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Abstract: Impedance measurements play a critical role in analyzing the electrical behavior of piezoelectric biosensors in
general. Antenna analyzers are engineered to measure the specific case of input impedance for antenna systems. In this study
small form factor antenna analyzer is repurposed to work as driving circuit for a Quartz Crystal Microbalance (QCM) biosensor
in combination with a single board computer as an indication of how small and portable an impedance measuring system can
be made, while allowing monitoring of important parameters of series and parallel resonance frequencies together with
dissipation factor. A QCM crystal with a 10 MHz fundamental resonance frequency is employed to determine the limit of
detection of the system in Bovine Serum Albumin (BSA) and glycerol solutions. Dissipation factor and phase angle were
monitored during the experiments. Limit of detection is 20 pg/ml BSA in phosphate buffer saline (PBS) and 250 pl of glycerol
in 100 ml of deionized water.
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Enerji Yitimi Olgebilen Tasmabilir Anten Analizorii Tabanh Kuvars Kristal Mikroterazi Ol¢iim
Sisteminin Tasarimi, Uretimi ve Performans Analizi

Ozet: Empedans Slgiimii birgok piezoelektrik biyosensoriin elektriksel davramsim analiz etmede kritik rol oynayan bir
tekniktir. Anten analizorleri, anten sistemlerinin giris empedansini 6lgmek i¢in tasarlanmistir. Bu ¢alismada bir empedans
6l¢lim sisteminin ne kadar kiigiik ve tagmabilir olabileceginin bir kanit1 olarak, tek kartli bir bilgisayarla kombinasyon halinde
bir Kuvars Kristal Mikro Terazi (QCM) biyosensoril igin siiriis devresi olarak ¢alismak iizere kii¢iik form faktorlii bir anten
analizorii yeniden tasarlanmistir. Seri ve paralel rezonans frekanslarinin ve dagilim faktoriiniin 6nemli parametrelerinin
izlenmesi 10 MHz temel rezonans frekansina sahip bir QCM kristali, sistemin Bovine Serum Albumin (BSA) ve Gliserol
¢ozeltilerinde tespit limitini belirlemistir. Deneyler sirasinda dagilim faktorii ve faz agis1 izlenmistir. Saptama sinir1, fosfat
tamponlu salinde (PBS) 20 pg/ml BSA ve 100 ml deiyonize suda 250 pl gliseroldiir.

Anahtar kelimeler: Kuvars Kristal Mikroterazi, enetji yitim faktorii, faz agisi, sigir serum albiimini, empedans 6l¢timii.
1. INTRODUCTION

QCM is a bulk acoustic wave piezoelectric biosensor where shear mode oscillations are used to determine
natural frequency of the bulk material by means of resonance [1]. Shear mode oscillations require an AT cut of
the quartz crystal, which has the highest thermally stable piezoelectric coefficients among all possible cuts [2].
QCM was first used in air or vacuum to measure weight deposited on the surface with sensitivity at microgram
levels. Sauerbrey’s equation [3] accurately converted a change in resonance frequency to the change in mass of
the deposited material. QCM is still used in sputtering instruments and thermal deposition instruments to measure
the thickness of deposited metal thin films at angstrom levels. Sauerbrey’s equation however, cannot account for
the large resonance frequency shift when the resonator is fully submerged in liquids. Kanazawa’s work explained
how the viscosity of the surround medium effects the resonance frequency as shown in Equation (1) [4]. With the
help of further work of Voinova et. al. it was later demonstrated that, energy dissipation especially at the higher
harmonics can be used to further understand not only viscosity of the medium but also the viscoelastic properties
of the thin films deposited on the QCM surface in aqueous solutions [5].

There are different methods with which resonance frequency and/or dissipation factor can be determined
electronically [6, 7]. Modern devices make use of the ring down method as it is the fastest way to measure these
parameters. In the ring down method, QCM is first excited by applying an electrical potential at the resonance
frequency with enough cycles to reach maximum oscillation amplitude. Then, the energy transfer is halted by
turning of this driving voltage pattern, and the resonator is allowed to dissipate the loaded energy in time.
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Dissipation factor is determined as explained in Equation (2), from the voltage pattern generated by the
piezoelectric crystal while the oscillations amplitudes fades in time [8].

