, 15. [Google Scholar]

	



Van Dam, R.L.; Borchers, B.; Hendrickx, J.M.H. Methods for Prediction of Soil Dielectric Properties: A Review; Harmon, R.S., Broach, J.T., Holloway, J.H., Jr., Eds.; SPIE: Bellingham, WA, USA, 2005; p. 188. [Google Scholar]

	



Kaatze, U. Techniques for Measuring the Microwave Dielectric Properties of Materials. Metrologia 2010, 47, S91–S113. [Google Scholar] [CrossRef]

	



Cataldo, A.; Schiavoni, R.; Masciullo, A.; Cannazza, G.; Micelli, F.; De Benedetto, E. Combined Punctual and Diffused Monitoring of Concrete Structures Based on Dielectric Measurements. Sensors 2021, 21, 4872. [Google Scholar] [CrossRef] [PubMed]

	



D’Alvia, L.; Piuzzi, E.; Cataldo, A.; Del Prete, Z. Permittivity-Based Water Content Calibration Measurement in Wood-Based Cultural Heritage: A Preliminary Study. Sensors 2022, 22, 2148. [Google Scholar] [CrossRef] [PubMed]

	



D’Alvia, L.; Pittella, E.; Rizzuto, E.; Piuzzi, E.; Del Prete, Z. A Portable Low-Cost Reflectometric Setup for Moisture Measurement in Cultural Heritage Masonry Unit. Measurement 2022, 189, 110438. [Google Scholar] [CrossRef]

	



Pittella, E.; D’Alvia, L.; Palermo, E.; Piuzzi, E. Microwave Characterization of 3D Printed PLA and PLA/CNT Composites. In Proceedings of the IEEE 6th International Forum on Research and Technology for Society and Industry (RTSI), Naples, Italy, 6–9 September 2021; pp. 52–56. [Google Scholar] [CrossRef]

	



Schiavoni, R.; Monti, G.; Tedesco, A.; Tarricone, L.; Piuzzi, E.; de Benedetto, E.; Masciullo, A.; Cataldo, A. Microwave Wearable System for Sensing Skin Hydration. In Proceedings of the 2021 IEEE International Instrumentation and Measurement Technology Conference (I2MTC), Glasgow, UK, 17–20 May 2021; pp. 1–6. [Google Scholar]

	



Jilani, M.T.; Wen, W.P.; Zakariya, M.A.; Cheong, L.Y.; Ur Rehman, M.Z. An Improved Design of Microwave Biosensor for Measurement of Tissues Moisture. In Proceedings of the 2014 IEEE MTT-S International Microwave Workshop Series on RF and Wireless Technologies for Biomedical and Healthcare Applications, IMWS-Bio 2014, London, UK, 8–10 December 2014. [Google Scholar] [CrossRef]

	



Mohd Shah, S.R.; Asan, N.B.; Velander, J.; Ebrahimizadeh, J.; Perez, M.D.; Mattsson, V.; Blokhuis, T.; Augustine, R. Analysis of Thickness Variation in Biological Tissues Using Microwave Sensors for Health Monitoring Applications. IEEE Access 2019, 7, 156033–156043. [Google Scholar] [CrossRef]

	



Wang, Y.H.; Yang, C.-L. Thickness Measurement of Curved-Surface Biological Tissue with Air Gap Elimination by Triple-Ring Complementary Split-Ring Resonators. In Proceedings of the IEEE 2020 IEEE SENSORS, Rotterdam, The Netherlands, 25–28 October 2020; pp. 1–4. [Google Scholar] [CrossRef]

	



Sandhya, S.; Prajapati, P.R. Permittivity measurement of biological tissues using interdigital capacitor based resonator. AEU Int. J. Electron. Commun. 2023, 169, 154755. [Google Scholar] [CrossRef]

	



