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We present a successful demonstration of a reusable Surface Acoustic Wave (SAW) sensor for bacterial
biofilm growth monitoring in an animal serum and bacterial growth media. Bacterial biofilms produce
harmful metabolic by-products and are a characteristic of severe infections. Thus, continuous monitoring
of bacterial biofilm growth is critical. Here, we report a highly sensitive SAW sensor for biofilm growth
monitoring fabricated by depositing zinc oxide (ZnO) piezoelectric thin film by pulsed laser deposition
(PLD). To prevent ZnO damage from long term exposure to bacterial growth media or to an animal serum,
the ZnO layer of the sensor was effectively protected by aluminum oxide (Al,03) using atomic layer
deposition (ALD). As a result, the sensor was reusable for consecutive biofilm formation experiments. The
detection limit of the SAW sensor was approximately 5.3 pg. The SAW sensor was tested with Escherichia
coliw3110in Lysogeny Broth (LB) media, and in 10% diluted Fetal Bovine Serum (FBS) as an approximation
to an in vivo environment. The resonant frequency shift measured at the output of the SAW sensor in
both LB media and 10% FBS corresponded to natural biofilm growth. These repeatable results support the
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novel application of a SAW sensor for real time biofilm sensing.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

Bacteria can attach to surfaces and form microcolonies as their
population increases. The colonies eventually can form a commu-
nity known as a bacterial biofilm [1,2]. A biofilm is not simply
a group of bacteria, but a complex collection of microorganisms
encased in an extracellular matrix. The extracellular matrix is com-
posed of exopolysaccharideglycocalyx polymers which promote
irreversible adhesion of microcolonies on the surface and also pre-
vent diffusion of antibiotics through the biofilm [1,2]. Due to the
complex extracellular matrix and heterogeneous bacterial com-
position, biofilms are resistant to bacteriophages in industry and
to chemically diverse antibiotic treatments in clinical fields [3]. In
addition, bacterial corrosion of metals is an economically important
consequence of bacterial biofilm formation that illustrates several
fascinating aspects of the structure and physiology of these adher-
ent bacterial populations. Therefore, environmental, clinical, and
industrial long term reliable biofilm growth monitoring is critical
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to prevent contamination, severe infection, and corrosive problems
due to the biofilm formation.

The measurement of bacterial biofilms with capacitive sensing
has been applied by Yang and Li to monitor Salmonella typhimurium
bacteria [4], and by Ghafar-Zadeh et al. to detect Escherichia coli
(E. coli) [5]. In Yang and Li [4], an interdigitated microelec-
trode was fabricated to provide detectable impedance signals in
capacitance measurement during bacterial growth. S. typhimurium
bacteria were grown over the microelectrode and the capaci-
tance change was continuously measured. Capacitive sensing in
a liquid environment, however, can be interfered with by a con-
ductive media due to the current flow through the growth media
[4].

The direct impedance measurement of the attachment of E. coli
on an electrode is demonstrated by other groups [6,7]. The change
of impedance during bacterial growth is correlated with the
biomass adhere on the electrode. This impedmetric sensing is
particularly useful in detecting very early attachment of bacte-
ria based on the significant impedance change observed upon
attachment. However, long-term real-time biofilm monitoring by
impedance measurement requires a continuous current source
for bacterial detection which may cause interruption of bacterial
growth.
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Fluorescent methods have reported high sensitivity [8], but
require fluorescent molecule labeling for sensing to occur. Label-
ing requires additional sample preparation and the fluorescent
molecule can be degraded over long term exposure to liquid.

Electrochemical sensing can be used for selective detection a
molecule without fluorescent labeling [9]. An electrochemical sen-
sor array was integrated with a miniaturized bioreactor system
for high throughput cell cultivation in 96 well plates [10]. Using
a 100 pl working volume in the 96 well micro reactors, the sensor
array can monitor temperature, pH, and oxygen concentration as
well as total biomass. However, electrochemical sensors require a
continuous power source for the operation and also require recal-
ibration of the sensor due to the conductivity change of bacterial
growth media in long term biofilm growth experiments.

