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Abstract: Bioparticle concentration can be measured using many techniques, such as mass
spectroscopy, light scattering, and fluorescent tracking. Due to some instrument limitations, high
cost, low sensitivity-selectivity level, and performance development needs, there is a need to develop
a new sensing technique with higher performance. This study used quartz crystal microbalance
(QCM) and graphene oxide (GO) as the selective coating materials. For this purpose, two different
sensors were tested: uncoated QCM and GO-coated QCM. The sensor performances were tested
inside an exposure chamber by exposing the sensors to different bacteria samples: B. pasteurii, B.
sphaericus, and B. cereus. The sensor’s frequency shift was counted using a frequency counter, while
the sample concentration was measured using a Digital Dust Monitor. The results show that the
sensors work well in detecting Bacillus sp. samples with sensitivities of 0.24 to 0.35 Hz.ug™!. The
developed sensors have a response time of <96 s, with a linearity of 95%. The best response is
obtained from the coated QCM using B. pasteurii. The coated QCM performs better than the
uncoated QCM, indicated by better linearity, response time, and sensitivity.

Keywords: bacteria; bioparticle; fine particle; graphene oxide; quartz crystal microbalance

(coronavirus)®'? are examples of bioparticles in terms of

Particulate matter (PM) is a mixture of solid particles
and droplets that are suspended in ambient air and is also
known as the main contributor to air pollution?. In terms
of the existence of biological substances, PM generally is
categorized into bioparticle and non-bioparticle.
According to the size distribution, PM is classified into
PMy.;, PM»s, and PMjo. Ultrafine particle (PMy.1) has a
diameter of < 0.1 um, determined as the smallest
particulate matter with the highest impact on human
health). PM, s, a fine particle, has a bigger diameter than
an ultrafine particle, between 0.1 to 2.5 um?. The biggest
particulate matter is a coarse particle or PM;o, which has
an aerodynamic diameter of 2.5 pm to 10 um®. The
different substances and size distribution of particulate
matter make different characteristics and health impacts
on humans'¥.

Bioparticle is a kind of particulate matter consisting of
fungal spores, bacteria, and viruses in fine and ultrafine
particles>®. Bioparticles can easily be dispersed in
ambient air as atmospheric particles, airborne particles, or
bioaerosol. They can be found in indoor and outdoor areas,
such as medical rooms, isolation rooms, small rooms, and
even house>”®. Bacteriophage and SARS-CoV-2

virus type. In bacteria class, bioparticle consists of many
genera, including Bacillus cereus, Bacillus infantis,
Bacillus  marisflavi, Bacillus subtilis, and Bacillus
atrophaeus'V. Cladosporium spp., Mycosphaerella spp.,
and Penicillium spp. are examples of fungal bioparticles
which can be found both in indoor and outdoor
environments®.

Bioparticle concentration can be measured using some
techniques, such as fluorescent tracking, lightwave
principle, spectroscopy method, and biomolecular
reaction. Fluorescent tracking and lightwave principle, a
physics approach, counts the bioparticle concentrations
using optical particle counting or light scattering sensors
(refraction, reflection, or diffraction) and fluorescent
tracking®!%!?), This technique performs a fast measuring
method without identification or specific bioparticle types.
Another study used UV-APS (ultraviolet aerodynamic
particle sizer) to measure Dbioparticles with an
aerodynamic diameter < 1 pm!?. These measurement
systems are not portable, are high-cost, generally use
indirect measurement, and need extra maintenance or
specific attention. Other measurements can be done using
spectroscopic techniques, such as Energy Dispersive X-
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ray spectroscopy, Raman-spectroscopy, and mass
spectrometry. These methods have been widely used to
quantify many bioparticles, such as airborne magnetic
nanoparticles'?, bacteria!?, bacteria from fish muscle'”,
and pathogenic airborne viruses'?. Both spectrometry and
spectroscopy are indeed widely used for bioparticle
measurement devices. However, spectrometry and
spectroscopy are not portable devices and need a
supporting ecosystem, such as a controlled room and a
well-trained operator. In biology science, RT-PCR (real-
time polymerase chain reaction) technique has been used
widely to quantify and detect specific microorganisms in
environmental samples'®!'”. However, this technique
needs supporting technology (e.g., special laboratories,
specific rooms, reagents, and other devices) and trained
operators.

