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ABSTRACT This paper highlights the design, simulation and fabrication of an array of twelve integrated
electrochemical – quartz crystal microbalance (IEQCM) sensors on a single substrate for liquid sensing.
Integration of both measurement techniques is made possible by combining the three electrode electrochem-
ical device with the top and bottom electrodes for the microbalance. Important design parameters such as the
working electrode radius and gap spacing, were studied using both theoretical calculations and COMSOL
Multiphysics R© finite element simulations. The sensor’s working electrode radius affects the magnitude
of the frequency response while the gap affects the capacitance and current density which are important
for electrochemical measurements. It was found that the best values for the working electrode radius was
2 mm and gap spacing was 0.5 mm. The sensors were fabricated using microfabrication techniques for
the gold electrode and screen printing techniques for the reference electrode. Water contact angle, atomic
force microscopy, and scanning electron microscope were utilized to study the surface roughness of the
IEQCM sensor. IEQCM has a low contact angle of 53.0 ± 1◦ and low surface roughness of 1.92nm.
For liquid sensing, an array of circular chambers were fabricated using polydimethylsiloxane (PDMS)
and placed on top of the quartz substrate for liquid testing. Electrochemical measurements and cyclic
voltammetry were performed using the sensor in ferri-ferrocyanide and phosphate buffered saline solution
to study the function of scan rates on the peak current with respect to the potential difference. For mass
sensing measurements, liquid water droplets of 1uL – 10 uL were placed onto the sensing surface and
the change in resonance frequencies of the sensors were measured. These resonance frequency changes
can be converted in mass change/area in accordance to the advanced Sauerbrey equation. The multi-
channel IEQCM sensor shows good potential as a parallel sensor for both biosensing and environmental
applications.

INDEX TERMS Quartz crystal microbalance (QCM), electrochemical impedance spectroscopy (EIS),
sensor arrays, microelectromechanical devices, mass spectroscopy, and acoustic devices.

I. INTRODUCTION
Quartz crystal microbalances (QCM) are thickness-shear
mode bulk acoustic wave transducers that can be used
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for physical, chemical and biological sensing applica-
tions [1]–[5]. These acoustic wave sensors can detect inter-
facial mass changes on the crystal’s surface by monitoring
frequency response changes of the QCM’s oscillation fre-
quency [6]. Resonant frequencies of the QCM are dependent
on the crystal’s thickness, with thinner crystals producing
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higher resonant frequencies. When acting as a sensor, the res-
onant frequency of the QCM is influenced by external phys-
ical loading, either gravimetric or viscoelastic loading. The
main advantages of QCM sensors are that they do not require
calibration, have high sensitivities, stability, provide real-time
measurements and are low cost. When used as biosensors,
it has an added advantage of being a label-free sensor. The
typical configuration of QCM is a single element sensor, but
multichannel QCM array have also been proposed [7], [8].
QCM arrays can help to minimize effects of variations in
environmental parameters such as temperature. This can be
more practically achieved when two or more QCMs are fab-
ricated on a single quartz substrate which is also known as
monolithic multichannel QCMs or MQCMs [9]. The design
of MQCMs have to take into account acoustic interference
problems in which mass or stress loading on one QCM will
induce spurious frequency shift on the other [10]. Despite
these drawbacks, MQCMs remain attractive as they lead to
reduction in cost, diagnostic time and sample volume [11].

Apart from QCM sensors, electrochemical sensors have
also been widely used to capture biological recognition
targets and events that can directly translate results into
electrical signals. Electrochemical sensors can be used to
monitor signal responses such as current or impedance result-
ing from oxidation-reduction of redox species. These signal
responses can be measured via electrochemical detection
techniques such as cyclic voltammetry (CV) and electro-
chemical impedance spectroscopy (EIS).

In recent years, these two measuring techniques
(mass-sensing and electrochemical detection) have been
combined to form a single electrochemical quartz crystal
microbalance (EQCM) sensor. The EQCM sensor can be
used to obtain precise, quantitative information in biological
and chemical systems [12], [13]. In general, EQCM sen-
sors comprise of quartz crystal microbalance sensor (QCM)
integrated with both counter and reference electrodes of the
electrochemical sensor in a single measurement platform.
The main advantage of these integrated sensors is that it can
measure both resonance frequency changes and electrochem-
ical reactions in parallel. In this paper, we have designed an
array of twelve integrated electrochemical and quartz crystal
microbalance sensors (IEQCM) on a single quartz substrate.
Each sensor is a three-electrode system which can perform
in-situmeasurements of the electrode’s surface changes based
on piezoelectric and electrochemical transductions. This mul-
tichannel device offers advantages of being real-time, capable
of conducting both electrochemical and frequency response
measurements, portable and requiring low sample volumes.

