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Abstract

Quartz crystal microbalance (QCM) is a versatile sensing platform that has gained increasing attention for its use in bioap-
plications due to its high sensitivity, real-time measurement capabilities, and label-free detection. This article presents a
portable QCM system for liquid biosensing that uses a modified Hartley oscillator to drive 14 mm-diameter commercial
QCM sensors. The system is designed to be low-cost, easy to use, and highly sensitive, making it ideal for various bioap-
plications. A new flow cell design to deliver samples to the surface of the sensor has been designed, fabricated, and tested.
For portability and miniaturization purposes, a micropump-based pumping system is used in the current system. The system
has a built-in temperature controller allowing for accurate frequency measurements. In addition, the system can be used in
benchtop mode. The capability of the present system to be used in liquid biosensing is demonstrated through an experimen-
tal test for sensitivity to changes in the viscosity of glycerol samples. It was found to have a sensitivity of 263.51 Hz/mPa.s

using a 10 MHz QCM sensor. Future work regarding potential applications was suggested.

Keywords QCM - Flow cell - Hartley oscillator - Peltier module - Micropump

1 Introduction

Quartz crystal microbalance (QCM) is a highly sensitive tech-
nique that has been widely used in various fields, including
biosensors. QCM biosensors have been used in a diverse set of
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bioapplications, including but not limited to disease diagnosis,
drug discovery, environmental monitoring, and food safety. For
instance, QCM biosensors have been used for the detection of
cancer biomarkers, such as prostate-specific antigen (PSA) and
carcinoembryonic antigen (CEA), in serum samples with high
sensitivity and specificity (Jandas et al. 2020; Pohanka 2021).
In drug discovery, QCM biosensors have been used to monitor
the real-time interactions between drugs and their targets, such
as enzymes and receptors (Tetyana et al. 2021). Additionally,
QCM biosensors have been used for environmental monitor-
ing, such as detecting heavy metals and pesticides in water
(Erbahar et al. 2012; Sartore et al. 2011), and for food safety,
such as detecting foodborne pathogens (Fulgione et al. 2018;
Vaughan et al. 2003). Notably, QCM excels in both liquid and
gas sensing realms, as evidenced by recent works in liquid
sensing (Khoirudin et al. 2023; Lino et al. 2023) and gas sens-
ing (Aflaha et al. 2023a, b, c; Debabhuti et al. 2022). These
research works underscore the versatility of QCM technology
in meeting a spectrum of sensing application needs.

The development of portable QCM systems is essential
due to the increasing need for on-site and in-field monitor-
ing applications. Portable QCM systems provide the added
benefits of reduced instrument size and cost.
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Park et al. (2022) presented a miniaturized QCM meas-
urement system as an alternative to benchtop instruments.
The use of QCM as part of a portable system for measuring
fine particles has been reported (Lee and Kim 2022). Dif-
ferent portable gas-sensing systems based on QCM technol-
ogy have been proposed, including some utilizing a serial
communication interface with a computer (Debabhuti et al.
2022). In contrast, others employ a microcontroller instead
of a computer (Banerjee et al. 2020), and some even allow
for monitoring through web browsers (Suzuki et al. 2020).
These systems consist mainly of QCM sensors, oscillating
circuits, and microcontroller-based frequency counters.
Liang et al. developed a portable QCM system with a three-
layer flow cell for biosensor applications (Liang et al. 2016).
However, the need for a benchtop frequency counter limits
the functionality of the portable system. In this work, we aim
to address the shortcomings of existing portable QCM sys-
tems, such as the absence of a built-in temperature control-
ler. Enhancing the system with features like a micropump-
based sample pumping system makes it more suitable for
use in liquid biosensing.

The QCM technique involves measuring the change in
frequency of a quartz crystal resonator that occurs when a
mass is added or removed from its surface. The detection
of changes in frequency is typically achieved using three
electronic techniques: impedance-based measurements,
ring-down analysis method, commonly called quartz crys-
tal microbalance with dissipation monitoring (QCM-D),
and oscillator-based measurements (Park and Choi 2020).
Impedance measurement and QCM-D systems are heavily
reliant on software, and due to their high cost and bulky size,
they are not suitable for portable systems (Mills et al. 2006;
Park et al. 2022; Wudy et al. 2008). Oscillator-based QCM
systems are commonly used to characterize gas and liquid
phase applications. Additionally, their low cost, compact
circuitry, and ability to be customized to fit various applica-
tions make them a popular choice for studying the properties
of deposited films and liquids (Alassi et al. 2017).

Researchers initially adopted electronic oscillator circuits
commonly used as LC tank oscillators (Barnes 1991). The
Colpitts, Pierce, and Hartley oscillators are classic examples of
electronic oscillator circuits. When designing electronic oscil-
lators in bioapplications QCM systems, it is crucial to consider
the specific application and operating conditions, particularly for
highly damped mediums. For example, it is recommended to use
an oscillator design that grounds one side of the crystal (Barnes
1991, 1992). Colpitts and Pierce oscillators have some limitations
under damped conditions (Alassi et al. 2017). The Colpitts oscil-
lator has high gain sensitivity to resonator losses, while the Pierce
oscillator lacks grounding on one of its crystal electrodes (Barnes
1991). An amplifying stage has been proposed to improve the
oscillator’s stability (Kogum et al. 2009). However, this addition
increases the circuit complexity (Alassi et al. 2017).
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The Hartley oscillator has several advantages over other
oscillators for in-liquid applications, including low cost,
stability, and simplicity. Additionally, one of its crystal
electrodes is inherently grounded. The Miller oscillator, a
modified version of the Hartley oscillator, has gained the
attention of several researchers due to its ability to function
effectively under different operating conditions (Garcia-
Martinez et al. 2011; Rodriguez-Pardo et al. 2007, 2008).
Miller oscillators have been found to maintain enhanced
noise performance with comparable frequency stability
levels, and sustain oscillation under higher damping con-
ditions (Rodriguez-Pardo et al. 2011). In the current work,
a modified Hartley oscillator is designed and used in the
developed system.

Flow cells play a vital role in QCM systems designed for
bioapplications. These cells facilitate regulating the flow of
biological samples across the surface of the QCM sensor.
A crucial factor to remember while selecting materials for
QCM flow cells is their biocompatibility. Another important
consideration is the cost of materials and fabrication. Com-
pared to polydimethylsiloxane (PDMS), glass, quartz, and
silicon flow systems are more expensive and require com-
plex fabrication techniques, such as photolithography and
etching (Chang et al. 2003). The standard soft lithography
methodology has been used to fabricate PDMS microfluidic
systems. However, the need for a clean room environment
and expensive equipment increases the fabrication cost and
time (Chiarello et al. 2017; Faustino et al. 2016; Greener
et al. 2010). Due to its availability, low cost, biocompatibil-
ity, and transparency, PMMA material was used to fabricate
microfluidic systems in different bioapplications, such as cell
separation, PCR, and DNA systems (Adel et al. 2023; Islam
et al. 2018; Nasser et al. 2019, 2021).