Quartz crystal microbalance (QCM) is a unique crystal
that works for gravimetric measurements based on
frequency shift and mass loading effect'®!'®). According to
Sauerbrey's equation, this crystal has a fundamental
frequency, while the frequency shift is linear to the
deposited mass on the crystal surface?”). The interaction
between the deposited mass and QCM's surface is also
influenced by the coating material applied to the surface
area and other important parameters?). As supported by
previous studies, the exact coating material will make the
highly selective binding of the QCM as a specific sensor
(not just a crystal)?>?¥, In other words, a bare QCM needs
a correct coating material when being developed as a
specific sensor.

Graphene oxide (GO), a graphene derivative, can be
developed as a QCM coating material, resulting in a GO-
coated QCM. GO has a high specific surface area, easy
stacking, easy functionalization, good hydrophilicity, and
dispersion stability, making it suitable for coating material
or thin film in surface modification??. GO also has a good
mechanical modulus which may cause a small probability
of the swelling effect due to the over-mass loading impact
(false QCM’S response due to over-deposited mass) that
influences the QCM response?, such as studying for
formaldehyde concentration®, gas sensor?”, and relative
humidity sensor'®.

According to the previous explanation, GO-coated
QCM has the potential to be developed as a bioparticle
sensor. It will be a novel method or measurement device
for measuring bioparticle concentration based on the
gravimetric principle. It will provide better sensitivity and
accuracy, faster response, portability, and inexpensive
materials than other measurement devices. Hence, this
study is aimed to develop a new bioparticle detection
system using a GO-coated QCM. This study also
investigates the performance comparison between
uncoated and GO-coated QCMs in detecting bioparticles,
with a specific case in bacteria type. For a case study and
also as a preliminary study for the development of a more
complex bioparticle counter, Bacillus sp. was chosen due
to its important and typical bacterial strain found as

airborne particles in the indoor atmosphere.

2. Materials and Methods

2.1 Sensor preparation

Two different QCMs (diameter = 0.87 cm, electrode
area (4) = 0.196 cm?) were used as the sensors: Q1 (bare
QCM) and Q2 (GO-coated QCM). Q2 sensor was
developed by coating the surface of a bare QCM using GO
solution (2 mg.mL"!, dissolved in deionized water, purity
=99%). A spin coating method (speed = 700 RPM) was
used for the coating process to coat the top surface of a
silver-coated QCM with an fj (fundamental frequency) of
5 MHz. Thus, the QCM was coated with the as-prepared
GO for 3 minutes. This coating duration was selected due
to the best deposition characteristics. After that, the
prepared sensors were installed inside a sensing box
connected to the frequency driver and counter as the
sensing analysis system (Fig. 1).

‘511@_' 00 | !
I ¢ | frequency counter|
| driver i

sensor box

sensing analysis system

Fig. 1: Sensors configuration inside the sensing box.

2.2 Bioparticle concentration measurement

Bacillus sphaericus (B1), Bacillus pasteurii (B2), and
Bacillus cereus (B3) were used as bioparticle samples.
These samples were cultivated and isolated on glass Petri
dishes containing Potato-Dextrose Agar (Merck,
1.10130.0500). They were incubated at 25°C for a week
inside a chamber. These samples were chosen for safety
purposes, as they were categorized as safe
microorganisms from their species.

On the 8™ day, each sample was placed inside an
exposure chamber (volume V' = 2,250 cm®) connected to a
suction pump (airspeed v =200 cm.s"), a HEPA filter, and
a digital Dust Monitor (Kanomax, model 3443) (Fig. 2).
The suction pump (brushless DC motor) was used to
efficiently inject fresh air into the chamber and disperse
the bioparticles from the sample inside the chamber?$2%,
The Digital Dust Monitor measured bioparticle
concentration (C,) for a certain sampling time (7). Related
to the pump's airspeed (v), outlet area (4, 0.28 cm?), and
chamber volume (¥), the sample injection was conducted
for 40 seconds () since:

14

ti= — (1)

A.v
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Fig. 2: Schematic diagram of bioparticle concentration.