Impedance measurements can also be used to determine dissipation factor by means of measuring amplitude
of the impedance and conductance respectively [8]. Among all the different methods of driving QCM, impedance
measurements, although are time consuming, generate the most information about the system[6, 7]. Almost all
biosensor applications require high sensitivity where the concentration of the analyte is low and diffusion limits
the reaction time for the analyte to bind on the QCM surface and reach equilibrium. Antenna and impedance
analyzers can be used to measure impedance, where the former can be small in size and inexpensive in comparison.
These devices are also used in the literature not only to drive QCM biosensors but also other piezoelectric
biosensors [9-14]. Portability of these intruments is also another concern, especially for field applications.
OpenQCM’s NEXT is the only commercially available platform as of today that can measure resonance frequency
and dissipation simultaneously, however it lacks the ability to take measurements in elevated temperatures and it
does not come with a pump or PC or any other portable single board computer (SBC). There are also portable
measurements systems in the literature[15-18]. Adel et. al.’s study uses a frequency counter and heating and
cooling air conditioning (AC) system for the flow cell although the AC system is only demonstrated to work
between 19°C and 29 °C. which is not suitable for isothermal amplification techniques. Moreover the system does
not include a portable pump and a PC is required and most importantly the system does not measure dissipation
factor but only the resonance frequency [15]. Beiflner et. al. developed an oscillator circuit with a control loop
that can adjust the applied voltage driving the QCM. Although the chip design is interesting and robust, it only
measures the resonance frequency shifts and no pumping system, PC or temperature control is integrated [16].
Liang et. al. developed a similar integrated circuit design and a flow cell lacking the ability to measure dissipation
factor[17]. Muioz et. al. developed a SBC based system with temperature control but only demonstrated a
temperature range between 18°C and 31°C and the measurement device is a vector network analyzer which can
simultaneously measure resonance frequency and dissipation factor. However, samples were injected using a
syringe manually. In this study, a small form factor antenna analyzer circuit is combined to work in conjunction
with a single board computer to fabricate a proof-of-concept QCM instrument capable of measuring both the
resonance frequency and dissipation simultaneously. A peristaltic pump was designed, printed and integrated into
the system to withstand temperatures above 95°C, which would allow any isothermal amplification reaction. The
developed system also has an integrated SBC and flow cell. In order to measure the performance of the system
BSA and Glycerol solutions are used to find the limit of detection (LOD). As 10 MHz fundamental resonance
frequency QCM resonators are used in the study and the maximum frequency that can be measured by the system
is 30 MHz. only the fundamental resonance frequency and the third harmonic are utilized during the experiments
which obstructed application of detailed viscoelastic models. LOD of glycerol and BSA were determined to be
250u1/100ml deionized water and 20 pg/ml in PBS buffer respectively.

2. MATERIALS AND METHODS
2.1 Portable Peristaltic Pump Design and Flow Cell

A portable peristaltic pump was designed in Autodesk Fusion 360 and 3D printed using a fused deposition
modeling (FDM) type printer (Zonestar PS02QR2). Acrylonitrile butadiene styrene (ABS) filament with a
diameter of 1.75 mm was used as the sole 3d printed material. In the design 6 bearings (624zz) with inner diameter
of Smm, outer diameter of 13 mm and thickness of 4mm. Peristaltic pump tubing with an inner diameter 1.6mm
and outer diameter of 3.2 mm (Tygon® formula 2375) was used to pump liquids at a flow rate of 100pul/min.
Arduino Uno R3 controller board was used with a CNC shield, one A4988 driver. 16 microstepping is used with
a NEMA13 step motor combined with a 51:1 planetary gearbox (14HS13-0804S-PG51). Grbl v1.1 was flashed
into the Arduino to be used as the firmware and the gcode necessary to turn the stepper motor was sent through
the serial port using python running on Raspberry Pi 4. The peristaltic pump system used in this study was a newer
version of the one that is used by Cetin et.al.[19] The peristaltic pump and its components are shown in Figure 1.
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Figure 1. (2) 3D rendering of the peristaltic pump in Autodesk Fusion 360. Some parts are rendered
transparent to illustrate the inner workings of the pump. (b) Peristaltic pump is printed and assembled
(incompletely) to show the inner workings of the pump, as well as the tubing.

2.2 Connection of antenna analyzer with a Single Board Computer

An inexpensive vector high frequency antenna analyzer (Rigexpert AA-30.Zero) was chosen for this study.
Important specifications of the antenna analyzer is summarized in Table 1. Maximum power consumption of the
antenna analyzer is approximately 0.65 watts (5V DC voltage and max of 150 mA current). It weighs 65 gr and
has a frequency range from 60kHz to 30 MHz with a frequency resolution of 1 Hz. It has a universal asynchronous
receiver/transmitter (UART) communication interface with a 38400 baud rate. Raspberry Pi 4 Model B with 8 GB
of ram is used as a single board computer. (Figure 2)

Tablel. Specifications of the antenna analyzer used to monitor impedance of QCM.