Surface Acoustic Wave (SAW) sensors exhibit several advan-
tages in small molecule detection including high sensitivity [11-22]
and low power consumption [23]. A SAW sensor can detect mass
or viscosity change due to the wave velocity attenuation, result-
ing in a resonant frequency shift at the output. A highly sensitive
SAW sensor for detection of interleukin-6 (IL-6), which is one of the
key molecules in human immune system, was reported. In Krish-
namoorthy et al. [19], a specific receptor for IL-6 was immobilized
on the surface of the SAW sensor. Based on the resonant frequency
shift due to the IL-6 binding, the detection limit of the SAW sensor
was approximately 10~18 g. A SAW sensor is also a passive device.
The power for operation of the SAW sensor can be delivered by an
external device wirelessly which makes the SAW sensor useful for
long term biofilm monitoring without a continuous power supply
[23]. Furthermore, the SAW sensor can be fabricated using bio-
compatible materials [24-26]. The combination of extremely high
sensitivity, biocompatibility, and low power consumption makes
the SAW sensor a unique tool for real time monitoring of bacterial
biofilm growth. However, since piezoelectric materials using in the
SAW sensor can be dissolved due to long term exposure to liquid,
the design of a passivated SAW sensor without loss of sensitivity is
critical for biosensing applications [27].

In this work, we have demonstrated a successfully passivated
ZnO0 based SAW sensor for long term biofilm growth monitoring in
an animal serum or bacterial growth media. Atomic layer deposi-
tion (ALD) was applied for high density and conformal aluminum
oxide (Al,03) film deposition to protect the ZnO of the SAW sensor
from media. The schematic of the SAW sensor is shown in Fig. 1(a).
The SAW sensor was used for the in vitro real time study of E. coli
staticbiofilm growth in Lysogeny Broth (LB) media and in 10% Fetal
Bovine Serum (FBS), the latter of which is the most widely used
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Fig. 1. (a) Schematic of the passivated SAW sensor and (b) a cross sectional view of the inverted passivated SAW sensor.

serum for mammalian cell culture due to similarities to in vivo
environments [28].

The remainder of this paper presents the design of the inverted
SAW sensor for the targeted mode of the wave and fabrication
process. The material and experimental procedures for biofilm
detection in the sensor are presented. The results show the biofilm
detection using the sensor in consecutive testing both in bacterial
growth media and animal serum.

2. Materials and methods
2.1. Design of the SAW sensor

For applications of the SAW sensor in liquid environments,
selecting the proper mode of propagation is crucial to prevent
severe attenuation of the wave. In a SAW sensor, the surface of
the piezoelectric layers is set to a high frequency oscillation gov-
erned by the design of the interdigitated transducers (IDT) and the
SAW velocity of the piezoelectric material. This no-load oscilla-
tion frequency is affected by environmental changes at the surface
of the SAW sensor. These effects are observed experimentally as
changes in resonant frequency, representing a shift in the SAW
phase velocity. However, one of the challenges for biosensor appli-
cations is the extremely high attenuation damping of the SAW
in liquid environments, when Rayleigh mode waves are gener-
ated. In this mode the acoustic wave displacement is perpendicular
to the surface and causes significant attenuation of the oscilla-
tions in liquid environments. Unlike Rayleigh mode waves, Love
mode SAW generation demonstrates displacement planar to the
surface and the oscillations are not attenuated in liquid environ-
ments [11-15,18-20,29-31]. The generation of Love or Rayleigh
mode waves depends on the crystallographic orientation of the
piezoelectric film. Therefore, it is critical to deposit piezoelectric
material with a specific orientation for generating Love mode SAW
[16-22,29-31]. ZnO with a high piezoelectric coefficient is capa-
ble of generating very high frequency (GHz) SAW, and it has been
shown to grow along the crystallographic orientation that favors
Love mode propagation on a SiO,/Si substrate [19-22]. Love mode
waves are predominantly generated with the SAW IDT aligned per-
pendicular to the c-axis of the ZnO film [16-22].