Introducing microfluidic systems has significantly
improved QCM flow cells for bioapplications. Michalzik
et al. (2005) fabricated a flow cell for immunosensor appli-
cations using PDMS. The flow cell was permanently bonded
with the QCM using the oxygen plasma surface treatment
bonding procedure. Similarly, Thies et al. (2018) developed
an embedded flow cell from PDMS with a microfabricated
QCM device for measuring biological samples utilizing par-
ticles. Calero et al. (2020) proposed a multichannel microflu-
idic cell for bioanalytical applications of monolithic QCM
consisting of two parts: a flexible gasket from PDMS and the
body of the cell from PMMA. A flow cell for holding high
fundamental frequency QCM sensors has been presented by
Sagmeister et al. (2009). The main structure of the flow cell
was made of aluminium, while PDMS was used as a seal-
ant. In this work, we fabricate the flow cell from the PMMA
material through direct writing with a CO, laser beam. This
fabrication technique eliminates the need for a photomask
and a clean room environment, reducing the fabrication time
and the cost of the flow cell.
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Temperature stability is crucial in achieving accurate and
precise measurements in QCM systems (Magni et al. 2022).
Temperature changes affect the frequency and quality factor of
the QCM, leading to errors in sensing results. Different types
of temperature controllers have been developed to maintain
the temperature stability of QCM sensors. One approach is
to use a thermoelectric cooler (TEC), also known as a Peltier,
to control the temperature of the QCM (Kocum et al. 2009).
Li et al. (2018) proposed a QCM dew point sensor structure
with temperature control, utilizing two copper wire electrodes
bonded on both sides of the QCM sensor using conductive
adhesives. In numerous integrated temperature control sys-
tems, thermal actuators are positioned close to or in contact
with the electrodes of the QCM sensor. These arrangements
ensure adequate temperature control but can expose the QCM
to local electromagnetic interference emissions from the actua-
tor (Jang et al. 2022; Zampetti et al. 2017).

A considerable amount of recent research has been con-
ducted using QCM sensors across a broad range of tempera-
tures (Nowocien et al. 2022). Wachiralurpan et al. (2021)
developed a DNA hybridization biosensor using QCM
operating at 60 °C. Huellemeier et al. (2022) researched the
adsorption and fouling of milk fractions on stainless steel at
25, 50, and 65 °C. Therefore, the temperature of the oscil-
lating circuit and the QCM sensor may need to be controlled
separately. Nowocien et al. (2022) developed a temperature
control system using TEC modules, employing two inde-
pendent temperature regulators. The first is to control the
temperature of the QCM sensor to the desired level, and
the second is to maintain the temperature of the oscillating
circuit at a constant value. The current work uses a single
Peltier module to build the integrated temperature control
system for miniaturization and cost-reduction purposes.

This work presents a QCM-based system developed to
meet high sensitivity requirements, using a modified Hartley
oscillator circuit, allowing the detection of minimal mass
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changes over the sensor surface. The flow cell of the system
is developed from PMMA as biocompatible low-cost mate-
rial. The built-in temperature controller, the piezoelectric
micropump, and the Wi-Fi communication module support
the portability of the system for field applications. The capa-
bility of the presented system to be used in liquid biosens-
ing is demonstrated by testing it on sensing the viscosity of
different glycerol samples. The present article is organized
as follows. The used material and applied methods for the
developed system design, fabrication, and testing are pre-
sented in Section 2. Then, Section 3 reveals and discusses
the results of the performed experimental work for the sys-
tem fabrication and the sensitivity validation test. Finally,
conclusions are reported in Section 4.

2 Materials and methods
2.1 System description

A QCM sensor typically consists of a thin quartz crystal
mounted between two metal electrodes, typically made of gold,
used to apply an alternating current (AC) to the crystal. When
an AC is applied to the electrodes, the quartz crystal oscillates
at a resonant frequency. Once a material contacts the surface of
the crystal, it causes a change in the mass or viscosity over the
sensor surface, which alters its resonant frequency. Continu-
ously monitoring these frequency changes over time allows for
detecting and quantifying the mass or viscosity of the mate-
rial. In an oscillator-based QCM system, the sensor is driven
by an oscillating circuit that connects to a frequency counter
and a computer for data logging and analysis. The system also
includes a flow cell to introduce the material and control its
flow over the sensor surface through a pumping system for in-
liquid applications. Fig. 1a presents a schematic diagram of a
QCM-based system.
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Fig. 1 a Schematic diagram of in-liquid QCM-based system. b Layout of the proposed system
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2.2 System design considerations

The developed system was designed to work in both bench-
top and portable modes. Achieving that requires careful con-
sideration of several factors. Firstly, the oscillator circuit
must be designed to achieve high-frequency stability and
low-phase noise under conditions of both modes. Secondly,
the flow cell design should be compatible with the available
commercial QCM sensors to facilitate the sample delivery
to the sensing surface while minimizing the effects of fluid
dynamics. Thirdly, the pumping system must be designed
to provide controlled fluid flow in both modes, consider-
ing flow rate and pressure factors. Finally, the temperature
controller must be designed to maintain a constant tempera-
ture of the quartz crystal in both modes, with consideration
given to power consumption in the portable mode. These
considerations provide accurate, reliable, and reproducible
measurements for various bioapplications in both benchtop
and portable modes. Therefore, the developed system con-
sists mainly of a flow cell that holds the QCM sensor, a
modified Hartley oscillator circuit connected to a frequency
counter circuit, and a micropump-based pumping system.
The system also includes an air conditioning system based
on a Peltier module. The layout of the developed system is
shown in Fig. 1b, and the detailed design and fabrication
of each sub-system are described in the following sections.

2.3 Flow cell

The main purpose of a flow cell in a QCM system is to sup-
port the QCM sensor mechanically and allow delivering the
sample solution to the surface of the sensor without leakage
(Sagmeister et al. 2009). It also allows for electrical contact
between the sensor electrodes and the oscillating circuit. The
current work aimed to create a flow cell with a user-friendly
design and a QCM sensor that can be replaced easily. The
flow cell can also be cleaned using standard laboratory pro-
cedures. The flow cell was designed using SolidWorks soft-
ware. Fig. 2 illustrates the parts of the developed flow cell.
The main structure of the developed flow cell consists of
four PMMA layers: two substrates and two covers. The upper
and lower covers were fixed and glued to the upper and lower
substrates. The dimensions of each substrate are 50 X 50 X
8 mm. Two PMMA parts were fixed in the lower surface of
the upper substrate to work as side boundaries of a chamber
holding the QCM sensor. The two side boundaries fit into cor-
responding slots grooved in the lower substrate for tightening
and alignment. The input and output ports of the chamber were
drilled into the upper cover and the upper substrate, respec-
tively. Then, 1.6 mm-inner diameter connection tubes were
fixed and connected to the ports from one side and plastic
barbed tube fittings from the other to create a tubing system
that connects the liquid reservoir and the QCM sensor. This
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system allows for delivering the sample solution to the sen-
sor surface. A flexible seal gasket from biocompatible silicon
rubber was placed between the upper substrate and the upper
surface of the sensor, forming a flow channel. The gasket pre-
vents leakage and ensures uniform fluid flow. The chamber was
designed to hold 14-mm-diameter QCM sensors. Additionally,
the flow channel has a volume of 50 pL.

To connect the QCM sensor to the oscillating circuit,
spring pins are fixed in the substrates and the covers, respec-
tively. Five pins are fixed in the lower part of the cell and two
pins in the upper part to make balance over the surface of
the sensor and avoid damaging the sensor while assembling
the parts of the cells. Many lower pins force the sensor to
be in contact with the gasket and ensure contact with the
electrodes of different commercial QCM sensors with dif-
ferent electrode shapes. The upper and lower spring pins are
connected to Sub-Miniature Version A (SMA) connectors
fixed on the edges of the upper and lower covers. These con-
nectors allow for the connection of the QCM sensor to the
oscillating circuit through SMA cables. Slots were designed
in the middle of each cover to enable faster temperature reg-
ulation via the air conditioner. The lower slot also mounts
a temperature sensor for feedback signals. After properly
mounting the QCM sensor, the upper and lower substrates
are assembled using four bolts and nuts.

