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ABSTRACT: Bacterial bio Ims are the primary cause of
infections in medical implants and catheters. Delayed
detection of bio Im infections contributes to the widespread
use of high doses of antibiotics, leading to the emergence of
antibiotic-resistant bacterial strains. Accordingly, there is an
urgent need for systems that can rapidly detect and treat
bio Im infections in situ. As a step toward this goal, in this
work we have developed for the rst time a threshold-activated
feedback-based impedance sensor-treatment system for
combined real-time detection and treatment of bio Ims.
Speci cally, we demonstrate the use of impedimetric sensing
to accurately monitor the growth of Escherichia coli bio Ims in
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micro uidic ow cells by measuring the fractional relative change (FRC) in absolute impedance. Furthermore, we demonstrate
the use of growth measurements as a threshold-activated trigger mechanism to initiate successful treatment of bio Ims using
bioelectric e ect (BE), applied through the same sensing electrode array. This was made possible through a custom program that
(a) monitored the growth and removal of bio Ims within the micro uidic channels in real-time and (b) enabled the threshold-
based activation of BE treatment. Such BE treatment resulted in a 74.8 % reduction in average bio Im surface coverage as
compared to the untreated negative control. We believe that this smart microsystem for integrated bio Im sensing and treatment
will enable future development of autonomous biosensors optimized for accurate real-time detection of the onset of bio Ims and
their in situ treatment, directly on the surfaces of medical implants.
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1. INTRODUCTION

Currently, it is estimated that approximately 50 60% of the
total hospital acquired bio Im infections detected annually in
the United States are related to indwelling medical devices.*
There is often a long period between the onset of bio Im
formation and the symptomatic detection of the infection,®
leading to medical complications and expensive invasive
revisional surgeries, increasing the nancial burden on the
patient. Additionally, the treatment of bio Im infections using
antibiotics prior to the formation of a thick extra cellular matrix
(ECM) (i.e, right at the onset of infection) would ensure the
need for only small doses of antibiotics for a shorter duration of
time. Hence, accurate and sensitive sensors for timely detection
of bio Im formation are highly desirable.

Bacterial bio Ims are one of the most common causes of
persistent infections in medical implants and catheters.®* These
infections are formed when freely oating bacteria adhere onto
a surface and, through a chemical communication process
known as quorum sensing (QS), envelop themselves in a slimy
layer termed the extra cellular matrix (ECM).> ” The ECM
prevents the di usion of antibiotics into the bio Im through
various active and passive cellular mechanisms, thereby adding
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to any existing antibiotic resistance of the bacteria and resulting
in much higher antibiotic resistance than planktonic bac-
teria.® *? The resulting higher antibiotic resistance of bio Ims
has led to the use of very high doses of antibiotics as treatment
(500% to 5000x the minimum inhibitory concentration
(MIC)) in nonclinical studies.** * Such high antibiotic
concentrations are practically impossible to achieve in clinical
settings using conventional antibiotic therapies due to
associated toxicities and side e ects and the limitation of
renal and hepatic functions. Nevertheless, the widespread use of
signi cantly higher than MIC levels of antibiotics has also
contrlbuted to the emergence of antibiotic resistant bacterial
strains,” thus compelling research into alternative methods of
treatment that are not based solely on high doses of antibiotics.

Research in the eld of biosensors has made available a
variety of technologies for the detection of minute amounts of
biological samples, including bio Ims.*® ?® Optical methods for
studying bio Ims have been used for macroscopic and
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Figure 1. (a) Flowchart of proposed feedback to actively switch from sensing to treatment mode. (b) Photograph of micro uidic bifurcation device
integrated with IDE sensors (scale bar = 5 mm). (c) Custom stage for interfacing up to two bifurcation devices to the potentiostat (scale bars = 1

cm).

microscopic studies.”**° However, a major disadvantage of
optical sensors is the di cult integration and packaging of the
biosensor components into a small footprint for simple use
with medical implants. A method to address the concerns
associated with three-dimensional optical systems is using a
surface acoustic wave (SAW) sensor that enables sensitive real-
time detection of bio Im formation.*** The change in
resonant frequency of the sensor gives a direct measure of
bacterial loading on the surface. Nevertheless, this system
required the use of piezoelectric material that is usually not
biocompatible, thus requiring the use of e ective passivation
layers and increasing the complexity of the device.