The novelty of this improved work with respect to our
previous ones [14]–[17] lies in the experimental verification
of both the QCM and integrated electrochemical sensor. Our
previous work concentrated on the modeling and resonance
measurements of the QCM and no experimental measure-
ments on the integrated electrochemical sensor had been
done. In this work, the functionality of the integrated EQCM
sensors have been tested with water for mass sensing andwith

FIGURE 1. Integrated quartz crystal microbalance and electrochemical
sensor: top view, cross-section and conceptual diagram. The
electrochemical electrodes: counter and working electrode measures
change in impedance. The top and bottom electrodes of the QCM sensor
can detect changes in mass by measurements of changes in the resonant
frequency.

ferri-ferrocyanide and Phosphate B uffered Saline (PBS) for
electrochemical sensing.

The organization of this report is as follows: The first
section introduces the basic principles of sensing for QCM
and electrochemical sensors. The current issues of QCM and
electrochemical sensor are also highlighted in this section.
Section II introduces our proposed design of a novel inte-
grated mass and an electrochemical sensor. Section III
explains the finite element modelling of the sensor performed
using COMSOL. The fabrication process was described in
Section IV. Section V and VI presented measurement results
and discussion. Section VII concludes this work.

II. SENSING PRINCIPLE AND DESIGN THEORY
Fig. 1 shows the conceptual diagram of the integrated QCM
with electrochemical sensing capabilities. The electrochemi-
cal sensor comprises of two electrodes, counter and working
electrode. The circular working electrode also acts as the top
electrode of the QCM. The QCM detects mass by the shift
in resonance frequencies. The electrochemical measurements
are done via the top two electrodes. The variables rWE , wCE ,
d and hq indicate the radius of working electrode, width of
counter electrode, gap between electrodes and quartz thick-
ness respectively.

A. QUARTZ CRYSTAL MICROBALANCE
To increase the sensitivity of QCM, a very thin quartz crystal
is required as it will produce higher resonance frequency [18].
Fig. 2 shows the effect of varying quartz thickness, hq on
resonance frequency, f0. It can be seen that when the quartz‘s
thickness is increased the resonance frequency is reduced.

For this work, large-diameter (76.2 mm) quartz wafers
were used to fit twelve multichannel biosensors on a single
substrate. For easy handling, thickness of 500µmwas chosen
for the quartz wafer. All the sensors operate at the resonance
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FIGURE 2. The effect of varying quartz thickness, hq on resonance
frequency, f0 derived from Eq. (1). The typical quartz thicknesses
of 168 µm, 330 µm and 500 µm which correspond to 10 MHz, 5 MHz
and 3 MHz, respectively.

frequency of 3MHz with minimal interference. Other than
the diameter and thickness of quartz wafer, the radius of the
working electrode also influences mass sensitivity. Smaller
electrode radius will reduce mass sensitivity due to larger
resistance [19]. The advanced Sauerbrey equation is used
to describe the relationship between the resonant frequency
shift and mass change in liquids, taking into account the fact
that the acoustic waves are damped by the liquid and cause
energy dissipation [20]. This affects the density, viscosity and
acoustic impedance. Change of frequency and change ofmass
is expressed in Eq. (1) [21], [22] as:

1m =
1f
f0

(
ρqhq

)[
1−

(
ρl
ρf
Re µl

µf

)] (1)

where1f is the resonant frequency shift (Hz),1m is themass
change per area (µg/cm2). ρ, η and µ is the density, viscosity
and shear modulus with indices l, f , and q indicating the liq-
uid, film (electrode), and quartz respectively. All the material
properties used in this work have been detailed in [17].

B. ELECTROCHEMICAL SENSOR
The electrode design needs to be optimized both for mass
and electrochemical sensing. The most crucial parameter of
electrochemical sensor is the gap between electrodes, d . The
electrochemical sensor detects electric signal changes such
as current, impedance or capacitance in the electrode surface
due to redox reaction. Typically, this sensor uses the three-
electrode system which consists of working (WE), counter
(CE) and a reference electrode (RE). Optimization of the
current density and total capacitance can be achieved by
varying d . Higher current density and total capacitance are
required to allow faster rate of reduction and oxidation [23].