Some critical parameters, such as the SiO, thickness, the IDT
electrode dimensions, and the ZnO deposition method, had to
be considered in the design of a highly sensitive SAW sensor. In
order to confine the propagation of the SAW on the surface of the
device, a thin film that can prevent acoustic wave loss from the

x : biofilmthickness

h : passivation film thickness

d: ZnO thickness

V,: SAW velocity of the bottom layer
V,: SAW velocity of the top layer
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piezoelectric material to Si substrate was required between ZnO
film and Si. SiO, was previously shown [15,18] to be an appropriate
loss blocking film for thicknesses around 50 nm and was selected
in this work. For the best resonance of the SAW at the designed
operational frequency, the IDT separation should be equal to the
half of the operational wavelength. The acoustic wave velocity for
the ZnO thin film used in this work was 4814 m/s, and the opera-
tional frequency (401-406 MHz) of the SAW sensor was designed
to meet the regulation set by the Federal Communication Commis-
sion (FCC) for future biomedical biofilm detection applications [32].
This wavelength (A) was 12 pum, rendering the electrode separation
of the IDT 6 um (X/2). The crystal quality of ZnO film also had to be
high for a sensitive SAW sensor. The ZnO film with low impurities
and lattice defects was achieved by PLD which has been widely used
in metal oxides for high quality film deposition due to stoichiomet-
ric deposition with the target material [33] and a relatively simple
set-up.

For biofilm detection, it was necessary to invert the standard
SAW sensor structure as shown in Fig. 1. In traditional SAW sensor,
the IDT is exposed to the liquid environment directly, causing IDT
corrosion in long term studies. However, in the inverted SAW sen-
sor, the IDT lifetime is extended because the IDT is patterned under
the piezoelectric film. The sensitivity of the Love mode SAW sensor
in the top and bottom of piezoelectric films also show the same
level of sensitivity for our designed ZnO film thickness (400 nm)
based on the Love mode propagation depth [11-14,29].

The material of the IDT, traditionally aluminum in the SAW sen-
sor, can be selected by the acoustic impedance match theory [34].
Potential materials, such as aluminum and gold, were selected and
the acoustic power reflective coefficient (R) was calculated based
on the theory. The reflective coefficient of the aluminum and gold
were 0.058 and 0.012 respectively. The lower reflective coefficient
in IDT represents more energy transmission to the piezoelectric
material which makes a high sensitive SAW sensor. Therefore, the
IDT material was chosen to be gold based on the low R value.

2.2. Selection of passivation film

Since the bare ZnO layer without a passivation film was dam-
aged both in LB media and 10% FBS, selection of the proper material
to protect ZnO while considering future biomedical applications is
critical to maintain the sensitivity of the sensor. The sensitivity of
the passivated SAW sensor is decreased as compared to the unpas-
sivated sensor due to the initial mass loading and dispersion of
the wave in the passivation film [12,29,35-40]. To investigate the
effect of the added material on the SAW sensitivity in addition to
the material selection, we consider only the mass loading effect of
the passivation film based on the assumption that the dispersion
in the passivation film is minimal due to a much thinner passi-
vation layer (45nm) as compared to the wavelength of the SAW
[35,38,40]. The schematic cross section view of the inverted passi-
vation SAW sensor is shown in Fig. 1(b). The sensitivity of the SAW
sensor (Sp,) is directly proportional to the velocity change due to
the mass loading as shown in Eq. (1) [15,18-20].

1 Av

v H - -
Sm = AlnlqrEoAm ( o ) M
where vg is the initial velocity of the wave, Am is the amount of
the additional mass, and Av is the wave velocity changes due to
Am. The SAW velocity (v), shown in Eq. (2), is defined by the shear

modulus of the piezoelectric material and local area density based
on the one-dimensional acoustic wave Eq. (3) [15,18-20].
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Fig. 2. Normalized sensitivity of the SAW sensor using different passivation mate-
rials.
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where C is the shear modulus of the surface material, u is
the mechanical displacement of the piezoelectric substrate, p is
material density of the surface, y is the axis of the mechanical dis-
placement propagation, and v is the velocity of the SAW in Egs. (2)
and (3). In order to simplify the modeling of passivation effects on
the sensitivity of the SAW sensor, the bacterial growth over the
sensor was assumed uniform, so that bacterial mass loading only
depended on the thickness of the biofilm. Based on this assump-
tion, the sensitivity of the SAW sensor from Eq. (1) was proportional
to the velocity change as biofilm thickness (x) approaches zero as
shown in Eq. (4).
dv

