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a b s t r a c t
Bacterial bioﬁlms have an extensive impact on quality of life, ranging from severe infections in the clinical
ﬁeld to water facility contamination in environmental science. Bioﬁlms are comprised of diverse bacteria that produce an extracellular matrix which prevents drug diffusion through them. Hence traditional
antibiotic therapies require 500–5000 times the concentration used to eliminate non-bioﬁlm-associated
infections. Early bioﬁlm detection is critical for effective eradication. Moreover, developing an alternative bioﬁlm treatment method that utilizes low doses of antibiotics is desired. In this paper, a real-time
microsystem is shown to detect growth of bioﬁlms as well as their removal through integrated treatment. Detection of bioﬁlms is achieved using a surface acoustic wave (SAW) sensor that monitors the
total biomass by measuring the resonant frequency of the system. Bioﬁlm treatment is based on the
bioelectric effect (BE), a combination of low-dose antibiotics with application of both alternating and
direct current signals. The detection limit of the SAW system is approximately 166 pg, corresponding to
a bacterial population on the order of hundreds of bacteria. The system is used to observe an 80% reduction of total biomass when treated by the BE as compared to traditional antibiotics. Through system
integration of the BE with the SAW sensor, simultaneous bioﬁlm detection and treatment is achieved.
The system consumes 194 W of power, with the sensor and treatment consuming 100 W and 94 W,
respectively. The integrated sensing and treatment capabilities of this system advance the development
of an innovative bioﬁlm control method.
© 2015 Elsevier B.V. All rights reserved.