The flow cell was fabricated using a CO, laser machine
(VLS3.5, Universal Laser Systems, Kanagawa, Japan) with a
30-watt laser tube. A laser lens (HPDFO, Universal Laser Sys-
tems, Kanagawa, Japan) of 30 pm focal spot was used. PMMA
sheets (Spiroplastic, Cairo, Egypt) of different thicknesses were
used for fabrication. The laser beam was applied with 1000
pulses per inch (PPI) to develop the required design by pat-
terning the PMMA sheets. Different laser powers and scanning
speeds were applied based on the thickness of the PMMA sheet.
After fabrication, the flow cell was assembled and tested twice
with two different 14-mm-diameter commercial QCM sensors.
The first has a fundamental frequency of 10 MHz (ALS Co.,
Ltd, Tokyo, Japan), and the other has 6 MHz (COLNATEC,
Greenville, SC, USA). Deionized (DI) water was pumped to
the surface of the sensor through the input port at different flow
rates for leakage testing in both cases. The pumping process
was performed using a syringe pump (NE-4000, New Era Sys-
tems, Grant, FL, USA).

2.4 Oscillating circuit
2.4.1 Hartley oscillator working principle

The Hartley oscillator is a type of LC oscillator circuit that
generates a sinusoidal signal at a specific frequency. It con-
sists of an inductor, a capacitor, and a transistor. The oscil-
lator operates on the principle of positive feedback, where
a portion of the output signal is fed back to the input to
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Fig.2 3D design of the developed flow cell. Assembly drawing: a isometric and b side views. Disassembly drawing: ¢ isometric and d side

views

sustain oscillations. The feedback is provided by a tap on
the inductor coil, which divides the coil into two parts (L1
and L2). One part of the coil is connected to the collector
of the transistor, and the other part is connected to the base
of the transistor through a capacitor. Figure 3a illustrates a
schematic diagram of the Hartley oscillator. The feedback
provided by the inductor tap and capacitor causes the oscil-
lator to oscillate at a specific frequency determined by the
values of the inductor and capacitor. The frequency of oscil-
lation can be calculated using the following equation:

1
2z L * C’ M

where f is the frequency of oscillation, L is the inductance of
the coil (L = L1+ L2), and C is the capacitance of the capaci-
tor. As can be noted from Fig. 3a, the feedback network in
the Hartley oscillator is formed by the coupling capacitor (C
1) and a voltage divider consisting of two resistors (R1 and
R2). The voltage divider is used to bias the transistor and
establish the operating point.
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Fig.3 a Schematic diagram of the Hartley oscillator. b The unloaded QCM electrical model. ¢ The modified QCM Hartley oscillator of the pre-

sent work

2.4.2 QCM equivalent circuit

The QCM sensor is electrically modeled, using the Butterworth-
Van-Dyke (BVD) circuit model, as a series RLC arm (L,,, C,,,,
and R,,) (Alassi et al. 2017). A capacitor (Cp) added across the
RLC arm represents the capacitance of the electrodes. Figure 3b
shows the corresponding BVD electrical model of the unloaded
QCM sensor. The resonance frequency of the sensor is deter-
mined based on the values of elements in the electrical model.
For in-liquid applications, R;;, and L, elements are added in
series with the RLC arm. At the same time, the added mass over
the surface of the sensor is represented by a series inductance
(L,0s5) (BeiBner et al. 2017). Therefore, any change in the liquid
or the added/removed mass will affect the oscillating frequency.

2.4.3 The modified hartley oscillator

In this work, we connect the QCM sensor in parallel with
the L1 of the Hartley oscillator of Fig. 3a. This connection
ensures the grounding of one side of the sensor, as the lit-
erature recommends (Alassi et al. 2017; Barnes 1991, 1992).
The dry electrode of the QCM is connected to the ground of
the circuit. This is because the dry electrode is typically used
as the reference electrode, while the wet electrode is exposed
to the measured sample. Connecting the dry electrode to the
ground ensures that the reference electrode is at a fixed poten-
tial, allowing for accurate resonant frequency measurements.
Furthermore, connecting the wet electrode to the ground may
cause electrical interference or noise, which can affect the
accuracy of the QCM measurements. Figure 3c presents the
modified Hartley oscillating circuit used in this work.

A variable capacitor (C) is used to tune the oscillating circuit
near the resonant frequency of the QCM sensor. This adjust-
ment allows the use of different QCM sensors with different
resonant oscillating frequencies in a specific range. A coupling
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capacitor (C2) transmits the generated AC signal to the QCM
sensor and blocks any direct current (DC) coupling. A silicon
NPN bipolar junction (BJT) transistor (2N3904) was used in the
oscillating circuit due to its low power consumption, low cost,
small size, fast switching speed, and wide availability. In addi-
tion, it is less sensitive to fluctuations in voltages and currents
as compared to other BJTs. The transistor was biased, and the
operating point was established using resistances of 47kQ and
10k€2 for R1and R2, respectively. The variable resistance (RE)
tunes the output voltage amplitude across the QCM sensor.
The proposed oscillator was simulated using Proteus
software. For testing, the oscillating circuit was first con-
nected to a breadboard. The circuit was optimized to have
a resonant frequency close to the fundamental frequency
of the QCM sensor. The circuit was then transferred to a
printed circuit board (PCB). The circuit was tested for dif-
ferent oscillating frequencies, and the range of operating fre-
quencies has been reported. Using SMA connectors, which
were mounted in the flow cell, the output of the circuit was
connected to the QCM sensor. The oscillating circuit output
signal was monitored using an oscilloscope (DSO5012A,
Agilent Technologies, Petaling Jaya, Selangor, Malaysia).

2.4.4 Oscillating frequency measurement

The oscillating frequency of the output signal was measured
using a benchtop frequency counter (53220A, Keysight, Pet-
aling Jaya, Selangor, Malaysia) through an SMA cable. An
ESP32 microcomputer (ESP32-WROOM-32, Espressif Sys-
tems, Shanghai, China) was used to measure the frequency
of the oscillator using the built-in frequency counter circuit
for portable mode measurements. The ESP32 was selected
because of the high clock frequency that reaches 240 MHz.
Using the onboard Wi-Fi capabilities of the ESP32, the meas-
urements are then sent to a server for further data analysis.
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2.5 Pumping system

The sample solution is delivered to the QCM sensor through
the tubing system of the flow cell described previously. In
the current system, the flow cell is connected to a syringe
pump in the benchtop mode or an integrated pumping sys-
tem in the portable mode. The built-in pumping system
consists of a miniature piezoelectric diaphragm micropump
(SDMP306D, Takasago Electric, INC., Nagoya, Aichi, Japan)
and an Arduino board for flow rate control. The piezoelectric
micropump is a pump that uses the piezoelectric effect to gen-
erate pressure and move fluids. The outer dimensions of the
micropump are 25 X 25 X 8.2 mm. The enabled terminal of
the built-in driver of the micropump is used to program it to
deliver a constant flow rate. By turning the pump on and off at
a certain frequency, a pulsed flow is achieved and controlled
by adjusting the duty cycle (the percentage of time the pump
is on). As a first approximation, a linear relationship between
the duty cycle and flow rate is assumed for the desired flow
rate parameters calculations. The actual flow rate parameters,
which depend on the specific characteristics of the system,
such as tubing dimensions and solution properties, are then
calculated through calibration.

The developed system has two tube fittings to work as
inlet and outlet ports for sample solutions. In the portable
mode, the inlet port of the system is connected to the inlet
of the micropump, while the output port of the system is
connected to the output port of the flow cell. The output of
the micropump is connected to the inlet port of the flow cell
to close the loop. In the benchtop mode, the inlet and outlet
ports of the flow cell are connected directly to the inlet and
outlet ports of the system, respectively. One of the ports of
the system is connected to a syringe fixed on the syringe
pump, and the other is to a reservoir. A sample holder is
designed to hold four 10-mL glass reservoirs. The holder
is fixed in the system from the outside to allow changing
samples without affecting the regulated temperature inside
the box. There are two possible solution flow paths in the
developed system. The first is to push the sample by the

Fig.4 Possible flow paths in
the developed system. Push N
configuration using: a syringe
pump and b micropump. Pull
configuration using: ¢ syringe
pump and d micropump.
Arrows illustrate the flow direc-
tion

Syringe Pump

Syringe Pump

(c)

Flow Cell

Flow Cell

pump, passing through the flow cell and ending in the waste
reservoir. The second is to pull the sample that passes firstly
through the flow cell, then through the pump. The push and
pull configurations are illustrated in Fig. 4.