Impedance based techniques have been used as a method of
transduction for detecting and/or quantifying bacteria.
Speci cally, impedance microbiology (IM) has been used for
decades to detect the presence of microorganisms in samples in
the food industry, environment, health care, etc.**** IM is
based on the simple principle that the electrical parameters of
the growth medium change with a change in microbial growth
and metabolic activity. To detect bacterial growth in real time,
the relative or absolute change in conductance, impedance,
resistance, or capacitance of the electrolyte solution or the
double layer capacitance at the electrolyte electrode interface
is measured at a given temperature using either macro- or
microscale electrodes. This method has also been used for the
detection of bio Im, as both cells and the ECM within the
bio Im serve as a dielectric material, thereby providing an
electrical impedance that varies with time or bio Im
composition.?*#*#

Interdigitated microelectrodes (IDES) have commonly been
used for impedance based sensing of biological samples. IDE
based systems have been shown to successfully detect
pathogenic bacteria, antibodies, and other biological agents.*>*°

For example, Yang et al. demonstrated the use of IDEs for
sensing bacterial growth by detecting a 30% change in the
double layer capacitance and almost no change ( 0.58%) in the
medium capacitance.*> The advantages of using IDE based

impedance systems include a reduction in sample volume, low
resistance, high signal-to-noise ratio, and the rapid attainment
of steady state.>

Research into new treatments for bio Im has branched into
the elds of material sciences, electrical engineering, and
bioengineering. Some examples of bio Im treatment methods
include antibiotic and antimicrobial release from material
surfaces,®” *° surface modi cations to prevent bacterial
adhesion,*® ** small molecule inhibitors to actively prevent
ECM formation,** “® and the bioelectric e ect (BE) or the
combination of electric elds with low dosage antibiotics. While
all these treatments show promise, the BE treatment is
inherently interesting as it can be easily integrated with
electronic sensor systems. BE studies reveal that low strength
electric elds when combined with near MIC levels of
antibiotics result in a synergistic removal of biomass.*’ >
While the exact mechanism of action is not understood, many
hypotheses including increased antibiotic penetration into the
ECM, change in local pH, generation of radicals, etc. have been
suggested.

Presented here is a novel integrated IDE microsystem that
enables label-free and real-time detection of bacterial bio Im
growth as well as threshold-activated bio Im treatment using
BE. Our previous work with BE applied a 500 mV electrical
signal during the entire treatment period,”*** a long-term
biocompatibility concern for medical devices that on average
require treatment over days. Additionally, the use of mechanical
(or optical) and electrical domains for monitoring and
treatment respectively made essential the use of auxiliary
electrodes for BE application, increasing device footprint and
necessitating additional bulky equipment.°*®® Here, we
demonstrate that bio Ims can be accurately sensed in real
time by measuring the change in impedance across the IDEs.
Treatment is performed, for the rst time, by applying a 100
mV signal across the same IDEs in combination with near MIC
levels of antibiotic (BE). This BE is applied to each channel at
reqular intervals for only '/, of the total 24 h treatment
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period, a signi cant decrease in bio Im treatment time.
Additionally, we also show the real-time monitoring of
threshold-activated bio Im BE treatment. This was achieved
using a custom algorithm that enables the IDEs to sense the
growth of bio Ims, which is in turn used as a trigger to initiate
BE treatment, which is applied using the same IDEs. This
closed-loop feedback system referred to as “feedback-based
real-time threshold-activated bio Im treatment’™ allowed setting
of various crucial treatment parameters so that BE is applied
only for a small fraction of the total treatment period. This
closed-loop feedback is presented in the owchart of Figure la.
Contrary to former systems, this integration of sensing and BE
treatment capabilities into purely the electrical domain provides
an elegant microsystem solution toward rapid, autonomous
treatment of bio Ims.