Frequency range 0.06 to 30 MHz
Frequency resolution 1 Hz
Communication interface UART, 38400 baud
SWR(standing wave ratio) measurement range 1 to 100

Figure 2. (a) A schematic diagram of the components of the systems. Arrows indicate how each component is
connected to each other. Every component in the dashed line can be fitted in a portable enclosure. (b) A picture
of the components during a detection experiment.
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2.3 BSA and Glycerol LODExperiments

Glycerol (Sigma) and BSA (Sigma) are spiked in 100 ml deionized water and 100 ml 1x PBS buffer solutions
respectively. Concentrations ranging from 250ul/100ml to 750 ul /100ml and from 20 pg/ml to 60 png/100ml for
Glycerol and BSA were prepared to measure LOD. Magnetic stirrer is used at room temperature to speed the
diffusion and homogenize the solution before the solution reaches the flow cell for glycerol experiments. Flow
cell had a total volume of 30 pl and the total volume of the liquid inside the tubing was approximately 1750 pl.
For BSA detections 2ml Eppendorf tubes were used as sample reservoir and samples were vortexed for 30 seconds
before experimentation. LOD experiments were performed as described before[20] in 3-sigma fashion. A standard
deviation of the resonance frequency position was calculated by monitoring the phase angle peak position in time
for 30 min in deionized water and 1x PBS for glycerol and BSA respectively. These values are determined to be
2.5 Hz at room temperature for deionized water and 3.5 Hz for 1xPBS solution. 200 data points were collected in
each sweep at a fixed window size of 1 kHz for the fundamental resonance frequency around 10 MHz for the phase
angle sweeps. Peak tracking was applied for phase angle sweeps. Each sweep’s duration was approximately 25
seconds. For dissipation, 200 data points were collected at a fixed windows size of 4 kHz. Peak tracking was not
applied for the conductance peak as the window was large enough to compensate for the low frequency shifts,
especially at concentrations close to the LOD. Any shift bigger than 7.5 Hz for glycerol solutions (oglycero=2.5Hz)
and 10.5 Hz for BSA in 1x PBS solutions (c1xpes=3.5 Hz) were considered as detection and LOD were measured
as the lowest such concentrations for each analyte.

2.4 Data Collection and Analysis

Miniconda is installed in the Raspberry Pi 64 bit operating system. Spyder compiler is used to write a routine
to control not only the peristaltic pump, but also the parameters of AA-30.Zero during impedance measurements
as explained before[9, 20]. Resonance frequency and dissipation factor was calculated and plotted in real time as
can be seen in Figure 3. Real time monitoring of the resonance frequency shift was achieved by measuring the
phase angle of the impedance, and sweep window was adjusted to track the moving peak position in time as
discussed before[9, 20]. Dissipation factor, D, was calculated from the conductance peak as described before using
the equation (1) [8].

For this, a baseline is first measured from the average of the first 3 and last 3 values of the conductance
measurement, as shown in Figure 3 below. The frequency of the peak point of the conductance was used to
determine the height of the conductance peak, which is then used to calculate the half-maximum of the peak. The
width at this level is then calculated from the 4 discrete data points of the conductance graph that are closest in
distance. These 4 points were then used to calculate the equation of the lines passing through them as shown in
figure 3. The distance between intersections of these lines with the half-maximum is used to calculate the Full
Width at Half Maximum (FWHM). This value is then divided by the frequency of the peak position to calculate
the dimensionless dissipation factor finally as in (1).
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Figure 3. (a) Frequency (Hz) vs phase angle(degrees) data measured in the last sweep. (b) Time (seconds)
vs peak position of the phase angle (Hz) plot showing time evolution of the peak position during detection. (c)
Frequency vs Conductance (siemens,S) data measured in the last sweep. Inset to the right is a schematic
illustrating how the FWHM is determined from the half maximum line. (d) Time(seconds,s) vs Dissipation
factor (D,dimensionless) plot showing time evolution of the dissipation factor during detection.
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3. FINDINGS AND DISCUSSION

Figure 4a shows the results of the limit of detection experiments for glycerol detections. 3 different
concentrations, 250 pl, 500 ul and 750 pl of glycerol dissolved in 100 ml of deionized water, are detected 3 times
each. LOD was measured to be 250 pl of glycerol in 100ml of deionized water. This was, in comparison to best
performing portable antenna analyzer (RigExpert Stick 230) from the same manufacturer, less than 1.5 times less
sensitive. Shaded area in figure 4a represents the standard deviation of all 3 detections in each concentration. A
frequency shift of =8.5 Hz was measured at LOD. Equation (2) was used to calculate the viscosity of the glycerol
mixtures from the frequency shifts.