St oo —
m dx x—0

(4)

The biofilm formed on the sensor also has a comparatively low
shear modulus that can be neglected in the calculation of the total
shear modulus of the passivated SAW sensor. The total shear modu-
lus including the ZnO and the passivation film was calculated based
on a mechanical spring series connection because the SAW is trans-
ferred from ZnO film to the passivation layer sequentially. Based on
the assumptions and the total shear modulus calculation, the SAW
velocity on a sensor coated with a biofilm was determined by the
following Eq. (5).

V= \/ Czno ( Ciim ) ( 1 )
0znod \ Czno + Ceiim 1+ (Paimh/ pznod) + (ObacX/ Pznod)
(5)

where Cqj, and Czyo are the shear moduli of the passivation film
and ZnO, pzno and pgjy, are the densities of the ZnO and passivation
film, h is the thickness of the passivation film, d is the thickness of
the ZnO film, and x is the biofilm thickness. All parameters except
the biofilm thickness (x) were determined by selecting potential
passivation materials (i.e. Al;03, SizNy, SiO, and Teflon) and their
thicknesses which were assumed to be 40 nm for all passivation
films considered. Potential passivation materials with mechanical
properties similar to the ZnO film, such as shear modulus and den-
sity, were selected [41,42]. The sensitivity of the SAW sensor with
different passivation films was calculated by differentiating Eq. (5)
with respect to x, and letting x approach zero, based on Eq. (4). The
normalized theoretical sensitivity is shown in Fig. 2. As shown in
the figure the lowest degradation in sensitivity is observed for the
Al, 03 passivation layer with a 0.20 reduction, while Teflon had the
maximum degradation at 0.95 reduction.
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Fig. 3. Overall fabrication process flow.

The application of this fundamental theoretical treatment
showed that an Al,03 film was best suited as a passivation layer
and it was selected. The thickness of the passivation film (h) in Eq.
(5) is critical for our application. The film should be thick enough
for effective passivation, but should not be too thick that the added
layer causes a significant attenuation both due to mass loading and
dispersion of the SAW resulting in substantial loss in sensitivity.
The minimum required thickness of Al, 03 film (45 nm) was empir-
ically determined. The detailed studies were presented in the film
characterization section.

2.3. Fabrication

The fabrication process flow is shown in Fig. 3. A silicon dioxide
(Si0,) layer was deposited on (100)Si substrates by low pres-
sure chemical vapor deposition (LPCVD) as studied in [15,22].
The IDT was patterned using traditional photolithography before
depositing the ZnO film. Due to the small feature size of the
IDT, including 1 pm, 1.5 wm, and 2 wm wide electrodes, oxygen
plasma was used to remove residual photoresist after develop-
ment. Cr/Au (15nm/200 nm) as the IDT material was deposited on
the wafer by E-beam evaporation, followed by lift-off. The wafer
was diced before ZnO deposition by pulsed laser deposition (PLD).
Crystalline [00 1] orientation ZnO films on SiO,/(1 0 0)Si substrates
were grown by PLD. The laser deposition system used a KrFexcimer
laser at a wavelength of 248 nm with pulse duration of 25ns to
ablate a high purity (99.99%) ZnO ceramic target. The ZnO layer
was grown at 250°C with an ambient oxygen partial pressure of
~1.0 x 10~4 Torr. After ZnO film deposition, electrical contact pad
areas were patterned by photolithography and the ZnO was etched
using a solution that consisted of phosphoric acid, acetic acid,
and deionized water (1:1:30). The device was annealed at 800°C
for 1h to increase the resistivity of the ZnO [43]. After anneal-
ing, the resistance measured in the IDT increased from 150 2 to
30-40 MS2. Finally, the ZnO surface of the SAW sensor was passi-
vated by depositing an Al,03 film using atomic layer deposition
(ALD).

