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Abstract

Plasma regeneration was investigated as a means of regenerating microstructures on biosen-
sors for repeated use. These microstructures were based on the deposition of suspensions
containing polymer microspheres. While this method provides a simple way to structure
surfaces, obtaining regular structures in a reproducible way remains a challenge. Therefore,
it would be advantageous to be able to reuse regular structures, which requires regenera-
tion. To investigate this concept, surface acoustic wave (SAW) resonators were structured
using 5 µm and 20 µm polystyrene microspheres and coated with parylene C to stabilize
the particle structures. After use in bioanalytical experiments, the biological residues and
the parylene C cover layer were removed with plasma, and a new parylene C layer was
added. Both atmospheric and low-pressure plasma were tested for regeneration. As a result,
the low-pressure plasma was to be preferred because it did not damage the transducer
structures on the SAW resonators, unlike the atmospheric plasma. Water contact angle
measurements and transmission spectra recorded with a network analyzer confirmed that
freshly prepared and regenerated structured SAW resonators coated with parylene C exhib-
ited similar wetting properties and resonance parameters. Therefore, plasma regeneration
is an effective way to enable the reuse of perfectly structured SAW resonators.

Keywords: microstructures; regeneration; plasma; interdigital transducers; biosensors;
surface acoustic wave; resonators

1. Introduction
The implementation of structures on flat surfaces increases the total surface area and

changes the wettability of the surface. These and other effects influence the binding of
molecules on the surface and, hence, the signal responses of surface-based detectors, such
as sensors and biosensors [1–3]. A simple method of introducing microstructures onto
surfaces is to deposit microparticles from corresponding suspensions and allow them to
self-assemble into two- or three-dimensional structures. This has been applied, among
others, for creating particle arrays from microgel particle dispersions and for particulate
graphite coatings for use in gas sensors [4–6].

However, the reproducible preparation of regular structures remains challenging.
Firstly, the heterogeneous nature of the suspensions makes reproducible portioning difficult.
Secondly, as the solvent evaporates from the surface, the particles move toward the edge,
forming a ring-like structure known as the “coffee-ring effect”. Various measures have
been developed to control number and arrangement of the particles, including the use of
additives in the suspensions, increasing surface wetting, and applying templates on the
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surfaces [5,7–10]. Nevertheless, from a sustainability perspective, it would be advantageous
if a perfectly structured layer could be used for multiple measurements. For this, it may
be necessary to remove any layers deposited on the structures in preparation of or during
the experiment. In the case of biosensor measurements, for instance, this would mean
removing the sensing layer and any binding molecules to obtain the pure structure for the
next run.

The application of physical plasma is a fast, widely applicable, and mostly residue-
free method of cleaning surfaces, including the regeneration of biosensors. In chemical
laboratories, artificial plasma is primarily excited by discharge ionization, which can be
produced at either atmospheric or low pressure. Plasma at atmospheric conditions is easier
to apply than low-pressure plasma because the latter requires a vacuum setup. However,
while the density of active particles is reduced in low-pressure plasma, their mean free
path is extended, which increases the cleaning depth, albeit at reduced intensity [11–14].
While removing unwanted components and contaminants with plasma is comparatively
easy, preserving the surrounding materials requires careful consideration of the plasma
parameters. Most importantly, the core material must remain intact; typically, only an
insignificant amount can be removed without damaging the device. Furthermore, when
metallic micro- or nanoelectrodes are included, such as interdigitated electrodes (IDEs),
they may be damaged by plasma, even if they are covered by an insulation layer. In plasma,
the electric field is concentrated at the edges of the electrode fingers. This can result in
a field strength that exceeds the dielectric strength of the surrounding medium, which
can lead to a flashover or short circuit. This can cause permanent damage to the electrode
material [15–18].

