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Development of an Integrated CMUTs-based Resonant Biosensor for Label-Free Detection of DNA with Improved Selectivity by Ethylene-Glycol Alkanethiols
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Fig. S1 showed the two models used to simulate and analyze the multi-physics coupling characteristics of CMUT structures, i.e., mechanical, electrical, and acoustic, which were the finite element and lumped element models, as shown in Fig. S1a and Fig. S1b. A finite element model of the circular CMUT cell was established using COMSOL 6.0. The electromechanical coupling domain represents the electrostatic driving and mechanical dynamics under clamped-edge conditions. Subsequently, the fluid-solid coupling domain represented the inter-influence between the CMUT surface and the fluid environment. Following by a stationary analysis, frequency-domain perturbation was used to investigate the responses of electrical characteristics such as impedance, phase, and conductance, which were closely related to the resonant performance.

The lumped-element model, which included parasitic effects, comprised three domains [1]: electrical, mechanical, and acoustic. The electrical port had three components: Rp, Cp0, and Ce, which represented series parasitic effects, parallel parasitic effects, and effective capacitance, respectively. Power was transformed into mechanical and acoustic domains by the ratio nt. A spring-softening effect was proposed for -Cs. The mechanical properties of the CMUT top membrane consisted of Cr and Lr, as the equivalent stiffness and mass, respectively. Lm represented the mass loading effect on the top membrane. Rml was parasitic-motional loss. The inter-radiation impedance between the top membrane and the environment was proposed by Zrad. 
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Fig. S1. Finite element model and lumped element model. a. Multi-physics coupling finite element model. b. Two-port lumped element model.

The electrical characteristics analyzed using the finite element method and lumped element model demonstrated that the resonant frequencies of the CMUT structure R60 were higher than those of R70 in air and water environments. The resonant frequency of a CMUT operating in water is lower than that operating in air because of motional damping. 
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 Fig. S2. Electrical characteristics of the designed CMUT cell under different bias voltages (10 V ~ 30 V DC @ 500mV AC) (a) The impedance, phase, and conductance responses of CMUT structures for R70 and R60 in air. (b) and (c) are the responses of impedance, phase, and conductance of CMUT structures in water by finite element method (solid line) and lumped element model (dashed line), for R70 and R60, respectively.

The membrane collapsing of the CMUTs chip with the cavity diameter of 120μm was characterized by a white light interferometer (CCI 6000, Talysurf, France) and power supplier (2612A, Keithley, USA). The collapse behavior was investigated by increasing the DC bias voltages from 20V, as shown in Fig. S3. When the DC bias voltage was set to 63V, the amplitude of the CMUTs membrane vibration suddenly increased, resulting in contact with the bottom and indicating that collapse had occurred. 
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Fig. S3. Characterization of the collapse deformation of the CMUTs chip with the cavity diameter of 120 μm under different DC bias voltages. (a) 3D map of the CMUTs cell under a DC bias voltage of 20V. (b) 3D map of the CMUTs cell under a DC bias voltage of 63V. c. Membrane deformation of the CMUTs cell.

Table S1. Parameters of the designed CMUT cell in air and water environment for simulation and numerical analysis.

	Parameters
	Values
	Units

	Top Si, radius, Rmem
	60/70
	μm

	Top Si, thickness, tmem
	2
	μm

	SiO2 pillar, height
	550
	nm

	Vacuum cavity, height
	450
	nm

	Cavity SiO2 insulation, height
	100
	nm

	Air, density, ρair
	1.29
	kg/m3

	Air, sound velocity, vair
	340
	m/s

	Water, density, ρwater
	1000
	kg/m3

	Water, sound velocity, vwater
	1500
	kg/m3


Table S2. Typical chemicals used in the experiments.  

	Catalog number
	Chemicals
	Manufacturer

	1
	Acetone
	Sigma-Aldrich, America

	2
	Absolute ethanol
	

	3
	Isopropanol
	

	4
	Methanol
	

	5
	Hydrogen chloride (HCl)
	

	6
	Sodium chloride (NaCl)
	

	7
	N-Hydroxysuccinimid (NHS)
	

	8
	N-(3-Dimethylaminopropyl)-N'-ethylcarbodiimide hydrochl-oride (EDAC)
	

	9
	10× tris(hydroxymethyl) aminome-thane (Tris) and ethylenediaminetetraacetic acid (EDTA) buffer (10 mM Tris, 1mM EDTA, and 100 ml distilled water, pH 8.0)
	

	10
	Epoxy glue (EPO-TEK 302-3M)
	Epoxy Technology, Inc., America

	11
	Conductive epoxy (H20E-FC 1OZ)
	

	12
	Ethylene-glycol thiol-phosphate acid terminated by hydroxyl group (S-(11-(2-(2-(2-hydroxyethoxy) ethoxy) ethoxy)undecyl) O, O-dihydrogen phosphorothioate, C17H37O7PS)
	Synthesized on demand by Prochimia, Poland

	13
	Ethylene-glycol thiol-phosphate acid terminated by carboxyl group (23-(phosphonothio)-3,6,9,12-tetraoxatetracosanoic acid, C19H39O9PS)
	

	14
	30-mer ssDNA oligonucleotides 5'-Amino-C6-CCGCAGCTTTACGGGTCT ACACGGCGATTG-3' as probes
	Eurofins Genomics GmbH, Germany

	15
	30-mer ssDNA oligonucleotides 5'-CAATCGCCGTGTAGACCCGTAAAGCTGCGG-DIY415-3' as complementary targets
	

	16
	30-mer ssDNA oligonucleotides 5'-GGCGTCGAAATGCCCAGATGTCGGCGATTG-DIY415-3' as non-complementary targets
	


Table S3. Statistics of the CMUTs structural morphology and size measurement results and errors based on the nine-point measurement procedure.

	Parameters
	Designed

values
	Measured averaged values
	Maximum relative errors (%)

	Top Si, radius (μm)
	60
	59.510
	0.82

	Top Si, radius (μm)
	70
	69.110
	1.27

	Top Si, thickness (μm)
	2
	2.001
	0.05

	Top electrode, thickness (μm)
	0.400
	0.412
	3.00

	Top SiO2 insulation, thickness (μm)
	0.200
	0.197
	1.50

	Vacuum cavity, height (μm)
	0.450
	0.462
	2.67

	Cavity SiO2 insulation, height (μm)
	0.100
	0.103
	3.00
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