2.4. Device characterization and testing

Before the SAW sensor was used to measure biofilm growth,
the performance of the passivation film was characterized using
an optical microscope to inspect the surface of the ZnO layer after
exposure to growth media. The results were used to optimize the
film thickness and fabrication process. The sensitivity of the sensor
was studied by loading the sensor surface with deionized (DI) water
since its viscosity is negligible. After these characterization studies,
the sensor response was tested using E. coli static biofilm growth.

2.5. Al,0s3 film characterization

Based on the theoretical modeling calculation presented previ-
ously, Al,O3 was selected as a passivation film. Al,03 films were
deposited to thicknesses of 20-45nm by ALD to investigate the
minimum required thickness for ZnO passivation. SAW sensors
with four different thicknesses (20 nm, 30 nm, 40 nm, and 45 nm)
of ALD Al, 03 film were placed in a LB media bacterial suspension
for two days. The surface of the device was inspected using optical
microscopy. As shown in Fig. 4, visible ZnO damage was observed
when the thickness of ALD Al, 03 was thinner than 45 nm.

Based on these experiments, the minimum required thickness of
ALD Al, O3 film for the passivation of ZnO was 45 nm. Since thicker
passivation films caused a high loss of sensitivity due to more initial
mass loading, the 45 nm thick Al,03 film was selected to passivate
the SAW sensor.

In addition to ALD, other Al,0s3 film deposition methods were
investigated in order to evaluate the dependence of passivation
layer performance on the fabrication process. E-beam evaporation
and RF-sputtering were used to deposit 45 nm of Al,03 film. How-
ever, after two days in an LB media bacterial suspension, these two
passivation films were not able to protect the ZnO layer as shown
in Fig. 5.

This result can be due to non-uniform or lower density film
deposition of E-beam evaporation and RF-sputtering as compared
to ALD. Therefore, ALD is a critical fabrication process for effective
passivation of the ZnO using Al,0s.
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Fig. 4. Optical microscopy images of the SAW sensor passivated by ALD Al, 03 with passivation layer thickness of (a) 20 nm, (b) 30 nm, (c) 40 nm (arrows indicate damage to
the Zn0) and (d) 45 nm (no ZnO damage).

500 o

Fig. 5. The optical surface images of the SAW sensor passivated by 45 nm Al,Os film using (a) e-beam evaporation, (b) RF sputtering (dark area is ZnO) and (c) ALD (no ZnO
damage) in LB media with the bacterial solution after two days.
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Fig. 6. The sensor package for continuous biofilm growth monitoring.

2.6. Passivated SAW sensor characterization

The mass sensitivity and detection limit of the SAW sensor were
studied by loading 10 .l of deionized (DI) water onto the sensor.
A volume of 10 ] was used since that was the minimum volume
of DI water required to cover the area between the two IDTs of
the sensor. By measuring the resonant frequency shift upon mass
loading, the sensitivity of the SAW sensor was calculated based on
Egs. (4) and (5). The mass detection limit of the sensor was also
calculated using the equipment resolution and the sensitivity.

2.7. Real-time resonant frequency monitoring

For real time resonant frequency monitoring in bacterial biofilm
formation experiments, a custom package was designed to enable
low impedance BNC cable connections with the network analyzer
(HP8510B, Agilent Inc., USA). The device package was composed of
abacterial growth well, which was used to prevent bacterial growth
media leakage and localize the bacterial growth, and a chip package
connecting the sensor and BNC cables as shown in Fig. 6. The SAW
sensor was placed in the bacterial growth well and connected to
the BNC connectors by lead soldering on the chip package. The net-
work analyzer was used to sweep a wide range of RF frequencies
into the sensor and the device resonant frequency was analyzed
using S-parameter analysis. The resonant frequency of the sensor
was detected by measuring a low peak of the reflective power ratio
(S11) in the network analyzer. Data was collected and saved to a
computer every minute using general purpose interface bus (GPIB)
communication with the network analyzer.