Gugliandolo, G.; Vermiglio, G.; Cutroneo, G.; Campobello, G.; Crupi, G.; Donato, N. Inkjet-Printed Capacitive Coupled Ring Resonators Aimed at the Characterization of Cell Cultures. In Proceedings of the 2022 IEEE International Symposium on Medical Measurements and Applications (MeMeA), Messina, Italy, 22–24 June 2022; pp. 1–5. [Google Scholar] [CrossRef]

	



Martellosio, A.; Pasian, M.; Bozzi, M.; Perregrini, L.; Mazzanti, A.; Svelto, F.; Summers, P.E.; Renne, G.; Bellomi, M. 0.5–50 GHz Dielectric Characterisation of Breast Cancer Tissues. Electron Lett 2015, 51, 974–975. [Google Scholar] [CrossRef]

	



Mansouri, S.; Alhadidi, T.; Ben Azouz, M. Breast Cancer Detection Using Low-Frequency Bioimpedance Device. Breast Cancer Targets Ther. 2020, 12, 109–116. [Google Scholar] [CrossRef]

	



Mokhtari Dowlatabad, H.; Mamdouh, A.; Yousefpour, N.; Mahdavi, R.; Zandi, A.; Hoseinpour, P.; Moosavi-Kiasari, S.M.S.; Abbasvandi, F.; Kordehlachin, Y.; Parniani, M.; et al. High-Frequency (30 MHz–6 GHz) Breast Tissue Characterization Stabilized by Suction Force for Intraoperative Tumor Margin Assessment. Diagnostics 2023, 13, 179. [Google Scholar] [CrossRef]

	



Markx, G.H.; Davey, C.L. The Dielectric Properties of Biological Cells at Radiofrequencies: Applications in Biotechnology. Enzym. Microb. Technol. 1999, 25, 161–171. [Google Scholar] [CrossRef]

	



Carraro, S.; D’Alvia, L.; Urciuoli, E.; Peruzzi, B.; Del Prete, Z.; Rizzuto, E. Measuring temperature effects on the dielectric properties of biological liquids by an experimental microwave system. In Proceedings of the 2022 IEEE International Symposium on Medical Measurements and Applications (MeMeA), Messina, Italy, 22–24 June 2022; pp. 1–5. [Google Scholar] [CrossRef]

	



Carraro, S.; D’Alvia, L.; Cerminara, F.; Del Prete, Z.; Rizzuto, E. Design and response analysis of a circular patch resonator for adherent cell culture detection. In Proceedings of the 2021 IEEE International Symposium on Medical Measurements and Applications (MeMeA), Lausanne, Switzerland, 23–25 June 2021; pp. 1–6. [Google Scholar] [CrossRef]

	



Gabriel, C.; Gabriel, S.; Corthout, E. The Dielectric Properties of Biological Tissues: I. Literature Survey. Phys. Med. Biol. 1996, 41, 2231. [Google Scholar] [CrossRef] [PubMed]

	



Gabriel, S.; Lau, R.W.; Gabriel, C. The Dielectric Properties of Biological Tissues: II. Measurements in the Frequency Range 10 Hz to 20 GHz. Phys. Med. Biol. 1996, 41, 2251–2269. [Google Scholar] [CrossRef]

	



Gabriel, S.; Lau, R.W.; Gabriel, C. The Dielectric Properties of Biological Tissues: III. Parametric Models for the Dielectric Spectrum of Tissues. Phys. Med. Biol. 1996, 41, 2271. [Google Scholar] [CrossRef] [PubMed]

	



Fahmy, H.M.; Hamad, A.M.; Sayed, F.A.; Abdelaziz, Y.S.; Abu Serea, E.S.; Mustafa, A.B.E.; Mohammed, M.A.; Saadeldin, A.M. Dielectric Spectroscopy Signature for Cancer Diagnosis: A Review. Microw. Opt. Technol. Lett. 2020, 62, 3739–3753. [Google Scholar] [CrossRef]

	