1. Introduction
Bioﬁlms are complex communities composed of a population
of bacteria surrounded by an extracellular matrix [1]. Bacteria
in bioﬁlms readily exchange genetic material [2], creating a heterogeneous bacterial composition more likely to be resistant to
antimicrobials than a bacterial population in suspension [3,4]. The
extracellular matrix is composed of diverse polysaccharides and
proteins, among other biological molecules, such as DNA fragments
[5]. The matrix maintains the mechanical structure of the bioﬁlm.
The physiological function of the matrix is to act as a protective
layer against diffusion of antibiotics and prevent recognition by the
host immune system [6]. Once bioﬁlms are established, elimination of the bioﬁlm usually requires 500–5000 times the antibiotic
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inhibitory dose used on suspended bacteria [7]. Hence, detection
during the onset of bioﬁlm formation and during the growth stages
of the bioﬁlm, before mechanical and physiological structures have
completely formed, enables its treatment using low doses of antibiotics [8]. Continuous monitoring of bioﬁlm growth is critical for
detecting the onset of bioﬁlm formation [9]. More importantly,
developing a new alternative bioﬁlm treatment method that utilizes low doses of antibiotics is required to prevent the formation
of mature bioﬁlm infections.
Microﬂuidics based systems can be ideal platforms for bioﬁlm
applications since they require small sample volume, typically
nanoliters, and provide precisely controlled conditions including
uniform nutrient and electrolyte distribution. Microﬂuidic systems
have been widely utilized in bioﬁlm research to investigate the efﬁcacy of new drugs [10] and also to monitor bioﬁlm growth in real
time [11].
In this paper we integrate a microfabricated surface acoustic
wave (SAW) [12] sensor for real time bioﬁlm growth monitoring
with electric ﬁeld enhanced treatment of mature bioﬁlms. Previ-
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ously, a microﬂuidic platform based on optical detection was used
for the real time study of this bioﬁlm inhibition method, showing improved treatment efﬁcacy based on the bioelectric effect
(BE) [13]. The platform was composed of microﬂuidic ﬂow reactors for bioﬁlm growth and electrodes patterned along the channel
to provide electric ﬁelds for the BE. The detection of bioﬁlms was
performed by measuring the optical density (OD) using photodiodes. For the bioﬁlm treatment, an electric signal with increased
total electrical energy, 0.25 V amplitude sinusoidal signal at 10 MHz
with a 0.25 V DC offset, was applied in combination with low doses
of the antibiotic gentamicin (10 g/mL) for the BE. The voltage
applied to induce the electric ﬁeld was maintained at less than
0.82 V (0.25 V for 2 mm spaced electrodes or 1.25 V/cm of electric
ﬁeld) to avoid electrolysis of the surrounding medium [14] and
the frequency of the AC component was selected to be 10 MHz
based on literature [15]. The antibiotic concentration (10 g/mL
of gentamicin) utilized for the BE was signiﬁcantly lower than the
concentration of antibiotic typically necessary for bioﬁlm treatment (∼500–5000 times higher than planktonic Escherichia coli,
MIC, gentamicin ≈2–4 g/mL) [16]. Compared to only antibiotic
treatment (10 g/mL of gentamicin), the BE applied to bioﬁlms
within the microﬂuidic device reduced bioﬁlms by about 160%.
However, since the photodiodes and the optical source are required
to be positioned out-of-plane from the bioﬁlms, systems utilizing
optical elements are inherently difﬁcult to integrate into biomedical implants. In order to overcome this shortcoming, an in-plane
method for total bioﬁlm detection, such as a piezoelectric sensor
is required, that not only detects bioﬁlm growth in real time but
can also be used to apply the BE based treatment method in clinical
applications including porTable biomedical devices. Piezoelectric
sensors also provide the advantage of higher sensitivity to change
in biomass as compared to the optical methods.
A SAW sensor was previously developed using zinc oxide (ZnO)
based on its high piezoelectric coefﬁcient and biocompatibility
[17]. For reliable operation of the sensor, it was coated with an
aluminum oxide (Al2 O3 ) layer deposited using atomic layer deposition (ALD). This protected the ZnO from degradation caused by
the bacterial growth media [18]. As a result of the high quality
passivation layer and the crystallized (c-axis) low impurities of
the ZnO ﬁlm deposited via pulsed laser deposition (PLD), the SAW
sensor demonstrated reliable bioﬁlm detection in real time. Here,
the SAW sensor was integrated with a second set of electrodes for
bioﬁlm treatment based on the combination of electric ﬁeld with
antibiotics (bioelectric effect). The reliable operation of the SAW
sensor in biological media, its high sensitivity for bioﬁlm detection,
as well as its two dimensional structure, merits to be a platform for a
microsystem for bioﬁlm applications. As discussed below, an integrated device combining the SAW sensor with an additional pair
of electrodes was fabricated and tested by establishing and treating bioﬁlms on the system. E. coli K-12 W3110 and Pseudomonas
aeruginosa PAO1 bioﬁlms were chosen as models of clinically relevant bioﬁlms [19]. The device demonstrated successful real-time
monitoring of bioﬁlms as well as signiﬁcantly improved treatment
of the bioﬁlms formed by both strains of bacteria.