Furthermore, we evaluate the e cacy of this combinational
treatment using Escherichia coli bio Ims as the model organism
and compare the results of the treatment with control,
antibiotic-only, and electric eld-only therapies when applied
to uniform bio Ims. However, the same combination treatment
is also e ective in treating bio Ims consisting of other types of
bacteria, as the speci city of the treatment depends on the
antibiotic(s) used.*®** °°

While impedance sensors, including IDE sensors, for the
detection of bio Im growth have been proposed in the
past,”’ *° they have been used to detect growth in static
environments like microliter plates or Petri dishes or in
macroscopic setups like the CDC reactor. However, we
demonstrate herein the detection of bio Im growth in
micro uidic cells that operate in dynamic ow conditions. To
ensure that similar experimental growth conditions were
applied to all micro uidic channels at any given point in
time, multiple experiments were performed in parallel using
bifurcation-based micro uidics.”® End-point uorescence mi-
croscopy results correlate with the fractional relative change
(FRC) in impedance measured using our system. This sensor-
treatment microsystem, we believe, will facilitate development
of automated sensors that are optimally designed not only for
the rapid and sensitive detection of the onset of bio Im
infections but also for in situ treatment.

2. MATERIALS AND METHODS

Device Fabrication and Design. The impedance sensor was
fabricated by evaporating Cr/Au (20 nm/180 nm) on a Pyrex wafer
followed by a wet etch process to form the IDE pattern. IDEs with two
di erent widths, 50 and 100 m, with the electrode width equal to the
spacing, were fabricated. Following this, the devices were diced and
immersed in piranha solution (3:1 of H,SO,/H,0,) for 1 min and
then rinsed with deionized (DI) water and blow-dried using nitrogen.
Micro uidic channels were fabricated using traditional soft lithography
techniques®® and were cast from polydimethylsiloxane (PDMS) (1:10
ratio of curing agent to polymer) molded by photopatterned KMPR-
1050. The micro uidic channels are 100 m deep, 500 m wide, and 2
cm long. Holes were punched at the inlet and outlet of each channel
using a 2 mm dermatological punch. The channels were then aligned
over the impedance sensor and irreversibly plasma-bonded to the
device as shown in Figure 1b. To enable uid ow, the micro uidic
channel was interfaced to the external uidic components using

exible Tygon tubing and barbed connectors. The tubing at one end of
the device was connected to a syringe pump (Cole Parmer 74901)
operating in infusion mode at 20 L/h; at the outlet the tubing was
inserted into a microcentrifuge tube for waste collection. Each device
was then sterilized by owing 70% ethanol for 1 min and rinsed with
DI water. The entire apparatus was kept in an incubator held at 37 °C.

Device Preconditioning and Growth Media Baseline. Device
preconditioning was accomplished by owing 1x phosphate bu ered
saline (PBS) through the channel at 20 L/h for 24 h. Any air bubbles
trapped in the channels were ushed to the outlet by increasing the

ow rate to 100 L/min for a short period of time. The primary goal
of preconditioning was to allow for acclimatization of the device to the
change in environment from air to liquid so as to achieve a stable
impedance signal. It also enabled removal of any excess ethanol or
trapped air bubbles present in the channel, tubing, and connectors.
Following this, fresh growth medium (Lysogeny broth (LB)) was
introduced into the channel at 100 L/min until the entire channel
was lled with LB. Impedance measurements were obtained in real
time during both the preconditioning and LB medium baseline
periods. The details of the impedance measurement setup are
discussed in the “Experimental Setup” subsection of this section.

Bio Im Growth. A bacterial suspension of Escherichia coli K-12
W3110%2 was prepared from a stock solution stored at 80 °C. The
suspension was prepared by transferring a frozen sample of bacteria
into 5 mL of LB medium in a cell culture tube. The tube was then
placed in an incubator-shaker (New Brunswick Innova 4000) at 250
rpm and 37 °C for 18 20 h to allow for bacterial growth.
Subsequently, sterile LB medium was used to dilute the suspension
to a nal ODgy of 0.25. The diluted suspension was sealed in a
biosafety cabinet and was then injected into the sterilized micro uidic
channels at a rate of 100 L/min. The suspension was allowed to seed
the channel for 2 h without ow to facilitate bacterial attachment to
the glass substrate. Fresh growth medium (LB) was then supplied
continuously to the channels for 24 h at a rate of 20 L/h. This ow
rate was chosen as it was characterized and con rmed during our
previous work to be su cient to supply adequate nutrients for bio Im
growth.®® This protocol resulted in the formation of uncontaminated
mature E. coli bio Ims32°2%%%% |mpedance measurements were
obtained periodically in real time during the seeding and growth
phases every 10 15 min.