Sensors or biosensors using IDEs or interdigital transducers (IDTs) include devices
with electrochemical, optical, and piezoelectric detection [19], such as surface acoustic
wave (SAW) resonators. SAW resonators have successfully been applied in a multitude
of gas sensing and biosensing applications. Like other piezoelectric sensor devices, SAW
resonators convert and detect electrical energy and acoustic (i.e., mechanical) waves. The
wave on the piezoelectric crystal is both excited and received by IDTs. The SAW resonator
only allows the transmission of signals within one frequency band, so it can also be
classified as a bandpass filter [20–24]. In a previous approach, SAW resonators were
structured by depositing polystyrene microspheres onto the surface. A parylene C (poly(2-
chloro-para-xylylene)) cover layer was then deposited on the structured layer via chemical
vapor deposition (CVD) in order to stabilize the particle structure. These structured SAW
resonators were applied in bioanalytical measurements, mainly for protein adsorption [25].

In this study, SAW resonators with structured surfaces that had been used in bioana-
lytical measurements were regenerated by removing the biolayer and the parylene C cover
layer using plasma. Then, a new parylene C cover layer was deposited. Both atmospheric
plasma and low-pressure plasma were tested for treating these structured SAW resonators.
Atmospheric plasma was applied with an easy-to-handle, handheld device exploiting the
direct electrical discharge at an open piezoelectric transformer. This method produces
high electric field strengths with low power consumption and a plasma temperature of
around 50 ◦C [26]. Low-pressure plasma was applied by a tabletop instrument using a
radio frequency (RF) oscillating electric field that was inductively generated in the reaction
chamber at reduced pressure [27]. Water contact angles were determined to compare the
wetting properties of freshly prepared and regenerated structured SAW resonators coated
with parylene C. Additionally, transmission spectra were recorded with a network analyzer
to determine the resonance parameters of freshly prepared and regenerated structured SAW
resonators coated with parylene C. Finally, a preliminary protein adsorption experiment
was performed on a freshly prepared and a regenerated structured SAW resonator.
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It was shown that the low-pressure RF plasma did not damage the IDTs of the
structured SAW resonators, in contrast to the atmospheric plasma. Furthermore, simi-
lar wetting properties and resonance parameters were obtained for freshly prepared and
for regenerated structured SAW resonators after coating with parylene C. The regener-
ation did not affect the suitability of the structured SAW resonators for use in protein
adsorption measurements.

2. Materials and Methods
2.1. SAW Resonators

Shear horizontal SAW resonators, type SR062, were purchased from SCD (SAW Com-
ponents Dresden, Dresden, Germany). The two-port resonators consisted of 36◦YX-LiTaO3

piezo crystals with IDTs, reflective fingers, and contact pads for high frequency coupling
and ground made of gold. The size of the crystals was 4 mm × 4 mm with a thickness of
0.35 mm. The acoustic aperture of the IDTs was 0.2 mm. The frequency of operation was
specified by the manufacturer as 427.8 MHz with an insertion loss of −9 dB.

2.2. Parylene C Coating

Parylene C layers were applied by CVD using parylene C dimer (di(2-chloro-para-
xylylene)) and a commercial parylene deposition system (type Labcoter 1, PDS 2010),
as described previously [28]. Dimer and device were purchased from Specialty Coating
Systems, Indianapolis, IN, USA. The CVD process was based on the sublimation and subse-
quent pyrolysis of the dimer. The resulting monomer polymerized at room temperature on
devices provided in an evacuated deposition chamber. The layer thickness was determined
by a quartz crystal microbalance (QCM) sensor integrated in the deposition chamber. QCM
sensor and readout controller were obtained from Leybold Inficon, East Syracuse, NY, USA.

2.3. Plasma Treatment

Structured SAW resonators coated with parylene C were treated with atmospheric
plasma or with low-pressure plasma. Atmospheric plasma was applied by the PiezoBrush
PZ3, a handheld device purchased from Relyon Plasma GmbH, Regensburg, Germany, and
the corresponding standard module for non-conducting surfaces. The module was held
at a distance of 5 mm from the SAW resonator surface for 15 s, while the PiezoBrush was
operated at the lowest possible power (4 W). Low-pressure plasma was applied by the Basic
Plasma Cleaner type PDC-32G-2, a tabletop instrument supplied by Harrick Plasma, Ithaca,
NY, USA. A vacuum pump was connected (Edwards High Vacuum, Crawley, Sussex, UK)
with a maximum pumping speed of 0.34 m3/min to obtain the low pressure. Up to three
SAW resonator devices were inserted into the reaction chamber, and the pressure was
reduced to 0.13 hPa. A summary of the plasma parameters is provided in Table 1.