2.8. Biofilm growth experiments with the SAW sensor

E. coli W3110 was cultured in a shaking incubator for about
16 h. The grown bacterial suspension was diluted with LB media

or 10% FBS to make the initial ODgyg approximately 0.21-0.23.
The total volume of the diluted bacterial suspension in the growth
well was 20 ml in experiments with both types of media. The FBS
solution was prepared to a 10% concentration by diluting with Dul-
becco/Vogt modified Eagle’s minimal essential medium (Invitrogen
Inc., USA). After filling the bacterial growth well with the diluted
bacterial suspension, the well was sealed by paraffin film to prevent
evaporation of the media during the experiment. The package was
placed on a 37°C hotplate, and a polystyrene container covered
the whole package to reduce the temperature gradient near the
test set-up. After each biofilm growth experiment, the sensor was
recalibrated using DI water loading. The thickness of biofilm was
measured optically by the distance difference between the focal
plane of the sensor surface and the focal plane of the top of any
accumulated biofilm.

3. Results and discussion
3.1. ZnO film characterization

The generation of Love mode SAW was confirmed by investi-
gating the lattice orientation of the deposited ZnO thin film. X-ray
diffraction (XRD) was employed for crystal structure characteriza-
tion of the ZnO layer after PLD deposition on a SiO,/Si substrate
by measuring the diffraction angle (26). The diffraction angles of
the X-ray in the ZnO film at 34.25° and 72.25°, corresponding to c-
axis (002) and (004) lattice orientations, were the most intensive
reflections in the PLD prepared ZnO film. This c-axis orientation of
ZnO crystal lattice ((00 L) direction) was perpendicular to the sub-
strate so that the Love mode of SAW generation was dominant on
the surface of the sensor [15-22].

Photoluminescence (PL) spectroscopy was used to investigate
the crystal quality of the ZnO film. The peak wavelength of the
emitted light was approximately 380 nm, corresponding to the
characteristic ZnO bandgap energy (3.3 eV). Therefore, the PL spec-
troscopy result confirmed that the PLD-prepared ZnO film had a
low number of impurities.

3.2. Biofilm cleaning

Consecutive biofilm growth tests using the same device are
essential to investigate the reliability and repeatable operation of
the SAW sensor. To test the sensor over multiple biofilm growth
experiments, surface cleaning after a biofilm growth experiment
was crucial for subsequent biofilm growth; cleaning not only ster-
ilized the sensor, but also prevented initial mass loading due to
the uncleaned biofilm and the resulting significant loss of sen-
sitivity. Oxygen plasma applied for 30s at 150 W RF-power was
successfully employed to clean any remaining biofilm as shown in
Fig. 7.

®) R

30 pm

Fig. 7. The optical microscopy images of the surface of the SAW sensor: (a) before biofilm cleaning and (b) after oxygen plasma biofilm cleaning.
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Fig. 8. Resonant frequency shift results in the SAW sensor due to biofilm growth: (a) three newly fabricated SAW sensors (device 1, 2, 3) testing results in LB media biofilm
growth experiment, (b) results in three sequential biofilm growth experiments using one device in LB media biofilm growth experiments and (c) resonant frequency shift
results in three consecutive biofilm growth experiments using a newly fabricated sensor in 10% FBS (1st, 2nd, and 3rd indicate the order of the experiments).

The 45nm ALD Al,03 film passivation and oxygen plasma
biofilm cleaning method enable our SAW sensor to be reusable over
consecutive biofilm growth experiments.

3.3. Sensor sensitivity

The sensitivity and detection limit of the SAW sensor were stud-
ied and calculated by loading 10 .l of DI water on the sensor and
monitoring the magnitude of the resonant frequency shift. After
loading 10 .l of DI water, the resonant frequency shift of the SAW
sensor was measured to be about 188 kHz by the network analyzer.
Hence, the sensitivity of the sensor was 1.88 x 101% Hz/g. Based on
the network analyzer resolution (0.1 Hz), the detection limit of the
sensor (resolution/sensitivity) was approximately 5.3 pg. Since the
mass of a bacterium is known to be approximately 1 pg [44], this
detection limit validates the SAW sensor application for bacterial
biofilm monitoring.