Bio Im Treatment. After the 24 h growth, antibiotic treatment
(for the antibiotic only and BE treatment channels) or pure LB
medium (for the negative control and E- eld only channels) prepared
and sealed in a sterile environment was applied to the bio Ims for an
additional 24 h. While clinical bio Im growth may occur over longer
time periods like weeks or sometimes even months, for the purposes
of the present study we chose bio Im growth and treatment periods of
only 24 h each in order to reliably compare the antibiotic-free
treatment results with other previously published treatment results.>®
The antibiotic gentamicin, which is commonly used for treating E. coli
infections, was diluted in LB to a nal concentration of 10 g/mL (2 x
MIC). This diluted solution of the antibiotic or fresh LB was
introduced into the channels at a ow rate of 20 L/h. Real-time
impedance measurements were obtained while applying both
treatments to the bio Ims. After 24 h, the bio Ims were stained
using the Filmtracer LIVE/DEAD bio Im viability kit (Life
Technologies Inc.), using equal proportions of SYTO9 and propidium
iodide diluted in DI water, introduced at 20 L/h. The bio Ims were
then washed with DI water at the same ow rate to remove any excess
stains and imaged using a uorescent microscope (Olympus BX60).
The obtained images were analyzed using an image processing
software (Image] 1.44), enabling assessment of the background
subtracted image and an impedance-independent quantitative
measurement of the bio Im surface coverage.

Experimental Setup. Multiple experiments were performed in
parallel using bifurcation-based micro uidics to ensure similar
experimental conditions were applied to all channels at any given
point in time.%° A custom stage, shown in Figure 1b, was machined to
interface the bifurcation device to the measurement system. A
potentiostat (model 660D, CH Instruments Inc.), with multiplexing
capabilities (CHI684 multiplexer, CH Instruments Inc.) was used to
serially measure the ac impedance of each of the interfaced IDE
sensors every 10 15 min. However, instead of directly gathering
impedance data using the CH Instruments (CHI) software, the
potentiostat and multiplexer were controlled by a custom-built
software, developed using MATLAB, that enabled both real-time
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Figure 2. E ective medium approximation of a bacterial cell as a single-shelled sphere (top left), the equivalent circuit of the experimental setup (top
right), and table of parameters used in the simulation (bottom). The part of the equivalent circuit boxed in blue corresponds to the MMT based
approximation of the bio Im, where R, and Cq,p are the electrode contact resistance and capacitance, Cp_is the double layer capacitance, R, and
Cqy: are the cytoplasmic resistance and capacitance, Ryem and Cper, are the resistance and capacitance of the membrane, Ry, and Cy are the
extracellular matrix (ECM) resistance and capacitance, and R,z and C g are the growth medium (LB) resistance and capacitance.

impedance monitoring and the application of electric eld (E- eld)
based treatments in any of the channels of the device based on user-
de ned inputs. Impedance measurements were obtained by applying
an ac signal of 5 mV at the user-provided sensing frequency of 100 Hz
across the IDEs and measuring the generated current. This frequency
was chosen based on previous experimental optimizations for signal-
to-noise ratio. Due to hardware restrictions of the potentiostat’s
multiplexer, a maximum of four sensors could only be tested in
parallel. Photographs of the device and the setup are shown in Figure
1b,c. All micro uidic devices were placed in an incubator, and
experiments were performed at 37 °C.

Data Acquisition and Feedback Control Macro. A graphical
user interface (GUI) was developed using MATLAB for the user to
provide the required inputs to perform the experiment. The GUI was
implemented using the libec SDK for MATLAB, provided by CH
Instruments. Although other platform libraries like LabVIEW are
available, MATLAB was chosen because of the relative ease in
programming, high functionality, and its ubiquitous use in research.

Supporting Information Figure Sla presents a screenshot of the
MATLAB module GUI that appears upon running the MATLAB le.
Upon execution of the macro, the library SDK is compiled using the
inputs provided through the GUI to control the potentiostat. Two
additional windows, shown in Figure S1b, are also displayed alongside
the GUI. These two windows contain eight graphs in total and plot the
absolute impedance and the FRC in impedance in real time,
respectively, for each channel listed in the List Channels eld. The
GUI allows the user to collect and visualize the impedance data
gathered in four experimental modes, viz., Conditioning, Control,
Seeding, Growth, Sensing, and BE Treatment. It is important to note

that the threshold-activated treatment is applied only during the BE
Treatment experimental mode. Table S1 of the Supporting
Information lists all the inputs that are to be provided by the user
into the MATLAB GUI along with a brief description of each eld and
their default values. A comprehensive explanation of each input to the
GUI and the details of each mode of operation to successfully
demonstrate threshold-activated treatment can be found in the
Supporting Information. Furthermore, the veri cation of the
functionality of the MATLAB module was performed through a
simulated bio Im growth experiment. The details of the experimental
veri cation and its results (Figure S2) are presented in the Supporting
Information.