2. Material and method
The microsystem, shown in Fig. 1, consists of the bioﬁlm detection component using the SAW sensor and a bioﬁlm treatment
component using an electrical signal combined with antibiotics.
To ensure seamless integration of the sensor with the treatment
electrodes, theoretical analyses were conducted for two important
factors that could signiﬁcantly impact the sensitivity of the SAW
sensor: (1) interference due to the application of the BE electric
ﬁeld, and (2) effect of shear stress due to the microﬂuidic ﬂow.
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Since the acoustic wave is induced by the electrical actuation of the
piezoelectric material, the integration of the BE electric ﬁeld for
bioﬁlm treatment can attenuate the SAW propagation, due to the
proximity of the BE ﬁeld [20]. The microﬂuidic ﬂow can potentially
alter SAW propagation, since the ﬂow induces surface stress [21]
that may alter SAW velocity, resulting in a decrease in sensitivity.
2.1. Analysis of electric ﬁeld interference due to the BE
To assess the ﬁrst mode of potential interference, studies of the
electrical signal interference between the BE electric ﬁeld and the
acoustic waves were conducted using the schematic of the device
shown in Fig. 2a. The Al2 O3 ﬁlm deposited on the ZnO layer was
assumed to be separated by an air gap on each side from the
treatment electrodes. This assumption was made to investigate the
maximum electric ﬁeld that can be induced in this conﬁguration.
Since the fabricated devices were tested in bacterial growth media
or deionized (DI) water, the actual voltage drop between the electrode and the Al2 O3 –ZnO layer (from 0 to X1 in Fig. 1) is smaller than
the case of air gap due to the higher relative dielectric constant of
water as compared to air (εr−air = 1, εr−water = 80.1 at 20 ◦ C).
The induced ﬁeld intensity on the ZnO layer due to the BE
voltage applied (0.25 V DC superimposed on a 0.25 V sinusoidal
signal at 10 MHz) was calculated based on electromagnetic theory
(Maxwell’s equation, Gauss’s law) [22] as:
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where Q is the induced charge due to the applied voltage, A
is area of the side electrode, εZnO is dielectric constant of ZnO
(∼100ε0 ), d is distance between the electrodes (2 mm), WAl2 O3 is
the thickness of Al2 O3 (100 nm), V0 is the magnitude of the applied
voltage (0.25 V), Wair is width of air gap (0.3999 mm), WZnO is
width of the ZnO (1.2 mm), ε0 is the vacuum permittivity, εtotal is
the total dielectric constant that can be calculated by the electrical
capacitance of the system. The relative dielectric constant of each
layer indicates the characteristics of the polarity of the medium and
directly corresponds to the induced electric ﬁeld intensity. With
device design parameters, the intensity of the electric ﬁeld was
calculated to be 1.238 V/m.
Based on the obtained value, the induced displacement of the
ZnO was derived using the general compressed tensor equation
[23] and a ZnO piezoelectric coefﬁcient obtained from literature
[24].
S =d×E

(2)

where S is the strain due to the applied electric ﬁeld (E = 1.238 V/m),
d is piezoelectric strain coefﬁcient (12.4 × 10−12 C/N). The result
of displacement due to the electric effect is approximately
15.4 × 10−15 m. The wavelength of the SAWs on the sensor was
previously characterized by our group using the phase velocity of
ZnO (4812 m/s) and the distance between the electrodes (interdigitated transducer, 6 m distance). This design generated a 402 MHz
acoustic wave on the ZnO [12]. The resonant frequency is designed
based on the suggested frequency range (401–406 MHz, Federal
Communication Commission) for biomedical wireless application.
The induced attenuation of the SAW due to the application of the
BE electric ﬁeld is nine orders of magnitude smaller than the wavelength of the acoustic waves (12 m). Therefore, it was concluded
that possible electrical interferences between propagation of the
SAWs and the electric ﬁeld for the BE in an integrated scheme were
not signiﬁcant.
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Fig. 1. Schematic of the integrated microsystem of the SAW sensor and electrodes for induction of the bioelectric effect. A microﬂuidic chamber is placed over the system to
introduce bacterial growth media and antibiotics.

Fig. 2. (a) Schematic of the device cross-section for electric ﬁeld distribution analysis. The ZnO can affected by the voltage applied for the bioelectric effect during the bioﬁlm
treatment. The simulation was focused on the ZnO layer from X2 to X3 locations. ε represents a dielectric constant of the each medium. (b) Schematic of the laminar ﬂow on
the SAW. The theoretical analysis was focused on the impact of the SAW speed changes due to the ﬂow.