The Butler-Volmer equation relates current density with
total capacitance over the electrode surface area [24]. The
current density is also directly proportional to the applied

voltage (Vapplied ) and Isensor , considering that both cathodic
and anodic reaction occurs on the same electrode. Based on
the Butler-Volmer equation, constant phase element (CPE)
is directly proportional to current density. This means an
increase in CPE increases current density and also the sen-
sor’s sensitivity. On the other hand, the active geometric
area is inversely proportional to current density, therefore
decreasing geometric area increases current density. Based on
this theory, the current density is directly proportional to the
total capacitance (Ctotal) of the system, based on Eq. (2) [24]:

i0 =
IsensorCtotal.jωVapplied

Ageo

(
e

[
(1−α)nF

RT (E−Eeq)
]
− e

[
αnF
RT (E−Eeq)

]) (2)

where;
Ageo = electrode active geometry surface area, m2

Isensor = total sensing current, A
Ctotal = total capacitance = CPE, F
io = current density, A/m2

E = electrode potential, V
Eeq = equilibrium potential, V
T = absolute temperature, K
n = number of electrons involved in the electrode reaction
F = Faraday’s constant
R = universal gas constant
α = symmetry factor = 0.5
Vapplied = applied potential, V
Reducing d will increase the total capacitance or CPE as

well as maximize the current density of the sensor [25].

III. FINITE ELEMENT SIMULATION MODEL
Both mechanical resonance frequency and electrochemical
operation in the IEQCM were simulated using COMSOL
Multiphysics R© software for more accurate finite element
simulations. In the first simulation, resonance frequency
analysis was performed on a single QCM to find its res-
onance frequency and overtones. The effect of varying
radius to the resonance frequency was also simulated. Next,
the current density analysis was done to determine the opti-
mum design for the electrochemical sensor. The COMSOL
Multiphysics R©QCM model consists of an AT-cut quartz
crystal with two circular top and bottom electrodes. The
thickness of AT-cut quartz crystal and the gold electrode was
set to 500µmand 200 nm, respectively. AnAC signal of 0.5V
was applied on the top working electrode, and the other elec-
trode was grounded.The total mechanical displacement of the
crystal with different radii of the top and bottom electrodes
were studied. Fig. 3(a) shows the effect of varying the radius
of the electrodes from 100 µm to 2000 µm on mechanical
displacement. From the results, it was seen that increasing the
radius will result in an increase in total displacement at res-
onance. Large electrode radius allows higher acoustic energy
trapping and lower energy losses to the surroundings. This
results in higher quality factors or Q as shown in Fig. 3(a)
where the largest radius, rwe = 2000 um produced the highest
Q = 332.
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FIGURE 3. (a) Effect of varying radius of the working electrode on the
total mechanical displacement of the quartz crystal. The size of the
working electrode was varied from 100 µm to 2000 µm. Inset shows the
boundary condition setup using piezoelectric MEMS module for a single
QCM sensor in a single disk. (b) Resonance frequency simulation of rwe =
2000µm. The 1st, 2nd and 3rd overtone were found at f0 = 3.32MHz, f1 =
10.12MHz and f3 = 15.90MHz, respectively. (c) Optimization of gap,
d between counter and working electrode. Gap was varied between
500 −1000 um. Normalized current density is inversely proportional to
gap.

The quartz crystal also produces several harmonics or
overtones as shown in Fig. 3(b). For this analysis, the largest
radius or rwe = 2000 um was chosen and the overtones and
their z-displacements were plotted. The highest displacement

is shown at 1st overtone, which corresponds to 3.32MHz. The
other two overtones were at 10.12 MHz and 15.90 MHz have
significantly lower Z-displacement magnitudes.

In the next simulation, the gap, d between the working and
the counter electrodes is studied. Fig. 3(c) shows the simu-
lation of normalized current density with d from 500 µm to
1000 µm. Smaller gaps produced increased current densities,
with the smallest gap of 500 µm producing current density
of 45 A/m2. The gap also affects the capacitance values
between the working and counter electrode with the highest
total capacitance is simulated to be 0.36 pF at d = 500 µm.
For this work, d = 500 µm was chosen to maximize current
density.