Further details regarding plasma treatment for structuring and for regeneration are
described in the sections below. In brief, low-pressure plasma for surface activation, as
required for the structuring, was applied for 15 s at 11 W. This step cleans and cracks the
topmost layers, producing functional groups [29]. Low-pressure plasma for regeneration
was applied for 5 min at 18 W to remove the biolayer and the parylene C cover layer.
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Table 1. Plasma parameters used in this study. Device-related parameters were obtained from the
manufacturers’ specifications.

Parameter Piezobrush PZ3
(Relyon Plasma)

PDC-32G-2
(Harrick Plasma)

device type handheld, standard module tabletop

power plasma power: 4 W
power applied to RF coil: 11 W (medium) for

surface activation/structuring, 18 W (high) for
regeneration

gas atmosphere ambient air, 8 L/min ambient air
pressure ambient pressure 0.13 hPa

plasma temperature ~50 ◦C near-ambient

geometry 5 mm distance between module and
device, ~10 mm activation width

devices placed in chamber with 7.62 cm diame-
ter and 16.51 cm length

duration 15 s activation/structuring: 15 s
regeneration: 5 min

2.4. Structuring

Polystyrene particles (microspheres) of 5 µm and 20 µm were purchased from Sigma-
Aldrich, Taufkirchen, Germany. According to the manufacturer’s specifications, the cali-
brated particle diameter of the 5 µm particles (PN 79633) was 5.05 µm, determined with a
standard deviation of 0.16 µm and a coefficient of variation (CV) of 3.1%. The calibrated
particle diameter of the 20 µm particles (PN 74491) was 19.82 µm, determined with a
standard deviation of 0.34 µm and a CV of 1.7%. The 5 µm particles and the 20 µm particles
were provided as aqueous suspensions with 10% solids and diluted with double-distilled
water to working concentrations of 5 mg/mL and 30 mg/mL, respectively. SAW resonators
coated with 0.05 µm parylene C were activated with the tabletop plasma instrument (de-
scribed above) in order to obtain a hydrophilic surface. The power applied to the RF coil
was set to 11 W, and the plasma treatment was 15 s. Immediately afterwards, a 5 µL drop
of diluted particle suspension was applied on the respective activated surface and left
to dry overnight. In a last step, the particles were fixed with another layer of 0.05 µm
parylene C. Structured SAW resonators were chosen for further use if they exhibited a
particle monolayer with no or only minor defects.

2.5. Regeneration of Structured Surfaces

Structured SAW resonators that had been applied earlier in bioanalytical measure-
ments [25] were regenerated by low-pressure plasma, using the tabletop instrument de-
scribed above. The power applied to the RF coil was set to the highest level, i.e., 18 W,
and the plasma treatment was 5 min to remove biolayer and parylene C cover layer. Af-
ter the plasma regeneration, a new cover layer of 0.05 µm parylene C was applied, as
described above.

2.6. Contact Angle Measurements

Water contact angles were determined by the sessile drop method using a contact
angle measurement microscope (type 20668; obtained from Erma, Tokyo, Japan).

2.7. Transmission Spectra

SAW resonators were individually inserted into a flow cell enabling both electrical
and fluidic contacting of the devices, as described previously [21]. The flow cell with SAW
resonator was connected to a vector network analyzer, type HP 8712C RF (Hewlett Packard,
Palo Alto, CA, USA), and filled with phosphate-buffered saline (PBS). PBS was purchased
from Sigma-Aldrich, Taufkirchen, Germany (PN P4417). After a few minutes with no flow
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in the flow cell, the equilibrium was reached and the transmission spectrum remained
constant. At this point the S21 parameters were extracted, i.e., maximum in the attenuation
spectrum, corresponding frequency (i.e., resonance frequency), and phase at this frequency.
Figure S1 shows an example of the procedure for determining the resonance parameters
from the transmission curves.