2.2. Analysis of shear stress on the SAWs
The impact of the shear stress imposed by the microﬂuidic ﬂow
on SAW propagation was investigated as the second factor with
potential to reduce performance. Conditions of laminar ﬂow [25]
were assumed for this analysis, as the Reynolds number [26] of
the microchannel (100 m height, 2 mm width, 2 cm length and
20 L/h = 28 m/s in the channel) and dynamic viscosity of water
(0.001 Pa s) is calculated to be ∼ 0.056 which is less than the 2100

laminar ﬂow threshold [27]. A schematic illustrating the laminar
ﬂow condition that was used in this analysis is shown in Fig. 2b.
In order to investigate the change in the acoustic wave velocity
purely due to the microﬂuidic ﬂow, and not due to the passivation
layer that adds to the dampening force, it was also assumed that
the shear stress is applied to a non-passivated ZnO ﬁlm. The shear
stress on the substrate is known to be proportional to the velocity
proﬁle of the laminar ﬂow. The derived velocity slope and shear
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stress () due to the velocity proﬁle are shown in Eqs. (3) and (4),
respectively [28].
ıu
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where u0 is the maximum velocity of the ﬂow, h is the height of the
channel,  is the dynamic viscosity of the ﬂuid and  0 is the shear
stress at the bottom of the channel (Fig. 2b). The shear stress on the
SAWs can alternatively be derived from the applied force per unit
area. Based on the known relation of acceleration and velocity, the
surface tension can be expressed as shown in Eq. (5).
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where F is applied force, A is area where the force is applied, mZnO
is the mass of the ZnO, v is the change in SAW velocity at given
time (t) due to the applied force, ZnO is the density of the ZnO
and dZnO is the thickness of the ZnO layer. t was calculated as the
time taken for the SAWs to propagate from the input interdigitated
electrode (IDT) to output IDT of the sensor. The speed of the SAW
on the ZnO layer (4812 m/s) is an intrinsic material property [14],
and the distance between the two IDTs (100) were characterized
previously [13]. Combining Eqs. (4) and (5), the change in the SAW
velocity (v) due to the laminar ﬂow is given by Eq. (6).
v = 

100
2u0
1
×
×
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h
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(6)

Based on the laminar ﬂow velocity proﬁle equation [25], the
maximum ﬂow rate (vm ) is 1.5 times of the average ﬂow velocity
(vavg ) as shown below.

vavg

1
=
R

R
vm (1 −

r2
1
2
)dr = × Rvm
R
3
R2

0

∴ vm =

3
vavg
2

Using relevant values including maximum ﬂow speed (1.5
times of the average velocity, 1.5 × 28 = 42 m/s), ZnO density
(5.61 g/cm3 ), thickness of the ZnO (500 nm), viscosity of water
(1.002 × 10−3 N S/m2 ), wavelength of the SAW (12 m) and height
of the channel (100 m), the velocity change of the SAW (v) due to
the microﬂuidic ﬂow was calculated as 1.5 × 10−4 m/s. This speed
attenuation corresponds to a 12.5 Hz shift in frequency as shown
in below.
f =

1.5 × 10−4 [m/s]
v
=
= 12.5 Hz

12 × 10−6 [m]

Since typical resonant frequency changes of the SAW sensor for
detecting bioﬁlms grown on its surface are approximately 1 MHz
[13], the effect of microﬂuidic ﬂow on the SAW is ﬁve orders of magnitude smaller than the signal of the sensor. Considering the actual
device includes an Al2 O3 passivation ﬁlm over the ZnO, which
avoids direct contact of the ﬂuid and the piezoelectric layer, the
resonant frequency attenuation is expected to be lower than the
12.5 Hz. This is because the ALD passivation ﬁlm absorbs the shear
stress prior to propagation to the ZnO layer (Fig. 3).
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2.3. Fabrication
The fabrication process ﬂow for the device is shown in Fig. 4.
The fabrication of the SAW sensor component has been previously described [13]. The process includes fabrication of Au IDT
electrodes with 2 m width and spacing that are patterned using
lift-off. A ZnO piezoelectric ﬁlm with a thickness of 500 nm was
deposited using pulsed laser deposition. PLD was selected due to its
ability to deposit high quality single crystal piezoelectric ﬁlms with
extremely low concentrations of impurities. The orientation of the
ZnO is well controlled due to the high stochastic correlation with
the crystal structure of the target material [29]. After ZnO deposition and annealing, the sensor was passivated with 110 nm Al2 O3
deposited using atomic layer deposition (ALD) at 150 ◦ C, to protect
the surface from bacterial growth media. ALD enables pin-hole free
conformal ﬁlms with small thicknesses and is very suitable for this
application.
Polydimethylsiloxane (PDMS) microchannels to provide a constant supply of fresh bacterial growth media and the antibiotic
treatment for bioﬁlms were assembled onto the fabricated chips.
PDMS provides advantages for bioﬁlm research, such as permeability, cost-effectiveness, and ease of fabrication [30]. A mold of the
microﬂuidic structures was fabricated by patterning 100 m-thick
KMPR-1050 on a silicon substrate using contact photolithography.
PDMS (Sylgard 184, Dow Corning) in the ratio of 10:1 (base: curing
agent) was degassed, poured over the mold, and cured in a furnace
for 20 mins at 80 ◦ C [16]. After cooling, the PDMS was removed from
the mold and diced to ﬁt the fabricated chips. Reversible bonding
between the PDMS channel and the chip was achieved by soaking
the PDMS in methanol for 1 min and placing over the chip. As the
methanol evaporated, the PDMS adhered onto the chip due to Van
der Waals forces between the substrate and PDMS.