IV. EXPERIMENTAL WORK
A. FABRICATION PROCESS
As the sensor is aimed for biological applications, gold
was chosen for the working and counter electrodes. Gold
allows formation of self-assembled monolayers via covalent
bonding between gold and thiols [16], [26]. The fabrication
process of the IEQCM on a quartz substrate is described
in Fig. 4(a). Prior to e-beam process, all quartz substrates
and shadow masks were cleaned in TL1 solution method
(1:1:5 proportions of 25% NH3, 30% H2O2, and Milli-Q
water for 10 min at 85◦C), washed with Milli-Q (18.2 M�)
water several times and dried in N2 stream. Titanium and
gold evaporation beam (e-beam) processes were done on the
front side and back side (sandwich layer) of quartz surface
using a shadow mask. A 20 nm titanium adhesion layer
was evaporated at a rate of 0.3 – 0.5 Å s−1 on the quartz
wafer. Next, 200 nm thick gold layer was evaporated at
10 Å s−1 under vacuum. The reference electrode was real-
ized via screen-printing technique. This technique prints the
silver/silver chloride paste (C61003P7, Gwent Electronics
Materials Ltd, UK) through a screen mesh to form Ag/AgCl
films. This technique prints the silver/silver chloride paste
(C61003P7, Gwent Electronics Materials Ltd, UK) through
a screen mesh to form Ag/AgCl films. Circular chambers
with diameter of 5.5 mm and volume of 40µl were made
using polydimethylsiloxane (PDMS) and placed on top of
the quartz substrate to allow liquid testing. As a final step,
the IEQCM is placed on a FR4 board with connector pins as
shown in Fig. 4(b).

B. SURFACE ROUGHNESS AND WETTABILITY
CHARACTERIZATION
Wettability of a sensor’s surface can be investigated by mea-
suring contact angle of water droplets on the gold surface.
Contact angle measurements are usually done to measure
hydrophobicity or hydrophilicity of a material. Wettability
also indicates the quality of themodified surface, where lower
contact angles promote molecule immobilization [27]. In this
work, the hydrophobicity of the fabricated gold electrodes
were measured using a digital camera (CAM 200 Optical
Contact Angle meter. A drop of 5 µL deionized water was
placed on the working electrode’s surface (Fig. 5(a)) and
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FIGURE 4. (a) Fabrication process flow of the IEQCM sensor: Clockwise from left: Shadow mask was used to pattern the working and counter electrodes
onto the top quartz substrate via evaporation process. This process was repeated using to pattern the bottom electrodes onto the quartz substrate.
Next, screen printing process was used to realize the Ag/AgCl reference electrode. Finally, soft lithography process was used to create PDMS chambers
for each sensor (b) Photograph of IEQCM sensor-on-board with its interconnects. Sensors that were used in the experiments are labelled as 1, 2 and 3.

FIGURE 5. Surface roughness characterization. (a) Optical images of IEQCM and Water contact angle measurement for wettability test. (b) 2D AFM
surface roughness profile of the gold electrode. (c) SEM image indicating the surface morphology of the electrode.

the water contact angle was measured. The average contact
angle value was calculated from triplicate measurements. The
volume and the size of the drops were kept constant. From
the results, the measured contact angle of IEQCM sensor
was 53.0 ± 1◦. Measured values of less than 90◦ indicate
that the surface is hydrophilic [28]. As a comparison, the
contact angle for a bare screen-printed gold electrodewas also
measured and found to be 109.412 ±0.3◦.
Next, surface roughness of the evaporated gold electrodes

was measured using an atomic force microscope (AFM),
NanoScope IVa Dimension 3100 SPM from Veeco Instru-
ments, Inc.,USA. The topography of the gold electrode
was measured using tapping mode over a 1 ×1 µm2 area
was shown in Fig. 5(b). Root mean square of the sur-
face roughness for the gold electrodes was measured to be
1.92 nm. This surface roughness of the evaporated gold
electrode is significantly lower than those of commercial
screen printed gold electrodes which have surface roughness
of 33.23 nm.

Finally, the surface morphology of IEQCM was exam-
ined using a scanning electron microscope (SEM) LEO
1550 Gemini, Zeiss, Germany, shows the gold coating has
a relatively homogenous surface morphology Fig 5(c). The
uniform and smooth gold electrodes was achieved using
electron-beam vacuum evaporation. Compared to screen
printing, evaporation method yields thin films with higher
film density and increased adhesion to the substrate [29].
The evaporation process also produces better quality of gold
electrodes as it creates a relatively homogenous gold layer for
bioconjugation and hydrophilicity towards biomolecules that
facilitates the attachment of biorecognition molecules on the
electrode [30].