Hardinata, S.; Deshours, F.; Alquie, G.; Kokabi, H.; Koskas, F. Complementary Split-Ring Resonators for Non-Invasive Characterization of Biological Tissues. In Proceedings of the ANTEM 2018: 2018 18th International Symposium on Antenna Technology and Applied Electromagnetics, Waterloo, ON, Canada, 19–22 August 2018. [Google Scholar] [CrossRef]

	



Deshours, F.; Alquié, G.; Kokabi, H.; Rachedi, K.; Tlili, M.; Hardinata, S.; Koskas, F. Improved Microwave Biosensor for Non-Invasive Dielectric Characterization of Biological Tissues. Microelectron. J. 2019, 88, 137–144. [Google Scholar] [CrossRef]

	



Hussein, M.; Awwad, F.; Jithin, D.; El Hasasna, H.; Athamneh, K.; Iratni, R. Breast Cancer Cells Exhibits Specific Dielectric Signature in Vitro Using the Open-Ended Coaxial Probe Technique from 200 MHz to 13.6 GHz. Sci. Rep. 2019, 9, 4681. [Google Scholar] [CrossRef]

	



Macit, Z.; Aydinalp, C.; Yilmaz, T.; Sert, A.B.O.; Kok, F.N. Broadband Microwave Dielectric Property Comparison of Human Fetal Osteoblastic (HFOB) and Osteosarcoma (SaOS-2) Cell Lines. In Proceedings of the 2020 14th European Conference on Antennas and Propagation (EuCAP), Copenhagen, Denmark, 15–20 March 2020; pp. 1–4. [Google Scholar]

	



Odelstad, E.; Raman, S.; Rydberg, A.; Augustine, R. Experimental Procedure for Determination of the Dielectric Properties of Biological Samples in the 2–50 GHz Range. IEEE J. Transl. Eng. Health Med. 2014, 2, 1–8. [Google Scholar] [CrossRef]

	



Oueslati, A.; Hlali, A.; Zairi, H. Modeling of a Metamaterial Biosensor Based on Split Ring Resonators for Cancer Cells Detection. In Proceedings of the 18th IEEE International Multi-Conference on Systems, Signals and Devices, SSD 2021, Monastir, Tunisia, 22–25 March 2021; pp. 392–396. [Google Scholar] [CrossRef]

	



D’alvia, L.; Carraro, S.; Peruzzi, B.; Urciuoli, E.; Apa, L.; Rizzuto, E. A Principal Component Analysis to Detect Cancer Cell Line Aggressiveness. Acta IMEKO 2023, 12, 1–7. [Google Scholar] [CrossRef]

	



D’Alvia, L.; Carraro, S.; Peruzzi, B.; Urciuoli, E.; Palla, L.; Del Prete, Z.; Rizzuto, E. A Novel Microwave Resonant Sensor for Measuring Cancer Cell Line Aggressiveness. Sensors 2022, 22, 4383. [Google Scholar] [CrossRef]

	



Trivanović, D.; Nikolić, S.; Krstić, J.; Jauković, A.; Mojsilović, S.; Ilić, V.; Okić-Djordjević, I.; Santibanez, J.F.; Jovčić, G.; Bugarski, D. Characteristics of Human Adipose Mesenchymal Stem Cells Isolated from Healthy and Cancer Affected People and Their Interactions with Human Breast Cancer Cell Line MCF-7 in Vitro. Cell Biol. Int. 2014, 38, 254–265. [Google Scholar] [CrossRef] [PubMed]

	



Minn, A.J.; Kang, Y.; Serganova, I.; Gupta, G.P.; Giri, D.D.; Doubrovin, M.; Ponomarev, V.; Gerald, W.L.; Blasberg, R.; Massagué, J. Distinct Organ-Specific Metastatic Potential of Individual Breast Cancer Cells and Primary Tumors. J. Clin. Investig. 2005, 115, 44–55. [Google Scholar] [CrossRef] [PubMed]

	