2.3 Sensor test

A similar method of concentration measurement was
applied using the developed system. The sensing box and
the sensing analysis system were connected to the
chamber, filter, and pump (Fig. 2), replacing the function
of the Digital Dust Monitor. The sensing analysis system
measured the frequency shift (Af)). Related to the
Sauerbrey equation (Eq. 2), Af'is linear to the deposited
bioparticle mass (Am) on the sensors' surface. The
measured bioparticle concentration from the sensors (C.)
was calculated using Eq. 337

_ AJpu
Am = - 272 CAf 2)

Ce= — 3)

Constants p and p are shear modulus (2.947 x 10" g.cm
1.52) and crystal density (2.684 g.cm™). The measured
(C,) and calculated bioparticle concentrations (C.) were
used to calculate the sensor performance, including
sensitivity (S), accuracy (4), and linearity (R?). The
sensitivity level was calculated using the equation:
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2.4 Statistical analysis

There were three replicates (n = 3) for each datum point
in all measurements. All data are interpreted as the mean
+ standard deviation (SD). A Student's 7-test calculates the
significance, while differences were considered
significant at p < 0.05.

3. Results

3.1 Bioparticle concentration

Table 1 shows the measured bioparticle concentrations
(C,) inside the chamber (measured by the Digital Dust
Monitor as the comparator device). The most
concentration is measured from the B3 sample or Bacillus
cereus (more than 800 pg.m>). Compared to the control
parameter, B4 (fresh air), this concentration is 797 pg.m
higher. Bacillus pasteurii has the second position, 20%
smaller than the measured concentration in Bacillus
cereus. These different concentrations are related to the
different bacteria samples. Each bacteria sample has a
different biological characteristic. Meanwhile, a
significant concentration difference between B1-B3 and
B4 confirms that the cultivated bacteria were dispersed in
the chamber resulting in bioparticle concentration with
certain bacteria as the main contaminants.

Table 1. Bioparticle concentrations.

Code Samples Cn (ng.m3)
B1 Bacillus sphaericus | 444+2

B2 Bacillus pasteurii 66611

B3 Bacillus cereus 825424

B4 Filtered air 28+5

3.2 Frequency Response

The frequency shifts corresponding to different samples
using Q1 and Q2 sensors are shown in Fig. 3.

QCM-GO
0 390 780 1170 1560
0 L L L 1
"'“—-W_"
- e e o ey
-9 N e
Y el —
S . )
=18 :
=
-27 . ;
-36 !
1(s)
* B. pasteurii * B.cereus * B.sphaericus <« Air

Fig. 3: The frequency shift corresponds to different sensors and bioparticle samples.
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According to this figure, in Q1, Bacillus pasteurii
bonded to the QCM sensor in a big change in the
frequency shift Af (-18 Hz), indicating that the deposited
particles are relatively high. The second place is referred
to as Bacillus cereus, resulting in a frequency shift of -11
Hz, only 3 Hz higher than Bacillus sphaericus. The graph
shows that Bacillus sphaericus generates the lowest
response to Q1.

Different results are found in GO-coated QCM or Q2.
This sensor has relatively bigger frequency shifts than the
uncoated QCM (Q1). The most frequency shift is found in
Bacillus cereus (-36 Hz). This result is 25 Hz higher than
Q1 (-11 Hz). This frequency shift indicates that Q2 has a
good response for Bacillus sphaericus. Bacillus cereus has
a continuous trendline. It can be assumed that the sensor
was still sensitive to this sample (green dots) regarding the
1560 s of the sampling duration. There is no saturation
characteristic, and the sensor could still detect more
samples (a longer measurement range).

Interestingly in Q2, the second position is referred to as
Bacillus pasteurii with a -33 Hz frequency shift. This
value is 15 Hz higher than the result of Q1. The trendline
indicates good reliability since the frequency shift
approaches the initial value. This characteristic might be
related to the different interactions between samples and
the GO layer.

In contrast, there is no different result between Q1 and
Q2 for Bacillus sphaericus. For this sample, Q2 only has
-8 Hz of frequency shift. All results show a good pattern,
whereas the decreasing frequency is consistent in a series
of times. Above all, Q2 shows a better Af consistency than

Ql.