Af = —f, 2. (k2L Y2 @)

ThQPQ

In Equation (2), Af represents resonance frequency shift. This is calculated from the average resonance
frequency position between 27%-30% min. following the spiking of the glycerol into the deionized water. nL and pL
represent the absolute viscosity of the liquid (0.01002 g/(cm.s) at room temperature) and density of the liquid
(0.9982 g/cm? at room temperature) respectively. po and po represents the shear modulus of the quartz crystal
(2.947 x 10! g/(cm.s?)) and density of the quartz (2.648 g/cm?) respectively.These viscosity values are then used
to calculate the resonance frequency shifts (Af) and the measured and known concentrations are plotted in figure
4b using tables as described before [20]. AD vs time graphs were also plotted in Figure 4c. As expected, the
frequency shift and dissipation factor shifts were inversely proportional as energy dissipation increased as the
viscosity of the bulk fluid increased with the increasing concentrations of Glycerol. Unfortunately viscoelastic
properties of the bulk liquid cannot be determined as dissipation factor and resonance frequency shifts of higher
harmonics are required for such models [5] and fundamental resonance peak is usually omitted.

When compared to the previous results with different antenna analyzers from the same manufacturer, AA-
30.Zero gave the least performance in terms of LOD. This was expected as, in comparison to those, it is slower
and hence less accurate. Sweep rate is important in the sense that less data points can be collected at a given time
lowering the time resolution of each sweep, making it more difficult to determine the peak position from a sweep
using the algorithm described before [9].

To measure the performance of the system using an analyte not only increasing the viscosity of the bulk fluid
as glycerol, BSA was used as it can be physically adsorbed even on a gold electrode. BSA concentration were
prepared in 1x PBS buffer as in most biosensor studies involving detection of analytes based on proteins or small
peptides, BSA is used as a remedy to overcome the non-specific binding problem [21-24]. Af and AD vs time
shifts of concentrations ranging from 20 pg/ml to 60 ug/ml were plotted in Figure 5a and 5b respectively. LOD of
BSA in 1xPBS solutions were determined to be 20 pg/ml. Frequency shifts in each concentration after 30min are
also plotted in figure 5Sc.

3.1 Conclusion and Evaluations

A portable impedance based QCM biosensing system was designed and prototyped as proof of concept in
this study. All the components are 3d printed and a single board computer was utilized to analyze data in real time.
To measure the performance of the system, BSA and glycerol solutions were prepared and LODs were measured.
AA30.zero antenna has a very small form factor; however, the analysis of real time data requires computing power
which requires the use of single board computer. Majority of power consumed by the system is not due the
measurements but mainly due to the Raspberry Pi 4 computer and peristaltic pump. To reduce the power
consumption of the peristaltic pump, NEMA 13 stepper motor was used instead of NEMA17. The motor draws 0.6
A at 20V. Total system power was ~18 watts including the Raspberry Pi 4, which is very high as it would take ~4
hrs to deplete a commercially available 20000 mAh power bank. This could be improved by using a more efficient
SBC or a smaller stepper motor as torque was already increased using a 51:1 planetary gearbox.

The system can be developed as two parts in the future, consisting of a driving system including the SBC and
the antenna analyzer and a second component consisting of the flow cell and the peristaltic pump. Temperature
resistant stepper motors are available that can withstand ambient air temperatures up to 130 oC. When combined
with temperature resistant small inner diameter peristaltic pump tubing this second component could be fitted
inside a drying oven so that biosensing can be achieved at elevated temperatures with an exceedingly small
(<100pl) sample volume for the fraction of the price of an equivalent QCM device. Machine learning algorithms
can also be run on impedance measurements of QCM biosensors as studied before [20] and modern SBCs are
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already equipped with central processing units (CPUs) and random access memory (RAM) enough to cope with
such light machine learning loads. Further work in this direction has already been initiated by the researcher.
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Figure 4. (a) Resonance frequency shifts of observed when 250 pl, 500 pl and 750 pl of liquid is dissolved in
deionized water. (b) Expected and measured resonance frequency shifts due to viscosity change of the bulk
liquid. (c) Dissipation factor shift due to viscosity change of the bulk liquid. Shaded area represents the standard
error in 3 experiments for each concentration.
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Figure 5. (a)Resonance frequency shifts of observed when 20 pg/ml, 40 ulml and 60 pg/ml of BSA is dissolved
in 1x PBS. (b) Dissipation factor shift due to adsorption of BSA on QCM surface for the same concentrations.
Shaded area represents the standard error in 3 experiments for each concentration. (c) Represents the average
dissipation factor change in the last 3 minutes (28% till 30t min) of each experiment.
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