Longo, M.; Peruzzi, B.; Fortunati, D.; de Luca, V.; Denger, S.; Casselli, G.; Migliaccio, S.; Teti, A. Modulation of Human Estrogen Receptor Alpha F Promoter by a Protein Kinase C/c-Src-Dependent Mechanism in Osteoblast-like Cells. J. Mol. Endocrinol. 2006, 37, 489–502. [Google Scholar] [CrossRef] [PubMed]

	



Hong, E.S.; Burkett, S.S.; Morrow, J.; Lizardo, M.M.; Osborne, T.; Li, S.Q.; Luu, H.H.; Meltzer, P.; Khanna, C. Characterization of the Metastatic Phenotype of a Panel of Established Osteosarcoma Cells. Oncotarget 2015, 6, 29469–29481. [Google Scholar] [CrossRef]

	



Urciuoli, E.; Petrini, S.; D’oria, V.; Leopizzi, M.; della Rocca, C.; Peruzzi, B. Nuclear Lamins and Emerin Are Differentially Expressed in Osteosarcoma Cells and Scale with Tumor Aggressiveness. Cancers 2020, 12, 443. [Google Scholar] [CrossRef]

	



Urciuoli, E.; D’Oria, V.; Petrini, S.; Peruzzi, B. Lamin A/C Mechanosensor Drives Tumor Cell Aggressiveness and Adhesion on Substrates With Tissue-Specific Elasticity. Front. Cell Dev. Biol. 2021, 9, 712377. [Google Scholar] [CrossRef] [PubMed]

	



ThermoFisher DMEM Description. Available online: https://www.thermofisher.com/it/en/home/life-science/cell-culture/mammalian-cell-culture/classical-media/dmem.html?SID=fr-dmem-main (accessed on 15 July 2023).

	



Lemma, S.; Di Pompo, G.; Porporato, P.E.; Sboarina, M.; Russell, S.; Gillies, R.J.; Baldini, N.; Sonveaux, P.; Avnet, S. MDA-MB-231 Breast Cancer Cells Fuel Osteoclast Metabolism and Activity: A New Rationale for the Pathogenesis of Osteolytic Bone Metastases. Biochim. Biophys. Acta Mol. Basis Dis. 2017, 1863, 3254–3264. [Google Scholar] [CrossRef]

	



Rucci, N.; Ricevuto, E.; Ficorella, C.; Longo, M.; Perez, M.; Di Giacinto, C.; Funari, A.; Teti, A.; Migliaccio, S. In Vivo Bone Metastases, Osteoclastogenic Ability, and Phenotypic Characterization of Human Breast Cancer Cells. Bone 2004, 34, 697–709. [Google Scholar] [CrossRef]

	



Kumar, G.; Ray, K.P. Broadband Microstrip Antenna Array, 1st ed.; Artech House: Boston, MA, USA, 2002; ISBN 1-58053-244-6. [Google Scholar]

	



Hardware Manual for MiniVNA Tiny. Available online: https://www.wimo.com/media/manuals/MRS/MiniVNA_Tiny_Antennenanalysator_Antenna-Analyzer_Hardware-Manual_EN.pdf (accessed on 15 July 2023).

	



Motulsky, H.J.; Brown, R.E. Detecting Outliers When Fitting Data with Nonlinear Regression—A New Method Based on Robust Nonlinear Regression and the False Discovery Rate. BMC Bioinform. 2006, 7, 123. [Google Scholar] [CrossRef]








[image: Bioengineering 10 00907 g001 550] 





Figure 1. Experimental setup based on (a) sensors, (b) Petri dish in which cells or pure medium are placed, (c) the MiniVNA, and (d) a notebook for data acquisition. 
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Figure 2. The figure reports for one single DMEM sample the mean value ( m ), the standard deviation (SD), and the error of the first measurement (EFM) for (a) minRL, (b) fr, and (c) FHWM.   m ¯   is represented by the dashed line, while SD is the solid one. 
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Figure 3. The figure reports the (a) minRL, (b) fr, and (c) FHWM for the ten repetitions of the eight DMEM samples. The dashed line represents the linear trend, or on the other hand, the average value. 
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Figure 4. The dashed line represents the linear trend, or on the other hand, the average value. MDA stands for MDA-MB-231. (a) minRL, (b) fr, and (c) FHWM for the ten repetitions of one replicate of the five MUTs. 
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Table 1. minRL for the five MUTs.
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minRL

	
m1

	
m2

	
m3

	
m4

	
m5

	
m6

	
m7

	
m8






	
DMEM

	
  m ¯   (MHz)