2.8. Protein Adsorption Measurement

SAW resonators that were structured with polystyrene particles and coated with a
parylene cover layer were activated individually with the tabletop plasma instrument as
described in Section 2.4. Immediately afterwards, the activated SAW resonator was inserted
into the flow cell described in Section 2.7. and connected to a flow injection analysis (FIA)
system, as described previously [21,30]. In brief, the FIA system was equipped with two
peristaltic pumps (Ismatec, Wertheim, Germany) and a six-port sample injection valve
(Besta-Technik, Wilhelmsfeld, Germany). The injection valve allowed switching between
carrier medium (PBS) or sample driven through the flow cell and, hence, across the SAW
resonator. The flow rate was set to 0.05 mL/min. Protein samples contained human
serum albumin (HSA), purchased from Merck Chemicals GmbH, Darmstadt, Germany
(PN 126658). HSA was dissolved at a concentration of 4 mg/mL in PBS. During a protein
adsorption measurement, the protein sample was injected into the PBS carrier stream
within 60–300 s. Before and after this injection interval, PBS was driven across the sensor.

The SAW resonator was integrated as the frequency-determining element into an oscil-
lator circuit by means of the flow cell, as described previously [21,30,31]. The frequencies
of the circuit, that correspond to the frequencies of the SAW resonator, were determined
as difference to a reference resonator oscillating permanently at 433.9 MHz. Since this
reference frequency was higher than the resonance frequencies of the SAW resonators (ap-
proximately 427 MHz), processes leading to a decrease in the SAW resonator frequencies,
such as mass loading, resulted in increasing difference frequencies. Difference frequency
curves were plotted to start at 0 Hz to optimize clarity. The frequency resolution was 1 Hz.

3. Results and Discussion
3.1. Evaluating the Plasma Treatment

The parylene C layer covering the structures, as well as the biolayer comprising
a potential sensing layer and biomolecules resulting from the bioanalytical experiment,
were to be removed to regenerate the structured SAW resonators. Plasma was chosen as
a fast and mostly residue-free method to remove these layers. Both a handheld device
providing atmospheric plasma and a tabletop instrument providing low-pressure plasma
were available. In a preliminary test, parylene C-coated SAW resonators were treated
shortly with both types of plasma in order to determine the impact of the respective plasma
on the surface wetting and on the SAW resonators’ IDTs. The results are shown in Figure 1.

Before plasma treatment, the contact angles were above 80◦, representing the water
contact angle expected for parylene C [21]. The contact angles were reduced to values
below 15◦ by 15 s of plasma treatment, regardless of which plasma was used. Therefore, the
ability to activate the parylene C surface by breaking the molecular chains, resulting in a
more hydrophilic surface upon reaction with air, was comparable for both types of plasma.
However, as shown in Figure 1b, the atmospheric plasma damaged the IDTs, i.e., the
electric field strength was too high for this resonator design and led to flashovers or similar
issues. Placing the SAW resonator on a metal pad to discharge an excess of electrical energy
did not improve the situation, as shown in Figure 1c. Applying the low-pressure plasma
instead did not damage the IDTs (Figure 1d). The reduced density of active particles and,
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hence, reduced electric field strength, was sufficiently low to be compatible with the SAW
resonator’s IDTs. Therefore, low-pressure plasma was used in subsequent experiments.

Figure 1. Two-port SAW resonators, coated with 0.05 µm parylene C, before and after 15 s of plasma
treatment, as described in Sections 2.3 and 2.4. (a) Active part of a two-port SAW resonator device
prior to plasma treatment. The red box highlights the area from which the following pictures were
taken. (b) SAW resonator provided on a silicone pad after treatment with atmospheric plasma.
(c) SAW resonator provided on a metal pad after treatment with atmospheric plasma. (d) SAW
resonator treated with low-pressure plasma.

In the next step, low-pressure plasma was applied on a parylene C-coated structured
SAW resonator to verify the removal of the parylene C from the surface, as well as future
biolayers from bioanalytical experiments. Figure 2 shows a SAW resonator device with an
insufficient particle structure that was used for parylene C removal tests. Parylene C was
present as underlying and cover layers for the particle structure. Prior to plasma treatment,
a scratch was deliberately made in the parylene C layers to enable easy observation of the
removal process with a microscope (Figure 2 (left)).