3. Experimental procedures and testing setup
Bacterial suspensions of E. coli K-12 W3110 [31] and Pseudomonas aeruginosa PAO1 [11] were prepared from stocks stored
at −85 ◦ C. A frozen sample of bacteria was transferred into 5 mL of
Luria Broth (LB) media in a cell culture tube. Then, the liquid suspension was cultured in a shaker-incubator at 250 rpm and 37 ◦ C
for 16 h. Following this, LB media was used to dilute the suspension
to a ﬁnal OD600 ≈ 0.21–0.23.
Bioﬁlm growth experiments were initiated by disinfecting the
microchannel of the device using 70% ethyl alcohol. The channel
was then washed by ﬂowing deionized (DI) water and LB media
sequentially via a syringe pump (Cole Parmer 74900). Bacterial
suspensions, prepared as above, were subsequently injected and
inoculated without ﬂow for 2 h to allow for bacterial attachment
to the substrate [16]. LB media was then continuously supplied
to the channel for 24 h at 20 L/h. The ﬂow rate chosen has been
previously characterized by our group and conﬁrmed to supply sufﬁcient nutrients for bioﬁlm growth [11]. The bioﬁlm growth was
performed for 24 h. Continuous LB media was supplied at a ﬂow
rate of 20 l/h that resulted in mature bioﬁlm formation [11–13].
After growth, four different treatments were applied to the bioﬁlms
for an additional 24 h. For the antibiotic and bioelectric treatments,
gentamicin—a traditional antibiotic used in the treatment of E. coli
and P. aeruginosa— was added to the LB media at a concentration
of 10 g/mL. The electric ﬁeld was applied using a signal generator
(Agilent 33220A) for the BE and for electric ﬁeld-only treatment
control.
After the experiments were completed, bioﬁlms in the microﬂuidic channel were stained using live/dead ﬂuorescent dyes
(Syto9/Propidium iodide, Life Technologies Inc., USA). Using a
ﬂuorescent microscope (Olympus BX60), bioﬁlm images were
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Fig. 3. (a) Photo of the fabricated device. (b) Optical microscopy image of the integrated device. Bioﬁlm is localized between the electrodes for the bioelectric effect (BE) via
a microﬂuidic channel. Bioﬁlm sensing is based on the total biomass between the two IDTs and treatment is applied when electric signal was applied to the electrodes for
the BE as antibiotics are supplied through the microchannel.