2.6 Air conditioning system

The temperature of the QCM sensor should be regulated to
maintain the accuracy and reliability of the system measure-
ments. In addition, the other oscillating circuit components,
especially the capacitors, should be thermally stable (Kocum
et al. 2009). In this work, the temperature inside the box was
controlled using a Peltier-based air conditioner to ensure the
thermal stability of all system components. Using the developed
system in bioapplications performed at near room temperature
eliminates the need for two separate temperature controllers.
The designed air conditioning system regulates the temperature
of the oscillating circuit and the flow cell containing the QCM
sensor. Generally, two separate Peltier elements may be used;
one for heating and the other for cooling. A single Peltier module
was used in the current work to build the integrated temperature
control system, reduce costs, and miniaturize the system.

A Peltier module is a thermoelectric device used for heating
or cooling. The working side of a Peltier element can work as
a cooler or heater based on the current flow direction between
the two terminals of the Peltier (Mannella et al. 2014; Riffat and
Ma 2003). This ability allows using a single Peltier module for
heating and cooling to regulate the temperature inside the box.
In this work, a Peltier module (TEC1-12706) of 40 x 40 x 3.8
mm dimensions was sandwiched between two heat sinks. The
performance specifications of the Peltier module are presented
in Table 1. Heat sinks were used to dissipate the power generated
by the Peltier device. Two DC fans were fixed on the heat sinks
to fasten the power transfer inside the box and help the power
dissipation on the outer side. The temperature controller was built
with an Arduino board and three relay modules, in addition to a
temperature sensor (DS18B20) of -50 to 150 °C measurement
range for feedback signals. A schematic diagram of the tempera-
ture control circuit is demonstrated in Fig. 5.

X RN N
h L\ W/
H
Waste Sample Micropump  Flow Cell Waste
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Flow Cell
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Table 1 Performance
specifications of TEC1-12706
Peltier module

Specification Range

Hot Side Tem- 25 50

perature (°C)
Quuax (W) 50 57
AT, °C) 66 75
Lax (A) 6.4 6.4
Vinax (V) 144 164

Resistance (Q) 1.98 2.3

The first relay (Relay 1) controls the DC fans, while the
others (Relay 2 and Relay 3) control the current flow direction
between the terminals of the Peltier module. The temperature
sensor is placed inside the slot of the lower cover of the flow
cell, and the Arduino board controls the relays based on the
temperature readings. When the temperature inside the box is
higher than the set temperature, the controller sets the oper-
ating mode of the air conditioner as a cooler. On the other
hand, the operating mode is set as a heater if the measured
temperature is lower than the set temperature. Relay 2 is acti-
vated in the cooler mode, and relay 3 is terminated, allowing
the current to flow in a specific direction. For altering the
current flow to operate the heater mode, relay 2 is terminated,
and relay 3 is activated. Relay 1 is activated in both modes
to operate the DC fans to increase the power transfer rate and
enhance the cooling and heating efficiency.

2.7 System interface and validation

After the fabrication of each sub-system, the components
were interfaced and assembled in a standard project box.
A plastic box of 260 x 185 X 80 mm dimensions has been
used to ensure the thermal isolation and low weight of the
portable system. The QCM was mounted in the flow cell and
connected to the oscillating circuit using SMA cables. The

Fig.5 Schematic diagram of the
temperature control circuit

Suppl}&:

pumping system was connected to the flow cell using 1.6
mm-inner diameter tubes. The sensitivity to mass change,
in terms of viscosity change, over the surface of the QCM
sensor experiment was performed to verify the ability of
the developed system to be used in bioapplications like the
detection of intracellular bacteria in biological samples. A
commercial 10 MHz QCM sensor has been used for the test.

2.7.1 Sample preparation

A series of glycerol samples with different concentrations were
prepared for experimental analysis. DI water was used as a
buffer zone during preparing the samples. The viscosity of
both the DI water and the prepared samples was measured
via a theometer (KNX2212, KINEXUS, Malvern Panalytical
Ltd, Malvern, Worcestershire, UK). Samples were prepared
in 10 mL-glass reservoirs mounted on the sample holder to
perform the test.

2.7.2 Experimental test

The flow rate of the liquid over the surface of the QCM
sensor can affect the results of the performed test. There-
fore, the optimal flow rate for this specific test was defined.
Before starting the sensitivity test, a 70% alcohol solution
was delivered to the sensor surface by the pumping system to
clean the surface and remove any contaminants or residues.
Then, DI water was pumped to the surface of the sensor, and
the frequency response was monitored using the frequency
counter. After the response was deemed stabilized, the first
sample was introduced into the system until a new resonant
frequency value was reached. The second sample was then
introduced, and the process was repeated for all samples. All
samples were pumped into the system at the optimal flow
rate. The setup of the developed system for performing the
sensitivity test is illustrated in Fig. 6.

Relay 3

—

Peltier Module

TEC1-12706

Relay 1
s
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Fig.6 The setup of the devel-
oped system in benchtop mode

Syringe Pump

(HYT s

3 Results and discussion

As it is important to test for leakage before using the flow
cell for any experiments to ensure accurate and reliable
results, DI water was pumped to it with different flow rates
for leakage testing. After the dynamic flow test was carried
out, a static test was performed by filling the flow cell with
DI water, and the inlet and outlet ports were sealed, ensur-
ing no air was entering or leaving the cell. After sealing, the
flow cell was left for an hour. For both cases, no leakage was
observed during or after the test, indicating the proper work-
ing of the seal gasket used in the developed cell. The leakage
tests were performed using the 14-mm-diameter 10-MHz
and 6-MHz QCM sensors. This illustrates the possibility
of using different commercial QCM sensors that match the
design dimensions and the position of electrodes. Therefore,
other 14-mm commercial QCM sensors can be seamlessly
integrated into the system by adjusting the tank circuit com-
ponents to match the required operating frequency range.

The oscillating circuit of the developed system was
intended to be used with QCM sensors of fundamental fre-
quencies in the range of 10 to 25 MHz. Therefore, Eq. (1)
was used to calculate the values of the inductors and the
capacitor of the tank circuit. The inductors, L/ and L2, were
chosen to have an inductance of 3.8 pH (1.9 pH each). Mean-
while, the capacitance of the capacitor, C, ranged from 10 to
70 pF. Table 2 presents some theoretical resonant frequency,
f.» values for different capacitance values.

Table 2 Calculated resonant

frequency for different capacitor ¢y J/(MHz)
values of the oscillating circuit 10 2582
of Fig. 3¢ 20 18.26
30 1491
40 1291
50 11.55
60 10.54
70 9.758

Frequency

Counter
Developed

System

The oscillating circuit was tested experimentally by con-
necting it to the 10 MHz QCM sensor and measuring the
output signal using the oscilloscope. The variable capacitor
was used to tune the oscillating frequency and the variable
resistance to tune the amplitude of the output waveform
connected across the QCM sensor electrodes. The adjusted
output waveform was a sinusoidal signal with a frequency
of 10 MHz, and a peak-to-peak voltage of 7 V. Fig. 7 dis-
plays the output waveform of the oscillating circuit. It is
important to drive the QCM sensor with the appropriate
voltage signal amplitude to avoid damaging it. Additionally,
maintaining the purity of the sinusoidal signal is paramount
for precise and stable frequency counting.