Figure 2. Detail of a SAW resonator with an incomplete structure of 5 µm polystyrene microspheres
that was coated with parylene C and exposed to low-pressure plasma for 5 min., as described in
Section 2.5. Before plasma treatment, there is a scratch in the underlying and cover layers of parylene
C (left). After plasma treatment, the scratch in the layers is no longer visible (right), suggesting that
the most part of the parylene C is removed.
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After applying the low-pressure plasma for 5 min at the highest level, the scratch in the
parylene C layer was no longer visible (Figure 2 (right)). This indicates that the low-pressure
plasma treatment was able to remove most of the 0.1 µm parylene C (i.e., underlying and
cover layers, 0.05 µm each). This should be sufficient to remove the majority of the 0.05 µm
cover layer from future structured SAW resonators [32], as well as any biolayers remaining
from bioanalytical applications. Any potential residues would be in the nanoscale range
and covered by a new parylene C cover layer, ensuring that the surface for subsequent
measurements resembles that of newly microstructured and coated SAW resonators. This
will be demonstrated in the following.

3.2. Wetting Behavior and Resonance Point of New and Regenerated SAW Resonators

Figure 3a,b show exemplary SAW resonators structured with 5 µm or 20 µm particles.
Water contact angles on SAW resonators that were newly structured with 5 µm or 20 µm
particles and coated with parylene C were determined (Figure 3c, Table S1). The SAW
resonators were used in bioanalytical measurements, as described previously [25], then
regenerated with low-pressure plasma, as described above, and coated with a new parylene
C cover layer. Again, the contact angles were determined and compared to the contact
angles obtained before the bioanalytical measurements as well as to those obtained with
unstructured SAW resonators (Figure 3c, Table S1).

Figure 3. Contact angles of unstructured and structured SAW resonators coated with a 0.05 µm
parylene C cover layer. (a,b) Exemplary SAW resonators structured with 5 µm and 20 µm polystyrene
microspheres, respectively. (c) Contact angles of six unstructured and six structured SAW resonators
per particle diameter; the structures were freshly prepared or regenerated. Columns represent the
means, and the error bars represent the sample standard deviations.

Contact angles obtained with structured SAW resonators were generally higher than
those obtained with unstructured SAW resonators. However, no significant variation in
contact angles considering the respective sample standard deviation ranges was observed
between SAW resonators structured with 5 µm particles and those structured with 20 µm
particles. Taking the sample standard deviation ranges into account, as well as general
variations when determining contact angles [33], the contact angles determined with the
regenerated structured SAW resonators were comparable to those determined with the
same structured SAW resonators immediately after preparation. Similar to the freshly
prepared structured SAW resonators, the contact angles obtained with the regenerated
structured SAW resonators were higher than those of the unstructured devices (Figure 3c,
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Table S1). As a result, the physical performance with regard to wetting properties of the
structured surfaces is confirmed to be similar after regeneration. Even if the underlying
structure of polystyrene microspheres was altered by the plasma, or if residues remained
after plasma regeneration, this did not occur to a sufficient extent to modify the overall
wettability after coating with the parylene C cover layer.

In the last step, the electrical properties of the SAW resonators structured with
5 µm particles were determined by recording the transmission spectra and comparing
the resonance parameters (Tables 2 and S2).

Table 2. Resonance parameters of SAW resonators structured with 5 µm particles (n = 4). SAW
resonators were tested immediately after structuring or after application in a bioanalytical experiment
and regeneration of the structures. Both freshly prepared and regenerated structured surfaces were
coated with 0.05 µm parylene C. Data are given as “mean ± sample standard deviation”.

Structure Resonance
Frequency [MHz] Attenuation [dB] Phase [◦]

freshly prepared 426.5 ± 0.3 −15.2 ± 2.7 −27.9 ± 5.1
regenerated 426.3 ± 0.2 −17.3 ± 0.6 −35.2 ± 2.6

No differences were observed in the resonance parameters of freshly prepared and
of regenerated structured SAW resonators covered with parylene C (Tables 2 and S2)
considering the respective sample standard deviation ranges. This confirms that the SAW
resonators’ IDTs were not damaged by the prolonged low-pressure plasma treatment
required for the regeneration of the structured surfaces. Furthermore, the resonance
properties of freshly prepared and regenerated structured SAW resonators were similar, as
were the respective wetting properties.