C. QCM RESONANT FREQUENCY MEASUREMENTS
Resonance frequency measurements of the IEQCM were
measured using an E5061B Agilent Vector Network
Analyzer. The resonance frequency and its harmonics for an
individual IEQCM sensor were measured to be 3.28 MHz,
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9.84 MHz and 15.87 MHz for the 1st, 2nd and 3rd over-
tones respectively. Based on the theoretical calculations
using Eq. (1), the resonance frequency was calculated to be
3.34MHz, 10.00MHz and 16.70MHz for the 1st, 2nd and 3rd
overtones, respectively. Therefore, these measurement results
showed a good agreement with theory and simulation results
since they exhibited small tolerance of 1.7%, 1.6% and 4.9%
which corresponded to the 1st, 2nd and 3rd overtones. For our
work, the frequency measurements of three different QCMs
on a single quartz wafer were made. The minimum center-
to-center distance between adjacent sensors is 8.1 mm. The
resonance frequencies of Sensor 1, 2 and 3 were measured to
be 3.2873 MHz, 3.2835 MHz and 3.2643 MHz respectively.
Distinct resonant frequencies of each sensor indicate that the
minimal spacing of 8.1 mm is sufficient to reduce acoustic
interference.

To evaluate and verify the effect of liquid loading on the
QCM, liquid droplets of water were placed onto the sensors
and resonance frequency changes were measured. One uL
drops were loaded at the center of each sensor to a total
of 10 uL. Incremental addition of droplets were done over
time to avoid placing the droplets on different locations on the
electrode. The QCMs have spatial sensitivities and mass sen-
sitivities are not uniform throughout the sensor’s surface [31].
Evaporation of water droplets was assumed negligible since
the experiments were conducted conservatively in a short
time (3-5 seconds) in order to obtain stable measurements
for each data point. Three different sensors were used and
the measured frequency shifts versus increasing volume were
plotted as shown in Fig. 6(a). As comparison, the theoretical
frequency shifts were calculated using Equation (1) and also
plotted in the same graph. The frequency shift versus volume
is relatively linear in the measured range. Frequency shifts
can be translated into mass changes using Equation (1) and
are plotted for both experimental and theoretical values as
shown in Fig. 6(b). Although both experimental graphs are
linear, there exists mass underestimations when compared
to the theoretical calculations based on Sauerbrey equation.
This ‘missing mass’ phenomenon has been reported by other
researchers when when QCMs are loaded with heavy, non-
rigid masses [32]. This may be due to energy dissipations
caused by build-up of bulky viscoelastic mass resulting in
non-uniform vibrations in the QCM [32]. QCM sensors are
also spatial sensitive where the mass sensitivity versus posi-
tion function for a QCM sensor is approximately Gaus-
sian where the mass-sensitivity maximum is at the center
of the electrode and tapers off towards the edge of the
electrode [31], [32]. For this experiment, the water droplets
were pipetted manually and due to the miniature size of the
sensor, it was difficult to control the exact location of the
droplets. It is hypothesized that the slight shift in location of
the droplets produce the errors.

D. ELECTROCHEMICAL SENSING
To verify the functionality of the electrochemical sensor
within the IEQCM, electrochemical measurements such as

FIGURE 6. (a) Measurement of resonant frequency changes of the IEQCM
sensors at different volumes of water. Three different sensors were used
in the experiment and measurements were taken in triplicates. The
average measurements are plotted in the graph. Theoretical calculations
of the resonant frequency shift based on Sauerbrey equation are also
plotted. Inset: Liquid water droplet placed at the center of the QCM.
(b) Mass change measurement and theoretical values.