3.3 Sensor characteristic

Fig. 4a depicts the sensitivity level of Q2. Q2 has
interesting results, with sensitivity levels of 0.24 to 0.35
Hz.pg! with a low standard deviation. The best sensitivity
is obtained at Bacillus pasteurii (0.35 Hz.pg™") with an
error value of 34%. The second position is Bacillus cereus,
with a sensitivity of 0.33£0.08 Hz.ug' (error value =
25%). Bacillus sphaericus generates the smallest
sensitivity, showing a level of 0.24 Hz.pg™! (error value =
14%). In contrast, Q1 has a higher value of 0.24 to 0.28
Hz.pg!. Sensitivity is determined as a better result when
the value is lower or when the sensor is reacted to a similar
bioparticle concentration. It is also related to system
resolution.

This study also investigates the sensor linearity based
on bioparticle concentration (Fig. 4b). The calculated
particle concentrations (obtained from QCM sensors)
show a significant difference compared to the measured
ones (measured from the Digital Dust Monitor). As
expected, Q2 has better linearity (R? = 0.95) than Q1 (R’
=0.29).

The uncoated QCM sensor approaches an exponential
function as the best fitting, with a regression coefficient of
0.60. A higher R’ or regression coefficient indicates no

significant difference between the comparator device and
Q2. Meanwhile, Q1 does not show a good performance in
terms of linearity and sensitivity.
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Fig. 4: The sensor sensitivity (a) and linearity (b).

4. Discussion

QCM was used as the sensing element in this study. The
main reason is the characteristic of the QCM crystal that
works for gravimetric measurements based on frequency
change (Af)*". The resonant frequency is related to the
deposited particles (Am) on the crystal surface area 432
The QCM performance due to this deposition is
influenced by the interaction between the targetted analyte
and the coating material on the crystal surface. In this state,
the resonant frequency depends on the surface and internal
analyte bonds. Thus, the exact coating material will make
the highly selective binding of the QCM sensors in the
immobilization process’. Some previous studies also
suggest a specific thin film coating to increase the QCM
selectivities for the different analytes'®.

The bare QCM has a lower performance than Q2. This
study shows nonsignificant results with high relative
errors (>14%) in the sensitivity parameter. These high
standard deviations may indicate a great uncertainty in the
bare QCMs (R? = 0.2919). The above data also confirms
that Q1 needs a longer time to detect bioparticles (90 to
105 s of response times) than the Q2 sensor. Thus, this
lower performance is mainly related to the absence of GO
coating. These results also suggest that bare QCM is only
a gravimetric crystal that has the potential to be used as a
sensor when coated by a specific film.

As expected, the results show that Q2 performs well in
sensing bioparticles. The coated QCM has a better
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response time, linearity (R?> = 0.95), and sensitivity than
the uncoated one. As seen in Fig. 4, the linearity of Q2 is
0.9505 (much higher than Q1), >60% higher than the bare
QCM. This sensor needs <96 s to sense bioparticles, with
a sensitivity of 0.24 Hz.ug! (B1), 0.35 Hz.ug"! (B2), and
0.33 Hz.ug! (B3). These results confirm the ability of GO
as the coating material to bound bacteria Bacillus sp.

This study used GO as the coating material to improve
the sensitivity and other performance parameters. GO, and
other carbon derivatives have good porous layer***9. GO
was chosen due to its chemical groups and physical
characteristics influencing the sensor's performance®®. In
the case of bioparticle interaction, GO can induce cell
damage. This probability is supported by a previous study
using Azotobacter chroococcum, where GO could break
cell walls assigning membrane damage®?). In the presence
of GO, it seemed that the surface of the GO-coated QCM
would make contact with the analyte, bind them, and the
analytes were embedded within the GO-coated surface.
The break of cell walls became evidence of the potential
and probable GO toxicity mechanisms again bio-PM
analyte®®. Other previous studies also support the role of
GO as an antifungal and antibacterial material by
analyzing the reduction in the number of bioparticles®>4?),
Hence, GO thin-film might influence and increase the
sensor performance more than uncoated QCM.

5. Conclusion

This study uses graphene oxide as a thin film for QCM
crystal. The coated QCM works well as a bioparticle
sensor in Bacillus sp. The GO-coated QCM has a better
performance compared to the bare QCM. The sensitivities
of QCM-GO are in the range of 0.24 to 0.35 Hz.ug'!, with
a response time and linearity of <96 s and >0.93,
consecutively. The uncoated QCM has a lower
performance, indicated by lower linearity (0.29), lower
sensitivity (0.24-0.28 Hz.ug™"), and longer response time
(90 s to 105 s). These results show that GO can be applied

as a sensitive coating material to produce a bacteria sensor.
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