Finite Element Modeling. To model the impedance system, a 3D
electrodynamic simulation was set up in COMSOL Multiphysics
(version 5.0, COMSOL Inc.). The simulation covered a micro uidic
channel segment of length 400 m, width 50 m, and height 100 m.
The simulation results were scaled up to the nal channel width of 500

m by multiplying by the appropriate scaling factor. Within the
channel is a pair of gold electrodes whose width and spacing can be
varied. Three sets of electrodes with equal widths and spacings, viz. 25

m,50 m, and 100 m, were simulated. For simplicity it was assumed
that a bio Im of uniform thickness (5 30 m) containing 10%
bacterial cells and 90% ECM, grows along the entire length of the
channel. The remaining channel volume was modeled to simulate LB
growth medium. Although the electrical characteristics of the LB
medium change with bacterial metabolism, for the case of this
simulation it was assumed that the channel was Iled with fresh LB at
all times. This represents the experimental condition in which the
micro uidic ow rate is high enough to ensure that the medium in the
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channel is replaced often and always guaranteed to be a nutrient-rich
environment. The contact capacitance (C..,) and resistance (Rgont)
and the double layer capacitance (Cp,) formed at the electrodes were
also included as part of the simulation.

The dielectric properties of the bio Im depend on the electrical
parameters (the permittivity and the conductivity of the bio Im’s
individual components and their volume fractions).®* ® The complex
dielectric constant of the bio Im was calculated using eq 1, derived
from the well-established Maxwell’s mixture theory (MMT), by
assuming the bio Im to be a collection of spherically shaped objects
(the bacterial cell), covered by a single shell (the cell membrane) and
uniformly distributed in a medium (the ECM) as shown in Figure 2.%°

208 ) *med )+ (1+ 2 )% of )
@+ ) med )+ (S )% &)
@

Herein, *.,( ) is the equivalent complex dielectric constant of the
dispersed particles (here bacterial cells) and can be written as

218 )% perd )+ (+ 27 of)
@+ ) ek )+ S ) o)

*piofim ) = ¥ mek )

*eq( )= mer(1 )

@)
For both equations, *pu( ) = ma t ma/(i ) is the complex
permittivity of the ECM, *pen( ) = mem + mem/(i ) is the
complex permittivity of the bacterial cell membrane, and *,( ) =

gt t o/ (i) is the complex permittivity of the cellular cytoplasm.
is the dielectric constant of free space, is the angular frequency of
the applied potential, is the fractional volume of the bacterial cells.
Although more accurate models like the ellipsoidal or cylindrical
models are available, for the rst order simulation presented here the
bacterial cell was modeled as a sphere and assumed to have a radius R
and a cell membrane of thickness dyem. The parameter  of eq 2 was
calculated as = [R/(R + dyem)].> The complete equivalent circuit of
the experimental setup, along with the values of the various parameters
used to theoretically estimate the electrical properties of the bio Im, is
shown in Figure 2. The portion of the equivalent circuit boxed in blue
corresponds to the MMT based approximation of the bio Im, where
Reont @nd Ceone are the electrode contact resistance and capacitance,
Cpy is the double layer capacitance, Ry and Cyy are the cytoplasmic
resistance and capacitance, Ryem and Cpem are the resistance and
capacitance of the membrane, R;; and C,,;; are the extracellular matrix
(ECM) resistance and capacitance, and R g and C g are the growth
medium (LB) resistance and capacitance.

Substituting for *,( ) in eq 1 and separating the resultant
complex equation into the real and imaginary parts, we arrived at the
permittivity piosim and the conductivity piom Of the bio Im. The
separation of the complex equation was performed using Mathematica
(version 10.2.0.0, Wolfram Research). These equations were provided
as input into COMSOL to obtain the impedance measured between
the electrodes for a range of frequencies and spacings.