	
−13.91

	
−13.9

	
−14.7

	
−13.26

	
−14.08

	
−13.52

	
−13.66

	
−13.88




	
SD (MHz)

	
0.03

	
0.03

	
0.06

	
0.02

	
0.03

	
0.07

	
0.03

	
0.04




	
CV (%)

	
0.22%

	
0.22%

	
0.41%

	
0.15%

	
0.21%

	
0.52%

	
0.22%

	
0.29%




	
SaOS-2

	
  m ¯   (MHz)

	
−14.08

	
−15

	
−15.57

	
−13.22

	
−13.6

	
−13.8

	
−13.39

	
−13.27




	
SD (MHz)

	
0.07

	
0.03

	
0.06

	
0.04

	
0.03

	
0.03

	
0.02

	
0.08




	
CV (%)

	
0.50%

	
0.20%

	
0.39%

	
0.30%

	
0.22%

	
0.22%

	
0.15%

	
0.60%




	
143B

	
  m ¯   (MHz)

	
−15.03

	
−15.58

	
−14.28

	
−14.96

	
−13.44

	
−13.12

	
−12.71

	
−15.12




	
SD (MHz)

	
0.03

	
0.05

	
0.03

	
0.02

	
0.03

	
0.03

	
0.03

	
0.03




	
CV (%)

	
0.20%

	
0.32%

	
0.21%

	
0.13%

	
0.22%

	
0.23%

	
0.24%

	
0.20%




	
MCF-7

	
  m ¯   (MHz)

	
−13.04

	
−12.73

	
−13.66

	
−13.57

	
−13.92

	
−12.88

	
−13.66

	
−13.89




	
SD (MHz)

	
0.03

	
0.03

	
0.03

	
0.04

	
0.04

	
0.03

	
0.04

	
0.04




	
CV (%)

	
0.23%

	
0.24%

	
0.22%

	
0.29%

	
0.29%

	
0.23%

	
0.29%

	
0.29%




	
MDA-MB-231

	
  m ¯   (MHz)

	
−13.1

	
−12.51

	
−12.76

	
−13.33

	
−14.11

	
−14.1

	
−13.58

	
−13.54




	
SD (MHz)

	
0.02

	
0.02

	
0.04

	
0.02

	
0.04

	
0.03

	
0.02

	
0.04




	
CV (%)

	
−13.91

	
−13.9

	
−14.7

	
−13.26

	
−14.08

	
−13.52

	
−13.66

	
−13.88
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Table 2. fr for the five MUTs.
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fr

	
m1

	
m2

	
m3

	
m4

	
m5

	
m6

	
m7

	
m8






	
DMEM

	
  m ¯   (MHz)

	
2231.29

	
2231.34

	
2230.69

	
2231.52

	
2230.83

	
2230.48

	
2230.19

	
2230.27




	
SD (MHz)

	
0.13

	
0.09

	
0.09

	
0.12

	
0.10

	
0.22

	
0.09

	
0.11




	
CV (%)

	
0.006%

	
0.004%

	
0.004%

	
0.005%

	
0.004%

	
0.010%

	
0.004%

	
0.005%




	
SaOS-2

	
  m ¯   (MHz)

	
2224.88

	
2225.75

	
2225.14

	
2224.6

	
2225.19

	
2225.18

	
2224.34

	
2225.4




	
SD (MHz)

	
0.08

	
0.04

	
0.07

	
0.10

	
0.10

	
0.20

	
0.09

	
0.07




	
CV (%)