Table 1
Summary of the detection limit of the device.
ZnO thickness

∼500 nm

Al2 O3 Thickness
f
Detection limit

110 nm
125 KHz
166 pg

obtained. The optical coverage of the images was evaluated using
an image processing program (Image J 1.44, USA) that converts the
images to binary with respect to the background.
Since bioﬁlms can exhibit variable growth caused by high
sensitivity to environmental conditions, performing parallel experiments to ensure similar experimental conditions across all
experiments is critical to obtain results. To conduct four experiments in parallel with a single channel network analyzer
(HP8510B), a custom electronic circuit board was designed using a
multiplexer (MC74HC4052N, Motorola Inc.) that can be switched
by a 4-bit counter (DM74LS161A, Fairchild Semiconductor Inc.).
Using this setup, four experiments (i.e., control (LB media only),
only antibiotic, only electric ﬁeld, and antibiotic with electric ﬁeld
(BE)) were performed simultaneously, and the resonant frequency
of each device was measured every 16 min.
4. Results and discussion
Prior to testing device performance with bacterial bioﬁlms, the
detection limit of the system was determined by loading a known
mass onto the sensor. The microﬂuidic channel was ﬁlled with DI
water and the mass loaded on the sensing area [13], between the
two IDTs, as shown in Fig. 4g, was calculated to be 207 g using the
density of water (1000 kg/m3 ). A resonant frequency change of 125
KHz was recorded as a result of this mass loading. The linear mass
sensitivity [Hz/g] was calculated as the ratio of the observed frequency shift (125 KHz) to the applied mass (207 g). The detection
limit (resolution/sensitivity) was obtained by dividing the resolution of the network analyzer (0.1 Hz for the HP8510B) with the
calculated linear mass sensitivity (6.04 × 108 [Hz/g]).
Linear sensitivity =

Detection limit =



125KHz
Fr
Hz
= 6.04 × 108
=
207g
g
m



resolution
0.1 [Hz]
= 166pg
=
linearsensitivity
6.04 × 108 Hz/g

The detection limit of the device is presented in Table 1.”
The detection limit of 166 pg, corresponds to hundreds of bacteria based on the reported mass of a single bacterium (∼1 pg) [32].

Since saturation of the sensor due to mass loading occurs at approximately 30 ppb of the resonant frequency of the system [33] (here,
402 MHz), the sensor theoretically saturates at approximately
30 × 10−9 × 402 × 106 = 12 MHz. Bioﬁlm growth experiments using
the SAW sensor resulted in a change in frequency of only 4 MHz
[13], less than the calculated saturation limit of the sensor. Thus, the
sensor is extremely sensitive to detecting and monitoring change
in bioﬁlm growth. In the bioﬁlm experiments presented here, all
devices were fabricated with a passivation layer of Al2 O3 of 110 nm
thickness to protect the ZnO layer from the growth media and
achieve an extended device lifetime. With this passivation, the
device was typically reusable at least ﬁve times after bioﬁlm cleaning.
The resonant frequency of the sensor was continuously measured when either E. coli or P. aeruginosa bioﬁlms were grown on
the device. Within the initial 10 h of E. coli bioﬁlm growth, the resonant frequency of the sensor decreased by approximately 2 MHz
(Fig. 5a), and subsequently saturated, matching expectations based
on the bioﬁlm growth cycle [34]. The various treatments were
applied at t = 24 h, namely: (1) control (no treatment), (2) only electric ﬁeld (1.25 V/cm amplitude sinusoidal signal with 1.25 V/cm DC
offset), (3) only gentamicin (10 g/mL) and (4) BE (electric ﬁeld
with gentamicin).
During the treatment phase, the resonant frequency was
observed to ﬂuctuate during the BE treatment in comparison to
the other methods as shown in Fig. 5. Since the bioﬁlm growth in
the microﬂuidic channel can be non-uniform [13], and the results
shown are the averages of three experimental repeats with the
standard deviations, we hypothesize that the ﬂuctuations are due
to the statistical variation of the repeated experiments.After treatment, the BE showed approximately a 1.6 MHz resonant frequency
increase from the start of treatment that corresponds to signiﬁcant reduction of total biomass, while the antibiotic or electric ﬁeld
treatment does not demonstrate any signiﬁcant frequency decrease
(no bioﬁlm reduction).
In the case of P. aeruginosa, the bioﬁlms were grown in the
microchannel for 24 h under the same conditions. P. aeruginosa
bioﬁlms growth resulted in approximately 0.75–1.2 MHz change in
frequency after 10 h of bioﬁlm growth, corresponding to a significant increase in biomass (approximately hundreds of milligrams
or 109 bacterial cells). After bioﬁlm treatment using the BE, signiﬁcant reduction in P. aeruginosa biomass was observed similar to the
results obtained with the E. coli bioﬁlms (Fig. 5b). In P. aeruginosa
bioﬁlms, the BE treatment resulted in approximately a 0.6 MHz frequency increase when compared to the start of the treatment at
t = 24 h.
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Fig. 4. Overall schematic process ﬂow. (a) 60 nm PECVD SiO2 deposition and interdigitated electrode patterning and deposition (Au) by electron beam evaporation, (b) 500 nm
ZnO deposition using pulsed laser deposition, (c) ZnO patterning using weak acid etchant (1:1:30 ratio of acetic acid: phosphoric acid: deionized water), (d) 100 nm-thick
atomic layer deposition of Al2 O3 at 150 ◦ C, (e) electrode patterning and fabrication via Au evaporation (Cr/Au, 15 nm/200 nm) and (f) PDMS microchannel assembly. (g) Photo
of fabricated system.