All sub-systems were assembled in the selected box, upon
the conclusion of the flow cell and oscillating circuit test-
ing. Fig. 8 shows the assembled system and its main compo-
nents. The oscillating circuit and the built-in ESP32-based
frequency counter were fixed near the flow cell to shorten the
wiring with the QCM sensor, reducing parasitic effects. Free
space in front of the inner DC fan was devoted to allowing
for heat transfer, and reaching thermal equilibrium faster. The
space between the micropump and the flow cell allows for
integrating a microfluidic chip for further processing before
or after the sensing process based on the application. The
chip can also be connected to the system externally using the

4 A

0.3

Voltage (V)
\S)

Time (ps)

Fig. 7 The output waveform of the oscillating circuit with a 10 MHz
QCM sensor
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Fig.8 Main components of the assembled developed system

two external tube fittings. However, when using the portable
mode in field applications, it is recommended to connect the
microfluidic chip to the system from the inside to ensure the
thermal stability of the measured samples. To ensure a con-
stant flow rate and avoid sources of turbulent flow in the tub-
ing system, tubes of the same inner diameter (1.6 mm) were
used in all connections. Separate on/off controller switches
were connected to each sub-system to allow controlling each
individually if needed, as illustrated in Fig. 8.

1) Flow Cell

2) Temperature
Sensor

3) Sample Holder
4) Tube Fitting

5) Micropump

6) Oscillating Circuit
7) Air Conditioner
On/Off Switch

8) Supply Connector
9) Frequency
Counter Connector
10) ESP32 Freq.
Counter On/Off
Switch

11) Oscillating Circ.
On/Off Switch

12) Pumping Sys.
On/Off Switch

13) ESP32 Freq.
Counter Circuit

14) Temperature
Controller

15) DC Fan

16) Heat Sink

The fluctuations in current flow within the Peltier module
can disrupt the oscillating circuit. Hence, two separate power
sources have been utilized in the developed system. The sup-
ply connector, seen in Fig. 8, is used to power the system with
12V DC via a benchtop power supply or a lithium battery
when operating in portable mode. This connector powers the
air conditioner and pumping systems. On the other hand, two
small 9V batteries connected in series are used to power the
oscillating circuit and the ESP32 frequency counter circuit.

Fig.9 Performance of the inte- 31 A
grated temperature controller Case 1
under varying ambient condi- 20 -
tions. The preset temperature Case 2
of the system is 25 °C, and the 27
ambient temperature is 19 °C in ~
Case 1 and 29 °C in Case 2 o
o 25 -
2
2 23 1
g
) i
g 21
S 19
=~
17 -
1 5 T T 1 1 1
0 400 800 1200 1600 2000
Time (s)
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Fig. 10 Flow rate effect on 20
frequency measurements of the
developed system 15 ——400 pL/min

Af (Hz)

600 puL/min

800 puL/min 1000 pL/min

0 10 20 30

These batteries are housed inside the system box and con-
nected to the on/off switches of both circuits. Due to their
low power consumption, these batteries have a long lifespan.
To ensure a stable 12 V input to the oscillating circuit, a volt-
age regulator IC was implemented for this purpose, as can be
noted in the fabricated oscillating circuit presented in Fig. 8.

The integrated temperature controller underwent testing
under varying ambient conditions. In the first scenario, with
an ambient temperature of 19 °C, the system achieved the
preset inner temperature of 25 °C in approximately thirteen
minutes. In the second scenario, operating under an ambient
temperature of approximately 29 °C, the system successfully
reached the set temperature in around eleven minutes. A
visual representation of the recorded temperature measure-
ments is shown in Fig. 9. The test demonstrates the capa-
bility of the temperature controller to uphold the internal
temperature of the system within the specified range around
the set temperature. This achievement ensures thermal sta-
bility, safeguarding the frequency measurements from being
influenced by temperature fluctuations.

In order to test the sensitivity of the developed system
to changes over the surface of the QCM sensor, a viscosity
change test was conducted using a 10-MHz QCM sensor.
The 10 MHz sensor was selected to match the designed
operating frequency range of the oscillating circuit.
Before the test, the air conditioner was turned on to main-
tain the box temperature at the predetermined 25 °C. This
step is essential to counteract any temperature-induced
effects on the frequency response, especially considering
that the ambient temperature (outside the box) during the
test was recorded at 20 °C. The oscillating circuit was
also powered up, and the frequency was recorded until it
stabilized. DI water was then introduced to the surface of
the QCM sensor with varying flow rates, starting at 100
pL/min to determine the optimal flow rate. The flow rate
was then increased by increments of 100 pL/min. High
fluctuations were observed in the measurements due to

40 50 60 70 &0 90

100 110 120 130 140 150
Time (s)

turbulent flow at very high rates, while a very low flow
rate could result in stagnant flow and an increase in test
time. Fig. 10 displays the frequency response of the sys-
tem at different flow rates.

Fig. 10 exhibits the measurement fluctuations increase
with an increase in flow rate. The uncertainty value for the
measurements presented in Fig. 10 has been calculated
and is given in Table 3. The uncertainty can be calculated
using the following equation:

(@)

where u, is the uncertainty in measurements of frequency of
oscillation, f is the mean of measurements, and » is the total
number of the measured data. These uncertainty values are
specific to the current test conditions and may differ for other
conditions, such as using a different solution or a different
QCM sensor. The uncertainty values presented in Table 3
were used to determine the precision of the developed sys-
tem and identify the optimal flow rate for the current test.
A flow rate of 400 uL/min was selected as it resulted in an
uncertainty of +0.48 Hz, which was deemed suitable for the
required level of accuracy in the current test. It is notewor-
thy that flow rates below 400 uL/min showed no significant
improvement, rendering 400 pL/min the chosen flow rate
to expedite the test and optimize time efficiency. It is also

Table 3 Uncertainty in

Flow Rate Uncertainty (Hz)
frequency measurements of

Fig. 10 (uL/min)
1000 +4.52
800 +3.26
600 +0.60
400 +0.48
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Table 4 Viscosities of glycerol samples with different concentrations
at 25 °C, essential for the linear regression analysis of the sensitivity
test

Concentration Viscosity (mPa.s)
0% Glycerol (DI Water) 0.2793
10% Glycerol 0.8621
20% Glycerol 1.2800
30% Glycerol 2.1070

important to note that the optimal flow rate may vary for
different systems, and the sensitivity of the QCM sensor to
flow rate changes increases with an increase in the funda-
mental frequency of the sensor. Due to the use of the built-in
temperature controller, the measurements are recorded at a
constant temperature. Therefore, no trends were observed
in the measurements at a constant flow rate, as can be noted
in Fig. 10. The set temperature can be easily adapted by
programming the controller of the air conditioner.

The syringe pump was used to pump the solutions to
the flow cell in a precisely controlled flow in the benchtop
mode. Because a constant flow rate is necessary for accu-
rate measurements with QCM in portable mode also, the
micropump was calibrated to deliver the samples with a
400 pL/min flow rate in the current application. The con-
troller of the pumping system can program the micropump
to work at the required flow rate based on the application
and the QCM sensor. This possibility of adaptation is one
of the advantages of the developed system.