cyclic voltammetry (CV) and electrochemical impedance
spectroscopy (EIS) were performed. For electrochemical
measurements, 40µl of 1mmoL−1 ferriferrocyanide in PBS
were used and the experiments were carried out using Ivium-
stat XR electrochemical analyzer (Eindhoven, The Nether-
lands). The CV measurements for IEQCM is shown in
Fig. 7(a). Based on the oxidation and reduction peaks, a plot
of peak current versus scan rate was done as shown in
Fig. 7 (b). It can be seen that the anodic and cathodic
peak currents were linearly dependent on υ1/2 at all scan
rates (50-1000 mV/s) for both cases. These results follow the
Randles-Sevcik theory which describes that the square root
of the scan rate is linear to the peak current. This behavior
indicates that the nature of the redox process is diffusion-
controlled [33]. From these results, the voltage separation
(1Ep = 150mV) was obtained, which agrees typical value in
literature which is∼150 mV, indicating that the redox chem-
istry operates without any major kinetic complications [34].
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FIGURE 7. (a) Cyclic voltammetry measurements of the IEQCM sensor
using ferriferrocyanide in PBS at different scan rates (50-1000 mV/s).
(b) Plots of the anodic and cathodic peak currents of Fe (CN)3−/4−6 gold
on quartz vs v1/2 from cyclic voltammetry measurements. (c) Optimization
of applied potential where values of Rct was measured at different
applied potentials. (c). Nyquist plot at optimized potential, 0.238 V.

Next, the applied potential value was varied from 0.2 V
to 0.3 V to obtain the lowest value of Rct and the optimized

TABLE 1. Comparison of EQCM sensors.

oxidation peak potential as shown in Fig. 7(c). After that,
the Nyquist plot was obtained using the same mediator,
[Fe(CN)6 ]3−/4 with 5 mV amplitude AC input swept at
frequencies ranging 1000 kHz to 0.01 Hz and shown in
Fig. 7(d). The impedance spectra was fitted to the electrical
equivalent circuit and the values of solution resistance, RS =
30 �, charge transfer resistance, Rct = 476 � and constant
phase element, CPE = 0.1418 × 10−3 F. The semi-circular
section of the graph indicates small charge transfer resistance,
whereas the linear part of the plot showed diffusion control
between the mediator and the bare gold electrode. From these
results, it was observed that sensing system has both diffusion
and charge transfer resistance. These results suggested that
the current generation is optimized at lower applied potentials
in this work.

V. CONCLUSION
In this study, twelve integrated electrochemical quartz crys-
tal microbalances were designed and fabricated on a sin-
gle quartz wafer. EQCM sensors have the advantages of
allowing two-dimensional sensing namely: QCM sorption
and amperometric electrochemical reactivity. Simultaneous
sensing with these two orthogonal methods provides addi-
tional selectivity to the sensor and improving detection accu-
racy. The design parameters such as electrode gap, radius
and spacing between sensors were optimized to cater for
both sensing methods. To improve electrochemical sensing,
the electrode gap was minimized within fabrication limits to
increase capacitance and current density of the electrodes.
For the quartz crystal microbalance, the electrode radius
plays an important role where larger sized electrodes produce
resonance frequencies with higher quality factor. The radius
of the QCMs are limited by the size of the wafer and the
number of sensors to be placed within the same substrate.
Spacing between sensors are also crucial to avoid acoustic
interference.

The IEQCM sensors were fabricated a combination of
evaporated gold and screen-printed Ag/AgCl reference elec-
trodes. The sensors surface roughness and wettability were
characterized using AFM and contact angle measurements.
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The evaporated gold electrodes produced a hydrophilic
surface with low contact angle and low surface roughness
compared to commercial screen printed sensors. Experimen-
tal measurements of the resonance frequencies show good
agreement between the theoretical, simulation and experi-
mental results with errors within 5%. Functionality of the
sensors were also tested by placing 1uL – 10 uL liquid
water droplets on the sensing electrode and measuring the
frequency changes. These frequency changes were translated
into mass/area measurements using Sauerbrey equation. The
QCM sensor exhibits spatial sensitivity, where the location of
the water droplets affects the mass measurements.

Table 1 shows comparison between the fabricated IEQCM
with other reported EQCMs. This work shows advantages in
terms of it being small, allowing a large number of sensors to
be integrated within a single substrate. The large array can be
multiplexed to potentiostats and is advantageous when testing
several biological samples as well as when performing differ-
ential measurements within the same environment. The sen-
sor size ∼10 cm is portable when combined with a portable
potentiostat and QCM reader. This IEQCM also requires very
low sample volumes of less than 10 uL, compared to discrete
EQCMs which require mL samples. Based on the results
of this work, it can be seen that multichannel, integrated
IEQCM sensor has very good potential as a biosensor for
future applications.
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