3.3. Protein Adsorption

Structured SAW resonators were applied in protein adsorption experiments both
before and after regeneration. Figure 4 shows an exemplary SAW resonator structured with
5 µm particles after preparation, after the first measurement, and after both regeneration
and the second measurement. Furthermore, the images in the top row were superimposed
and compared using the web version of the DiffChecker software as of 16 February 2026
(https://www.diffchecker.com/image-compare/), thereby highlighting the differences.

As a first approximation, the photos in the top row of Figure 4 appear to be largely sim-
ilar. Slight differences partly resulted from dust flakes, partly from variations in different
conditions during the photographic documentation. The superimposed images demon-
strate that the vast majority of the particles maintained their position after measurement in
the flow cell, regardless of whether the structures were freshly prepared or regenerated.
Therefore, the freshly applied parylene C cover layers held the particles in place on new or
regenerated structures. Determining the actual layer composition and thickness before and
after regeneration and measurement will be part of future investigations.

In a preliminary protein adsorption measurement, HSA was applied on SAW res-
onators structured with 20 µm particles, both freshly prepared and regenerated. The
parylene C cover layer was activated with plasma, similar to the activation step applied for
structuring (see Section 2.4). The results are shown in Figure 5.
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Figure 4. Active part of a two-port SAW resonator device structured with 5 µm polystyrene particles
and coated with a parylene C cover layer. The photos in the top row were taken after preparation
and deposition of the first cover layer (left), after a protein adsorption experiment (middle), and
after regeneration, including deposition of another cover layer, and an additional protein adsorption
experiment (right). The images in the bottom row show overlays of the respective photos, with the
differences highlighted in red and green.

Figure 5. Signal responses obtained by HSA adsorption on SAW resonators structured with 20 µm
particles. The structures were freshly prepared (blue line) or regenerated (red line). Prior to the
measurement, the parylene cover layer was activated with plasma, as described in Section 2.4. The
HSA sample, 4 mg/mL, was injected into a PBS carrier stream. Injection interval: 60–300 s.

Both freshly prepared and regenerated SAW resonators structured with 20 µm particles
showed a signal increase due to HSA adsorption on the activated parylene C. The difference
frequency shifts were calculated as mean difference frequencies within the 320–350 s range
after the injection interval. The difference frequency shift was 17.8 kHz for the freshly
prepared resonator and 13.3 kHz for the regenerated resonator, representing 75% of the
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shift obtained for the freshly prepared resonator. Therefore, structured SAW resonators
can be used for protein adsorption experiments after regeneration. The reproducibility of
the results and the comparability of their signal responses with those of freshly prepared
structured SAW resonators is still under investigation, as is their potential use as real
biosensors with sensitive coatings.

4. Conclusions
Low-pressure plasma is suitable to regenerate microstructures on devices with IDEs or

IDTs, as shown with SAW resonators structured with polystyrene particles. The structured
SAW resonators exhibited analogous contact angles and resonance parameters, regardless
of whether they were tested immediately after preparation or after regeneration following
a bioanalytical measurement. Therefore, future bioanalytical experiments should not reveal
significant differences between new and regenerated structured SAW resonators. This
regeneration method can be applied to devices with sub-microstructures or nanostructures,
as long as the plasma parameters are adjusted to preserve the integrity of the underlying
structure. This would include a closer investigation of the structures and coatings before
and after regeneration. After adjusting the regeneration parameters, investigating the
repeatability of the regeneration process would be appropriate.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/coatings16030283/s1; Table S1: Measurement data for determining
the contact angles of parylene C-coated SAW resonators that were unstructured or structured with
5 µm or 20 µm particles (n = 6). The structures were either freshly prepared or regenerated. The
reading accuracy of the contact angle measurement microscope was 1◦; Figure S1: Exemplary
transmission spectra obtained with a vector network analyzer for a SAW resonator structured with
5 µm particles and coated with a 0.05 µm parylene C cover layer: (a) attenuation spectrum and
(b) phase spectrum. The crosses and the dashed line label the S21 parameters, i.e., the maximum
in the attenuation spectrum (a), the corresponding frequency (i.e., resonance frequency), and the
corresponding phase (b); Table S2: Measurement data for determining the resonance parameters of
SAW resonators structured with 5 µm particles (n = 4). The sensor numbers correspond to those in
Table S1. The reading accuracies were whole Hertz for the resonance frequency and two decimal
places for attenuation and phase.
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