After the experiments were completed, the bioﬁlms were
stained with a ﬂuorescent dye to visualize the viable bacteria.
Representative images of live E. coli (Fig. 6a–d) and P. aeruginosa
(Fig. 7a–d) bioﬁlms after each treatment are shown herein. The control bioﬁlms (control, Figs. 6 and 7a) show signiﬁcant amounts of
live bacteria (green ﬂuorescence, E. coli : 38.1% and P. aeruginosa
: 13.6% surface coverage). The antibiotic treatment does not yield
effective bioﬁlm removal, though its effect is signiﬁcant in the case
of E. coli (bacterial surface coverage: E. coli 22.6%, P. aeruginosa
13.2%). Electric ﬁeld treatment did not have any signiﬁcant impact

(bacterial surface coverage: E. coli 41.1%, P. aeruginosa 12.9%). Only
BE treatment (Figs. 6 and 7d) demonstrates an almost complete
elimination of viable cells (bacterial surface coverage: E. coli: 2.5%,
P. aeruginosa 1.7%). These results correlate well with the total
biomass change monitored by the SAW sensor (Fig. 5).
In the E. coli and P. aeruginosa bioﬁlm experiments, the antibiotic treatment (10 g/mL of gentamicin) does not show signiﬁcant
bioﬁlm reduction. Bioﬁlm insensitivity to antibiotic treatment at
these concentrations is expected, as bioﬁlm treatment typically
requires approximately one thousand times more antibiotic than
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Fig. 5. (a) Graph showing the resonant frequency of the SAW sensor tracking the changes in E. coli biomass due to four different bioﬁlm treatments initiated after 24 h of
bioﬁlm growth. Only the BE demonstrates signiﬁcant biomass reduction (80% reduction of total biomass). The error bar indicates the standard deviation of three repeats at
selected time points. (b) Frequency shifts of the SAW sensor in four different P. aeruginosa bioﬁlm treatments. The error bar indicates the standard deviation of three repeats
at selected time points.

the concentration used for treatment of freely suspended bacteria (∼2–5 g/mL of gentamicin). This insensitivity might be
attribuTable to the extracellular matrix of the bioﬁlm that hinders drug diffusion through it [35]. Additionally, treatment with
only electric ﬁeld in either E. coli or P. aeruginosa strains did not
result in a decrease in biomass since the intensity of the electric
signal (0.25 V) was lower than the threshold of electrolysis (0.82 V)
and not sufﬁcient to impose biocidal effects on the bioﬁlms [36].