	
0.004%

	
0.002%

	
0.003%

	
0.004%

	
0.004%

	
0.009%

	
0.004%

	
0.003%




	
143B

	
  m ¯   (MHz)

	
2222.76

	
2222.81

	
2222.86

	
2223.64

	
2222.87

	
2223.49

	
2223.59

	
2223.26




	
SD (MHz)

	
0.09

	
0.05

	
0.07

	
0.10

	
0.09

	
0.10

	
0.06

	
0.09




	
CV (%)

	
0.004%

	
0.002%

	
0.003%

	
0.004%

	
0.004%

	
0.004%

	
0.003%

	
0.004%




	
MCF-7

	
  m ¯   (MHz)

	
2222.48

	
2222.2

	
2222.44

	
2222.23

	
2222.64

	
2222.17

	
2222.21

	
2222.83




	
SD (MHz)

	
0.10

	
0.08

	
0.06

	
0.08

	
0.08

	
0.07

	
0.05

	
0.07




	
CV (%)

	
0.004%

	
0.004%

	
0.003%

	
0.004%

	
0.004%

	
0.003%

	
0.002%

	
0.003%




	
MDA-MB-231

	
  m ¯   (MHz)

	
2223.63

	
2223.62

	
2223.67

	
2223.85

	
2223.94

	
2223.31

	
2223.78

	
2223.89




	
SD (MHz)

	
0.10

	
0.08

	
0.06

	
0.08

	
0.09

	
0.08

	
0.07

	
0.08




	
CV (%)

	
0.004%

	
0.004%

	
0.003%

	
0.004%

	
0.004%

	
0.004%

	
0.003%

	
0.004%
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Table 3. FWMH for the five MUTs.
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FWHM

	
m1

	
m2

	
m3

	
m4

	
m5

	
m6

	
m7

	
m8






	
DMEM

	
  m ¯   (MHz)

	
41.00

	
40.96

	
39.79

	
46.49

	
44.97

	
46.03

	
45.81

	
45.18




	
SD (MHz)

	
0.16

	
0.19

	
0.24

	
0.12

	
0.1

	
0.22

	
0.12

	
0.39




	
CV (%)

	
0.39%

	
0.46%

	
0.60%

	
0.26%

	
0.22%

	
0.48%

	
0.26%

	
0.86%




	
SaOS-2

	
  m ¯   (MHz)

	
39.03

	
40.47

	
39.80

	
48.90

	
49.28

	
48.27

	
48.95

	
46.41




	
SD (MHz)

	
0.09

	
0.15

	
0.18

	
0.15

	
0.16

	
0.11

	
0.17

	
0.2




	
CV (%)

	
0.23%

	
0.37%

	
0.45%

	
0.31%

	
0.32%

	
0.23%

	
0.35%

	
0.43%




	
143B

	
  m ¯   (MHz)

	
41.28

	
39.59

	
42.02

	
48.91

	
47.55

	
47.7

	
48.5

	
39.33




	
SD (MHz)

	
0.13

	
0.16

	
0.13

	
0.15

	
0.14

	
0.086

	
0.21

	
0.15




	
CV (%)

	
0.31%

	
0.40%

	
0.31%

	
0.31%

	
0.29%

	
0.18%

	
0.43%

	
0.38%




	
MCF-7

	
  m ¯   (MHz)

	
48.41

	
49.54

	
46.78

	
46.76

	
45.95

	
48.5

	
46.78

	
44.12




	
SD (MHz)

	
0.19

	
0.15

	
0.12

	
0.16

	
0.12

	
0.16

	
0.15

	
0.2




	
CV (%)

	
0.39%

	
0.30%

	
0.26%

	
0.34%

	
0.26%

	
0.33%

	
0.32%

	
0.45%




	
MDA-MB-231

	
  m ¯   (MHz)

	
48.61

	
49.77

	
48.92

	
48.43

	
45.89

	
45.71

	
46.39

	
45.42




	
SD (MHz)

	
0.14

	
0.023

	
0.21

	
0.17

	
0.11

	
0.10

	
0.12

	
0.20




	
CV (%)