DI water was considered the reference fluid (0% glyc-
erol) to perform the test, and concentrations of 10%, 20%,
and 30% glycerol samples were prepared. The viscosity
value of each sample at 25 °C is reported in Table 4. The

frequency response of the oscillating circuit during the
experimental test of injecting all samples has been moni-
tored using the frequency counter. Fig. 11 shows the fre-
quency shift of the circuit for each sample as a compari-
son to the baseline frequency of the reference fluid. As
expected, the oscillating frequency decreased as glycerol
concentration increased due to the viscosity increase, as
noted in Fig. 11. To ensure the reliability of the system,
the procedures of the first test were conducted two addi-
tional times to assess the repeatability of the system. In
this second test, the reversibility of the system was also
examined by introducing a 0% glycerol sample after each
concentration. The response of the system to these differ-
ent glycerol samples is illustrated in Fig. 12, demonstrat-
ing the repeatability and reversibility of the measurements.
Despite the ambient temperature being recorded at 20 °C
during the tests, the built-in temperature controller effec-
tively maintained the preset internal temperature of the
system, as indicated in Fig. 12. The data obtained from the
frequency response of the system in both tests were statis-
tically analyzed were plotted as a function of the glycerol
concentration, as illustrated in Fig. 13. A linear regression
analysis was performed to determine the sensitivity of the
system to the glycerol concentration. The sensitivity of
the system using a 10-MHz QCM sensor was found to be
263.51 Hz/mPa.s. Therefore, the system can potentially be
used to detect various analytes in bioapplications, includ-
ing proteins, DNA, and bacteria.

The sensitivity of the system to flow fluctuations, influ-
enced by the pump type, underwent examination. DI water
was pumped to the QCM sensor surface at a consistent flow
rate of 400 uL/min using both the syringe pump and the
micropump. Figure 14 illustrates the frequency response
of the sensor with both pumps. Although the average

Fig. 11 Frequency response 0 - - 1 T
of the QCM sensor during the 0% Glycerol L 61 Hz
sensitivity test. The preset tem- i
perature of the system is 25 °C, _ i 10% Glycerol
and the ambient temperature is 100 241 Hz
20 °C. The data points were sta- .
tistically analyzed to determine
the sensitivity of the system Py 200 1 v
Cl
et 20% Glycerol
<300 -
-400 -
| v
30% Glycerol
_500 T T ¥ T T T T T T T T (: y T 1
0 150 300 450 600 750 900 1050
Time (s)
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Fig. 12 Frequency response of 100 1 0% Glycerol r 26.4
the QCM sensor during the test of 1 “// \‘\>\—>
- s r 26.2
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measurements are comparable in both cases, a periodic
frequency response appears when using the micropump,
as depicted in Fig. 14. This periodic response stems from
the cyclic movements of the membranes of the micropump,
deemed negligible in the current application due to its mini-
mal impact on measurement accuracy within the specified
ranges. To enhance measurement stability in small-range
applications, it is recommended to incorporate miniature
flow stabilizers, such as a microfluidic chip, in the flow
before entering the flow cell.

In addition to its portability, the developed system has
the advantage of being cost-effective. The entire system,
including the micropump, costs less than 200 USD, which
is approximately one-fifth of the cost of the least expensive

state-of-the-art commercial benchtop QCM systems. While
the developed system will be used for field tests in the future,
further research will focus on improving its sensitivity and
measurement accuracy. Future work will also focus on the
functionalization of the QCM sensor surface to enable the
selective detection of specific analytes. Biomacromolecules of
diagnostic importance based on host-guest interactions with
binding capacity estimations will be investigated. Biomonitor-
ing of such interactions like enzyme-substrate, antigen-anti-
body, ligand and receptor or DNA counterparts could help in
molecular architectonics of myriad theragnostic applications.
Additionally, the integration of the microfluidic chips with the
QCM sensor will be explored to enable the real-time monitor-
ing of analytes through point-of-care devices.

Fig. 13 Frequency shift versus = [,
the concentration of glycerol 01 T
samplesusinga IOMHzQCM | el =
sensor. The linear regression -100 4 T y=-263.51x +108.32
analysis was performed using | e R2=0.9594
the data generated from Figs. 11 <204 0 T
and 12 E """ .,
z .......
3004 T
4004 e
-500 T T T T 1
0.2793 0.64484 1.01038 1.37592 1.74146 2.107

Viscosity (mPa.s)
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Fig. 14 Pump type effect on frequency measurements of the devel-
oped system. Samples are delivered to the sensor surface at 400 pL/
min flow rate in both cases. Measurements exhibit an average fre-
quency shift of approximately O Hz in both cases

4 Conclusions

In this work, a compact and portable QCM-based system with
a total cost of less than 200 USD was designed and fabricated
for use in liquid biosensing. In addition to the portable mode,
the developed system can be used in benchtop mode. A new
low-cost and easy-to-use flow cell design was presented and
tested. The system uses a modified Hartley oscillator with 14
mm-diameter commercial QCM sensors ranging from 10 to
25 MHz fundamental frequencies. The frequency response of
the system is measured using a benchtop frequency counter
or an integrated ESP32-based frequency counter that sends
measurements to a server through the built-in Wi-Fi module.
A micropump-based pumping system to deliver the samples
to the surface of the sensor was integrated into the developed
system, in addition to the ability to connect the system to
external pumps in benchtop mode. An integrated temperature
controller was designed to keep the temperature of the system
components constant to minimize the effect of temperature
on the measured frequency response. All sub-systems were
assembled in a small plastic box, and separate on/off con-
troller switches were connected to each sub-system to con-
trol them individually if needed. The system was evaluated
for being used in liquid biosensing by testing its sensitivity
to the concentration of glycerol samples. The repeatability
and reversibility of the system were evaluated. It was found
to have a sensitivity of 263.51 Hz/mPa.s using a 10-MHz
QCM sensor. Results suggest that the system can be used for
quantitative measurements of the concentration of analytes
in bioapplications. Integrating microfluidic chips through the
detachable tubes in the developed pumping system will be a
subject of deeper study.

Acknowledgements The first author is supported by a scholarship
from the Egyptian Ministry of Higher Education (MoHE), which is
gratefully acknowledged. We extend our thanks to the Science and
Technology Development Fund project (STDF-46702) for letting us
use some equipment from the Micro Fabrication Center of E-JUST for
this research. The authors would also like to express gratitude for the

@ Springer

technical guidance provided by Prof. Hossam E. M. Sayour, Bioanalyti-
cal Chemistry, Molecular Biomimetics Research Group, Animal Health
Research Institute, Agricultural Research Center, Giza 12618, Egypt.

Author contributions Conceptualization, M.A. and A.M.R.F.E.-B.;
Data curation, M.A. and A.M.R.F.E.-B.; Funding acquisition, A.E.S.,
H.F.R. and A M.R.E.E.-B.; Supervision, A.A., A.E.S., HFR., S.U. and
A.M.R.FE.-B.; Validation, A.E.S. and H.F.R.; Visualization, M.A.;
Writing—original draft, M.A.; Writing—review and editing, A.A.,
A.E.S., HF.R., S.U. and A.M.R.F.E.-B. All authors have read and
agreed to the published version of the manuscript.

Funding Open access funding provided by The Science, Technology
& Innovation Funding Authority (STDF) in cooperation with The
Egyptian Knowledge Bank (EKB). Academy of Scientific Research
and Technology (ASRT), grant number 65H/ 2021.

Data availability All data generated or analyzed during this study are
included in this published article.