Only the BE treatment that combines electric ﬁeld with antibiotics
demonstrated an increased efﬁcacy of 80% and 70% biomass reduction in E. coli and P. aeruginosa bioﬁlms respectively, as compared
to the antibiotic treatment alone.
The established hypothesis for the mechanism of action of the
bioelectric effect is based on the effect of the external electric ﬁeld
on the bacterial cell membrane that contains a variety of partially
charged molecules including cell proteins [37]. The various partial
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Fig. 6. Representative ﬂuorescence microscopy images obtained after different bioﬁlm treatments. The green bacteria indicate live E. coli cells in the bioﬁlm. Percentage
values of the surface coverage of the bioﬁlm in the images are calculated using the Image J software: (a) control (38.1%), (b) antibiotic (22.6%), (c) electric ﬁeld (41.1%) and
(d) BE (2.5%). (e) Surface coverage. The BE treated E. coli bioﬁlm shows signiﬁcantly reduced live cells in the bioﬁlm as compared to the traditional antibiotic therapy.

charges in the phospholipid bilayer membrane can be distorted by
the application of an external electrostatic force. As a result the bacterial membrane is partially ruptured due to the electric ﬁeld, which
treatment efﬁcacy is dramatically enhanced when the electric ﬁelds
are combined with small doses of antibiotics [38]. Comprehensive
studies with diverse strains of bacteria have also been conducted in
literature and improved bioﬁlm treatment has been demonstrated
when electric ﬁelds were applied simultaneously with antibiotics
[39]. Results from the system developed herein complement previously published results for both E. coli and P. aeruginosa bioﬁlms.
Importantly, the system developed can monitor any change in
total biomass in real-time without using a bulky external equipment, such as an optical source and detector that are traditionally
required for biomass quantiﬁcation (i.e., optical density measurement), thereby enabling studies to verify the bioﬁlm treatment
efﬁcacy of new methods. Furthermore, this system can be used
towards characterizing and optimizing parameters of existing
treatments. For instance, by varying the time of application of
treatment (i.e., earlier than 24 h or later), the antibiotic dose, and

intensities of the electric ﬁelds, the efﬁcacy of the BE-based bioﬁlm
treatment can be studied and monitored in real-time. Such experiments can provide signiﬁcant information about the mechanism
of action of the BE, and more importantly the role and effect of the
various parameters of the treatment. Finally, based on the advantage of in-plane structure of the system requiring only hundreds
of micro-watt electric power for operation, this system can be further developed as a micro-scale device for biomedical applications
toward bioﬁlm management in implants.

5. Conclusion
An integrated microsystem was designed and used to successfully demonstrate continuous real-time bioﬁlm detection as well
as effective treatment. The sensing component of the system provides the potential for early detection of bioﬁlm growth, where
traditional treatment methods are still effective. The treatment
component allows for elimination even of mature bioﬁlms with
only low-dose antibiotics via the BE. The device was used to mon-
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Fig. 7. Representative ﬂuorescence microscopy images after four different bioﬁlm treatments. The green ﬂuorescence indicates live P. aeruginosa bacterial cells in bioﬁlm.
Percentages of the surface coverage of the bioﬁlms were obtained using the Image J software: (a) control (13.6%), (b) antibiotic (13.2%), (c) electric ﬁeld (12.9%) and (d) BE
(1.7%). (e) Surface coverage. P. aeruginosa bioﬁlm treated by the BE shows signiﬁcantly reduced live cells in bioﬁlm compared to the traditional antibiotic therapy.

itor the change in total biomass in real time for a number of
treatment conditions. Both E. coli and P. aeruginosa bioﬁlms were
tested using this microsystem. The electric ﬁeld induced by the planar electrodes, when combined with small doses of the antibiotic
gentamicin, resulted in a signiﬁcant reduction in total biomass as
compared to treatment with antibiotic alone. These results suggest that the designed system can be used for treatment of diverse
bioﬁlms at low antibiotic concentrations. The system integration of
sensor and treatment into a single platform demonstrated here can
be used for managing bioﬁlm associated problems. Also, this platform can be used for fundamental chemical and biological research,
such as new drug discovery studies.
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