	
0.29%

	
0.05%

	
0.43%

	
0.35%

	
0.24%

	
0.22%

	
0.26%

	
0.44%
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Table 4. REFM% for the five MUTs.
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REFM%

	
m1

	
m2

	
m3

	
m4

	
m5

	
m6

	
m7

	
m8






	
DMEM

	
minRL

	
41.00

	
40.96

	
39.79

	
46.49

	
44.97

	
46.03

	
45.81

	
45.18




	
fr

	
0.16

	
0.19

	
0.24

	
0.12

	
0.1

	
0.22

	
0.12

	
0.39




	
FWHM

	
0.39%

	
0.46%

	
0.60%

	
0.26%

	
0.22%

	
0.48%

	
0.26%

	
0.86%




	
SaOS-2

	
minRL

	
39.03

	
40.47

	
39.80

	
48.90

	
49.28

	
48.27

	
48.95

	
46.41




	
fr

	
0.09

	
0.15

	
0.18

	
0.15

	
0.16

	
0.11

	
0.17

	
0.2




	
FWHM

	
0.23%

	
0.37%

	
0.45%

	
0.31%

	
0.32%

	
0.23%

	
0.35%

	
0.43%




	
143B

	
minRL

	
41.28

	
39.59

	
42.02

	
48.91

	
47.55

	
47.7

	
48.5

	
39.33




	
fr

	
0.13

	
0.16

	
0.13

	
0.15

	
0.14

	
0.086

	
0.21

	
0.15




	
FWHM

	
0.31%

	
0.40%

	
0.31%

	
0.31%

	
0.29%

	
0.18%

	
0.43%

	
0.38%




	
MCF-7

	
minRL

	
48.41

	
49.54

	
46.78

	
46.76

	
45.95

	
48.5

	
46.78

	
44.12




	
fr

	
0.19

	
0.15

	
0.12

	
0.16

	
0.12

	
0.16

	
0.15

	
0.2




	
FWHM

	
0.39%

	
0.30%

	
0.26%

	
0.34%

	
0.26%

	
0.33%

	
0.32%

	
0.45%




	
MDA-MB-231

	
minRL

	
48.61

	
49.77

	
48.92

	
48.43

	
45.89

	
45.71

	
46.39

	
45.42




	
fr

	
0.14

	
0.023

	
0.21

	
0.17

	
0.11

	
0.10

	
0.12

	
0.20




	
FWHM

	
0.29%

	
0.05%

	
0.43%

	
0.35%

	
0.24%

	
0.22%

	
0.26%

	
0.44%
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Table 5. Overview of the measurement procedure for breast cancer and osteosarcoma cells’ detection.
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	Ref.
	Kind of Cells
	Kind of Sensor
	Freq. Range [GHz]
	Measured Parameters 1
	Procedure





	[24]
	MCF-10A, Hs578T, MDA-MB-231, MCF-7, T-47D, HT-29,

culture medium (three types)
	Open-ended coaxial probe
	0.2–13.6
	ε′, ε″
	Average of multiple acquisitions. Three replicates for specimens



	[25]
	hFOB, SaOS-2, DMEM
	Open-ended coaxial probe
	0.5–10.0
	ε*, σ
	Single acquisition on two replicates



	[26]
	hFOB, SaOS-2, C2C12
	Open-ended coaxial probe
	2.0–50.0
	ε′, ε″
	Average of multiple acquisitions.



	[27]
	SW620, Hs578T, MCF-7
	Split-ring resonators
	1.0–8.0
	fr (GHz), Δfr (MHz),

Q-factor
	Simulation



	[29]
	DMEM, SaOS-2, 143B, MCF-7, MDA-MB-231
	Circular-patch resonator
	1.0–3.0
	minRL (dB), fr (GHz), FWHM (MHz)
	Single acquisition. Eight replicates for specimens







1 ε′, ε″, ε* are respectively real, imaginary and complex permittivity σ is the conductivity.
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