Declarations

Competing interests The authors declare no competing interests.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long
as you give appropriate credit to the original author(s) and the source,
provide a link to the Creative Commons licence, and indicate if changes
were made. The images or other third party material in this article are
included in the article’s Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in
the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will
need to obtain permission directly from the copyright holder. To view a
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

M. Adel, A. Allam, A.E. Sayour, H.F. Ragai, S. Umezu, A.M.R. Fath
El-Bab, Micromachines 14, 1340 (2023). https://doi.org/10.3390/
MI14071340

R. Aflaha, H. Afiyanti, Z.N. Azizah, H. Khoirudin, A. Rianjanu, A.
Kusumaatmaja, R. Roto, K. Triyana, Biosens. Bioelectron. X 13,
100300 (2023a). https://doi.org/10.1016/j.biosx.2022.100300

R. Aflaha, L. Katriani, A.H. As’ ari, N.L.I. Sari, A. Kusumaatmaja, A.
Rianjanu, R. Roto, K. Triyana, MRS Commun. 13, 664 (2023b).
https://doi.org/10.1557/s43579-023-00409-3

R. Aflaha, N.L.I. Sari, L. Katriani, A.H. As’ ari, A. Kusumaatmaja, A.
Rianjanu, R. Roto, H.S. Wasisto, K. Triyana, Microchem. J. 193,
109237 (2023c). https://doi.org/10.1016/j.microc.2023.109237

A. Alassi, M. Benammar, D. Brett, Sensors 17, 2799 (2017). https://
doi.org/10.3390/s17122799

M.B. Banerjee, S.R. Chowdhury, R.B. Roy, B. Tudu, M. Ghosh, P.
Pramanik, R. Bandyopadhyay, IEEE Trans. Instrum. Meas. 70, 1
(2020). https://doi.org/10.1109/TIM.2020.3020676

C. Barnes, Sensors Actuators A Phys. 29, 59 (1991). https://doi.org/10.
1016/0924-4247(91)80032-K

C. Barnes, Sensors Actuators A Phys. 30, 197 (1992). https://doi.org/
10.1016/0924-4247(92)80120-R

S. BeiBner, J.-W. Thies, C. Bechthold, P. Kuhn, B. Thiirmann, S. Diibel,
A. Dietzel, J. Sensors Sens. Syst. 6, 341 (2017). https://doi.org/
10.5194/jsss-6-341-2017


http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/MI14071340
https://doi.org/10.3390/MI14071340
https://doi.org/10.1016/j.biosx.2022.100300
https://doi.org/10.1557/s43579-023-00409-3
https://doi.org/10.1016/j.microc.2023.109237
https://doi.org/10.3390/s17122799
https://doi.org/10.3390/s17122799
https://doi.org/10.1109/TIM.2020.3020676
https://doi.org/10.1016/0924-4247(91)80032-K
https://doi.org/10.1016/0924-4247(91)80032-K
https://doi.org/10.1016/0924-4247(92)80120-R
https://doi.org/10.1016/0924-4247(92)80120-R
https://doi.org/10.5194/jsss-6-341-2017
https://doi.org/10.5194/jsss-6-341-2017

Biomedical Microdevices (2024) 26:11

Page150f 15 11

M. Calero, R. Fernandez, P. Garcia, J.V. Garcia, M. Garcia, E. Gamero-
Sandemetrio, I. Reviakine, A. Arnau, Y. Jiménez, Biosensors 10,
189 (2020). https://doi.org/10.1016/j.sna.2017.08.004

W.-J. Chang, D. Akin, M. Sedlak, M.R. Ladisch, R. Bashir, Biomed. Micro-
devices 5, 281 (2003). https://doi.org/10.1023/A:1027301628547

E. Chiarello, A. Gupta, G. Mistura, M. Sbragaglia, M. Pierno, Phys. Rev.
Fluids 2, 123602 (2017). https://doi.org/10.1103/PhysRevFluids.2.
123602

N. Debabhuti, S. Mukherjee, P. Sharma, B. Tudu, N. Bhattacharyya,
R. Bandyopadhyay, J. Mater. Nanosci. 9, 115 (2022). https://pubs.
thesciencein.org/journal/index.php/jmns/article/view/288

D.D. Erbahar, I. Giirol, G. Giimiis, E. Musluoglu, Z.Z. Oztiirk, V.
Ahsen, M. Harbeck, Sensors Actuators B Chem. 173, 562 (2012).
https://doi.org/10.1016/j.snb.2012.07.041

V. Faustino, S.O. Catarino, R. Lima, G. Minas, J. Biomech. 49, 2280
(2016). https://doi.org/10.1016/j.jbiomech.2015.11.031

A. Fulgione, M. Cimafonte, B. Della Ventura, M. Iannaccone, C.
Ambrosino, F. Capuano, Y.T. R. Proroga, R. Velotta, R. Cap-
parelli, Sci. Rep. 8, 16137 (2018). https://doi.org/10.1038/
$41598-018-34285-y

G. Garcia-Martinez, E.A. Bustabad, H. Perrot, C. Gabrielli, B. Bucur,
M. Lazerges, D. Rose, L. Rodriguez-Pardo, J. Farifia, C. Compgére,
Sensors 11, 7656 (2011). https://doi.org/10.3390/s110807656

J. Greener, W. Li, J. Ren, D. Voicu, V. Pakharenko, T. Tang, E. Kumacheva,
Lab Chip 10, 522 (2010). https://doi.org/10.1039/B918834G

H.A. Huellemeier, N.M. Eren, J. Ortega-Anaya, R. Jimenez-Flores,
D.R. Heldman, Chem. Eng. Sci. 247, 117004 (2022). https://doi.
org/10.1016/j.ces.2021.117004

M.M. Islam, A. Loewen, P.B. Allen, Sci. Rep. 8, 8763 (2018). https://
doi.org/10.1038/s41598-018-27037-5

P.J. Jandas, J. Luo, A. Quan, C. Li, C. Fu, Y.Q. Fu, RSC Adv. 10, 4118
(2020). https://doi.org/10.1039/C9RA09963H

LR. Jang, S.I. Jung, G. Lee, I. Park, S.B. Kim, H.J. Kim, J. Hazard.
Mater. 424, 127560 (2022). https://doi.org/10.1016/j.jhazmat.
2021.127560

H. Khoirudin, R. Aflaha, E.R. Arsetiyani, A.D. Nugraheni, D.K. Nurputra,
K. Triyana, A. Kusumaatmaja, MRS Commun. 1 (2023). https://doi.
org/10.1557/s43579-023-00492-6

C. Kogum, A. Erdamar, H. Ayhan, Instrum. Sci. Technol. 38, 39
(2009). https://doi.org/10.1016/0924-4247(92)80120-R

K.-R. Lee, Y.-J. Kim, Sensors Actuators A Phys. 333, 113272 (2022).
https://doi.org/10.1016/j.sna.2021.113272

N. Li, X. Meng, J. Nie, L. Lin, IEEE Sens. J. 18, 5715 (2018). https://
doi.org/10.1109/JSEN.2018.2840124

J. Liang, J. Zhang, P. Wang, C. Liu, S. Qiu, T. Ueda, Sensors Mater. 28,
(2016). https://doi.org/10.18494/SAM.2016.1281

C. Lino, S. Barrias, R. Chaves, F. Adega, J.R. Fernandes, P. Martins-
Lopes, Talanta 260, 124624 (2023). https://doi.org/10.1016/j.
talanta.2023.124624

M. Magni, D. Scaccabarozzi, B. Saggin, Sensors 23, 24 (2022). https://
doi.org/10.3390/s23010024

G.A. Mannella, V. La Carrubba, V. Brucato, Appl. Therm. Eng. 63,
234 (2014). https://doi.org/10.1016/j.applthermaleng.2013.10.069

M. Michalzik, R. Wilke, S. Biittgenbach, Sensors Actuators B Chem.
111, 410 (2005). https://doi.org/10.1016/j.snb.2005.03.048

C.A. Mills, K.T.C. Chai, M.J. Milgrew, A. Glidle, J.M. Cooper, D.R.S.
Cumming, IEEE Sens. J. 6, 996 (2006). https://doi.org/10.1109/
JSEN.2006.877936

G.A. Nasser, A.L. Abdel-Mawgood, A.A. Abouelsoud, H. Mohamed,
S. Umezu, A.M.R.F. El-Bab, J. Mech. Sci. Technol. 35, 3259
(2021). https://doi.org/10.1007/s12206-021-0646-5