3.4. Biofilm growth experiments in the SAW sensor

The resonant frequency shift results of the SAW sensor due
to the biofilm growth in LB media and in 10% FBS are shown in
Fig. 8. In nature, bacterial growth in batch culture begins with a
lag phase where bacteria are not dividing but are actively adapting
to the culture conditions. After this period, bacteria divide at a fast
rate during the exponential phase of growth. Eventually, once the

200 =
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32+ 6.4pum

Biofilm thickness [um]
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10% FBS

Fig.9. The averaged biofilm thickness and standard deviation in LB media and in 10%
FBS over 30-40 locations measured by optical microscopy. In LB media, the biofilm
thickness was 135+ 62 pm (46% variation). In 10% FBS, it was 32 +6.4 wm (20%
variation). The large natural variation of the biofilm growth in LB media corresponds
to the resonant frequency shift results of the SAW sensor in Fig. 8(a) and (b).

reactor contains a high population density and a limited supply of
nutrients, the culture reaches stationary phase [45]. Fig. 8(a) shows
the resonant frequency shift results from three newly fabricated
devices (device 1, 2, and 3) in the first biofilm growth experiment
in LB media. As shown in Fig. 8(a), the frequency shift results of
each new sensor show exponential resonant frequency changes

Table 1
Summary of the detection limit of the SAW sensor in sequential biofilm growth experiments.
Before biofilm After 1st biofilm After 2nd biofilm After 3rd biofilm
experiment growth experiment growth experiment growth experiment
Frequency shift due to 10 wl DI water 185 kHz 157 kHz 141 kHz 143 kHz
Sensitivity 1.85 x 10'° Hz/g 1.57 x 101° Hz/g 1.41 x 10'° Hz/g 1.43 x 10'° Hz/g
Detection limit 5.4pg 6.4pg 7.1pg 7.0pg
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Fig. 10. Microscopy images of the SAW sensor after biofilm growth experiments in (a) LB media and (b) 10% FBS.

at the beginning without the preceding lag phase as compared to
the natural bacterial growth trend. These output responses of the
SAW sensor can be because the overnight cultured E. coli are in a
metabolically active state. When active bacteria are diluted to the
same growth media, the lag phase may not be observed because
bacteria do not have to change their metabolism [46]. However, the
stationary phase frequency shifts in LB media biofilm experiments
are varied, i.e. 0.8 MHz, 2.3 MHz, and 4.1 MHz for each device.

One of the newly fabricated SAW sensors (device 2) after the
first experiment was selected and used for two additional sequen-
tial biofilm growth experiments in LB media, with the oxygen
plasma cleaning applied between uses. The frequency shift results
of sequential biofilm growth experiments in LB media as shown in
Fig. 8(b) correspond to an exponential growth at the beginning, but
the frequency shift observed during stationary phase also varies
from 1 MHz to 2.3 MHz. The detection limit of the SAW sensor after
each sequential biofilm growth experiment was studied by load-
ing 10 I DI water on the sensor. The summary of the calculated
detection limit of the SAW sensor for the consecutive experiments
is shown in Table 1.

As shown in Table 1, the detection limit of the sensor changed
minimally after consecutive biofilm growth experiments, demon-
strating excellent sensitivity recovery of the sensor. Therefore, the
large variance in the final resonant frequency shift seen in LB media
is not a result of sensor degradation, but can be due to non-uniform
growth of the biofilm based on the results shown in Fig. 8(a) and
(b), and in Table 1. To investigate the biofilm growth variance in LB
media and in 10% FBS, twelve test devices were prepared and placed
in a bacterial suspension prepared as previously described. The
biofilm thickness was measured after two days at 30-40 locations
on the devices using an optical microscope. The measured average
biofilm thicknesses in LB media and in 10% FBS were 135 wm and
32 wm respectively as shown in Fig. 9. The standard deviation of the
measured biofilm thickness in LB media (62 p.m, about 46% of the
average biofilm thickness) was significantly more than the stan-
dard deviation in 10% FBS (6.4 wm, about 20% of average biofilm
thickness).