G.A. Nasser, A.M.R. Fath El-Bab, A.L. Abdel-Mawgood, H.
Mohamed, A.M. Saleh, Micromachines 10, 678 (2019). https://
doi.org/10.3390/mi10100678

S. Nowocien, R.S. Wielgus, J. Mroczka, Sensors 22, 8525 (2022).
https://doi.org/10.3390/s22218525

J.-Y. Park, J.-W. Choi, J. Electrochem. Soc. 167, 37560 (2020). https://
doi.org/10.1149/1945-7111/ab6cf7

J.-Y. Park, R.L. Pérez, C.E. Ayala, S.R. Vaughan, [.M. Warner,
J.-W. Choi, Electronics 11, 358 (2022). https://doi.org/10.
3390/electronics11030358

M. Pohanka, Int J Electrochem Sci. 16, 21051 (2021). https://doi.org/
10.20964/2021.05.04

S.B. Riffat, X. Ma, Appl. Therm. Eng. 23, 913 (2003). https://doi.org/
10.1016/S1359-4311(03)00012-7

L. Rodriguez-Pardo, J. Farina, C. Gabrielli, H. Perrot, R. Brendel,
IEEE Trans. Ultrason. Ferroelectr. Freq. Control 54, 1965 (2007).
https://doi.org/10.1109/TUFFC.2007.490

L. Rodriguez-Pardo, J.F. Rodriguez, C. Gabrielli, H. Perrot, R. Brendel,
IEEE Trans. Instrum. Meas. 57, 2309 (2008). https://doi.org/10.
1109/TIM.2008.922104

L. Rodriguez-Pardo, A. Cao-Paz, J. Farifia, Procedia Eng. 25, 1257
(2011). https://doi.org/10.1016/j.proeng.2011.12.310

B.P. Sagmeister, LM. Graz, R. Schwodiauer, H. Gruber, S. Bauer, Biosens.
Bioelectron. 24, 2643 (2009). https:/doi.org/10.1016/j.bios.2009.01.023

L. Sartore, M. Barbaglio, L. Borgese, E. Bontempi, Sensors Actuators B
Chem. 155, 538 (2011). https://doi.org/10.1016/j.snb.2011.01.003

R. Suzuki, T. Emura, Y. Tokura, N. Kawamura, Y. Hori, IEEE Access
8, 146166 (2020). https://doi.org/10.1109/ACCESS.2020.3013857

P. Tetyana, P. M. Shumbula, Z. Njengele-Tetyana, In Nanopores
(IntechOpen, 2021). https://doi.org/10.5772/intechopen.97576

J.-W. Thies, B. Thiirmann, A. Vierheller, A. Dietzel, Micromachines
9, 194 (2018). https://doi.org/10.3390/mi9040194

R.D. Vaughan, R.M. Carter, C.K. O’Sullivan, G.G. Guilbault, Anal.
Lett. 36, 731 (2003). https://doi.org/10.1081/AL-120018796

S. Wachiralurpan, I. Phung-On, N. Chanlek, S. Areekit, K. Chansiri,
P.A. Lieberzeit, Biosensors 11, 308 (2021). https://doi.org/10.
3390/bios11090308

F. Wudy, M. Multerer, C. Stock, G. Schmeer, H.J. Gores, Electrochim.
Acta 53, 6568 (2008). https://doi.org/10.1016/j.electacta.2008.04.079

E. Zampetti, A. Macagnano, P. Papa, A. Bearzotti, F. Petracchini, L.
Paciucci, N. Pirrone, Sensors Actuators A Phys. 264, 205 (2017).
https://doi.org/10.1016/j.sna.2017.08.004

Publisher's Note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

@ Springer


https://doi.org/10.1016/j.sna.2017.08.004
https://doi.org/10.1023/A:1027301628547
https://doi.org/10.1103/PhysRevFluids.2.123602
https://doi.org/10.1103/PhysRevFluids.2.123602
https://pubs.thesciencein.org/journal/index.php/jmns/article/view/288
https://pubs.thesciencein.org/journal/index.php/jmns/article/view/288
https://doi.org/10.1016/j.snb.2012.07.041
https://doi.org/10.1016/j.jbiomech.2015.11.031
https://doi.org/10.1038/s41598-018-34285-y
https://doi.org/10.1038/s41598-018-34285-y
https://doi.org/10.3390/s110807656
https://doi.org/10.1039/B918834G
https://doi.org/10.1016/j.ces.2021.117004
https://doi.org/10.1016/j.ces.2021.117004
https://doi.org/10.1038/s41598-018-27037-5
https://doi.org/10.1038/s41598-018-27037-5
https://doi.org/10.1039/C9RA09963H
https://doi.org/10.1016/j.jhazmat.2021.127560
https://doi.org/10.1016/j.jhazmat.2021.127560
https://doi.org/10.1557/s43579-023-00492-6
https://doi.org/10.1557/s43579-023-00492-6
https://doi.org/10.1016/0924-4247(92)80120-R
https://doi.org/10.1016/j.sna.2021.113272
https://doi.org/10.1109/JSEN.2018.2840124
https://doi.org/10.1109/JSEN.2018.2840124
https://doi.org/10.18494/SAM.2016.1281
https://doi.org/10.1016/j.talanta.2023.124624
https://doi.org/10.1016/j.talanta.2023.124624
https://doi.org/10.3390/s23010024
https://doi.org/10.3390/s23010024
https://doi.org/10.1016/j.applthermaleng.2013.10.069
https://doi.org/10.1016/j.snb.2005.03.048
https://doi.org/10.1109/JSEN.2006.877936
https://doi.org/10.1109/JSEN.2006.877936
https://doi.org/10.1007/s12206-021-0646-5
https://doi.org/10.3390/mi10100678
https://doi.org/10.3390/mi10100678
https://doi.org/10.3390/s22218525
https://doi.org/10.1149/1945-7111/ab6cf7
https://doi.org/10.1149/1945-7111/ab6cf7
https://doi.org/10.3390/electronics11030358
https://doi.org/10.3390/electronics11030358
https://doi.org/10.20964/2021.05.04
https://doi.org/10.20964/2021.05.04
https://doi.org/10.1016/S1359-4311(03)00012-7
https://doi.org/10.1016/S1359-4311(03)00012-7
https://doi.org/10.1109/TUFFC.2007.490
https://doi.org/10.1109/TIM.2008.922104
https://doi.org/10.1109/TIM.2008.922104
https://doi.org/10.1016/j.proeng.2011.12.310
https://doi.org/10.1016/j.bios.2009.01.023
https://doi.org/10.1016/j.snb.2011.01.003
https://doi.org/10.1109/ACCESS.2020.3013857
https://doi.org/10.5772/intechopen.97576
https://doi.org/10.3390/mi9040194
https://doi.org/10.1081/AL-120018796
https://doi.org/10.3390/bios11090308
https://doi.org/10.3390/bios11090308
https://doi.org/10.1016/j.electacta.2008.04.079
https://doi.org/10.1016/j.sna.2017.08.004

	Design and development of a portable low-cost QCM-based system for liquid biosensing
	Abstract
	1 Introduction
	2 Materials and methods
	2.1 System description
	2.2 System design considerations
	2.3 Flow cell
	2.4 Oscillating circuit
	2.4.1 Hartley oscillator working principle
	2.4.2 QCM equivalent circuit
	2.4.3 The modified hartley oscillator
	2.4.4 Oscillating frequency measurement

	2.5 Pumping system
	2.6 Air conditioning system
	2.7 System interface and validation
	2.7.1 Sample preparation
	2.7.2 Experimental test


	3 Results and discussion
	4 Conclusions
	Acknowledgements 
	References