These results correspond to the large growth variance in LB
media measured by the resonant frequency shift of the SAW
sensor. Based on these experimental biofilm growth variance
results and the sensitivity characterization work as shown in
Table 1, the stationary phase resonant frequency shift variation
in LB media (Fig. 8(a) and (b)) can be attributed to the natural
variation in biofilm growth. The LB media, which is a standard
bacterial growth media, is composed of essential materials for
E. coli growth, such as amino acids, yeast, and NaCl. Thus, the
media can provide a favorable environment for biofilm growth.
The 10% FBS is mainly composed of diverse blood proteins, such as
globular protein and Bovine Serum Albumin (BSA), and has been

widely used as a simulated in vivo condition for mammalian cell
culture. These composition differences between in LB media and in
10% FBS will cause different bacterial growth rates in each media,
contributing to the observed difference in biofilm thickness.

The resonant frequency shift results in 10% FBS biofilm growth
experiments are shown in Fig. 8(c). In 10% FBS tests, a newly
fabricated SAW sensor was used in three consecutive bacte-
rial biofilm growth experiments, using oxygen plasma cleaning
between experiments. As shown in Fig. 8(c), the frequency shift
of the sensor also corresponds to exponential growth trend. Fur-
thermore, the variation in the stationary phase in each experiment
was only about 0.3 MHz which was much less than variation in
LB media (about 3.3 MHz). This smaller difference in the final fre-
quency shifts in 10% FBS compared to the LB media biofilm growth
experiments can be due to the more uniform biofilm growth in 10%
FBS as shown in Fig. 9. After biofilm growth experiments in each
media, the presence of bacterial biofilm on the SAW sensor was
confirmed by optical microscopy as shown images in Fig. 10.

As shown in the data, the 45 nm ALD Al,03passivated SAW sen-
sor was able to measure biofilm growth repeatably using oxygen
plasma cleaning between experiments. The final frequency shift
results in LB media were more variable than those in 10% FBS since
the composition of the LB media was a more favorable environment
to E. coli, thereby indicating non-uniform biofilm growth in each
experiment [47]. The observed SAW sensor outputs in both media
followed the same growth trends. Moreover, the 10% FBS results
suggest that the SAW sensor can be applied to in vivo biofilm detec-
tion in the future. Since the FBS is composed of blood proteins and
plasma, the serum can be used to mimic an in vivo environment.
The resonant frequency shift results of the SAW sensor in 10% FBS
are more repeatable than results in LB media, rendering reliable
operation of the sensor in an in vivo environment more likely. The
effective passivation of the sensor using an ALD Al,03 film also
contributed to reliable sensing in 10% FBS.

4. Conclusions

We have successfully demonstrated a novel ALD Al, 03 film pas-
sivated SAW sensor for real time biofilm monitoring. A high quality
c-axis oriented ZnO film was deposited by PLD, and the sensor was
effectively passivated by 45 nm of Al,03 film using ALD to prevent
Zn0 damage in the bacterial growth media and animal serum. For
the reliable passivation of the ZnO SAW sensor, ALD was an essen-
tial fabrication method based onits highly dense and conformal film
deposition capabilities. The SAW sensor can be reused after oxygen
plasma cleaning, allowing for consecutive biofilm formation exper-
iments using one sensor. The detection limit of the SAW sensor was
approximately 5.3 pg. The resonant frequency shift results of the
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SAW sensor followed natural bacterial biofilm growth properties
not only in LB media which provided a favorable bacterial growth
environment, but also in 10% FBS as a simulated in vivo environ-
ment. These results validate the application of the SAW sensor for
real-time bacterial growth monitoring. This SAW sensor combined
with RF wireless communication techniques can be used to detect
in vivo biofilm growth, which is the groundwork for developing an
implantable sensor for early biofilm detection and prevention of
major infections.
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