3. RESULTS

Simulation Results. The simulation results show that for
IDEs with equal electrode width and spacing, the sensitivity of
the sensors is inversely proportional to the width or spacing
between the electrodes (Figure 3). This correlates with
previous simulations that suggest that 90% of the electric

eld is contained within a height of one electrode width from
the electrode surface.”* Thus, for the same changes at the
electrode surface, IDEs with smaller electrode widths show
larger electric eld change, and thus higher sensitivity, as
compared to IDEs with larger electrode widths. Thus, 25 m
IDE sensors are more sensitive than 50 m IDE sensors, which
are in turn more sensitive than the 100 m sensors. A similar
trend in sensitivities was observed during our initial experi-
ments. Since an increase in bio Im thickness occurs with

Figure 3. Magnitude of fractional relative change (FRC) in impedance
at 100 Hz for the three di erent electrode widths and spacings with
increasing bio Im thickness. The 25 m IDE shows the highest
sensitivity but the shortest time to signal saturation, whereas the 100

m IDE results in the lowest sensitivity but the longest time to signal
saturation.

growth time, the increasing simulated bio Im thickness along
the x-axis of Figure 3 can be assumed to be an equivalent
representation of increasing growth times. Thus, from Figure 3
we deduce that the time to saturation of the impedance signal is
directly proportional to the electrode spacing. Therefore, 100

m IDE sensors demonstrate the largest linear range over time
but lowest sensitivity (slope of the initial line segment) when
compared to 50 or 25 m IDEs. In our experiments uniform
bio Ims are grown without the application of any treatment for
24 h to ensure reliable comparison of the di erent treatments
applied to the micro uidic channels during the successive 24 h
period. Consequently, a balance of both time to saturation and
sensitivity of the device is required, and so the 50 m IDE
sensor was used for demonstration of impedance sensing and
threshold-activated treatment of bio Ims.

PBS Conditioning. Figure S3 displays the fractional raw
data output relative to |Z|pgs average fOr the four channels of the
bifurcation device at the end of the 24 h bu er conditioning.
|Z|pgs_average OF €ach channel was calculated by averaging all the
nonoutlier data points collected during the entire PBS
Conditioning mode for each channel. The FRC in magnitude
of impedance at time t during the conditioning phase was then
calculated as (|Z|t |Z|PBS_Average)/|Z|PBS_Average- Any recorded
data point if greater than a 100% change (fractional change
greater than 1) with respect to the rst data point was marked
an outlier and removed from the plot. On average, there were
one or two data points removed as outliers based on this
criterion during the entire conditioning period. Additionally, in
order to more clearly observe trends in the data, a moving
average of the data was also calculated and plotted as a solid
line, among the individual data points, in Figure S3 for each of
the four channels. As perceived from the plots, the average FRC
in impedance uctuates during the rst few hours ( 10 h) of
the conditioning phase but stabilizes to near zero with time in
all four device channels. Small uctuations in measurements, as
observed by the increase in impedance, were recorded over
time and were veri ed to be a result of small visible air bubbles
trapped within the micro uidic channels that were eventually
removed with time or due to the intrinsic noise of the system.
Also, di erent IDE sensors showed di erent levels of variation
in signal initially, but eventually all signals stabilized close to
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zero. We hypothesize that this variation was due to di erence in
volume of the trapped visible air bubbles within the di erent
channels of the bifurcation device.

Bio Im Growth. Figure S4 presents the fractional raw data
output relative to |Z], g gaseiine 8t 100 Hz and the moving average
(span of moving average = 5) from the Control phase through
the end of the bio Im Growth phase of the experiment. The
FRC in magnitude of impedance of each channel at time t
during these experimental phases was calculated as (|Z|;
|Z|LB Baseline)/lzlLB Baseline: where |Z|LB Baseline of each channel was
calculated as the average of all the nonoutlier data points
collected for the respective channel during the entire LB
medium Control phase (solid black data points in Figure S4).

Following the PBS bu er conditioning, pure growth medium
was introduced into the channels and the impedance data was
measured for 6 h in the Control mode. Once at least 2 h of
steady LB medium baseline signal (solid black data points in
Figure S4) was established, an overnight culture of E. coli
W3110 suspended in growth medium to a nal ODgy, of 0.25
was introduced into the device to seed the micro uidic
channels and allowed for bacterial attachment (no ow). The
data obtained during the Seeding phase of the experiment was
plotted in magenta in Figure S4. Subsequently, pure growth
medium was introduced into the channels at 20 L/h for 24 h
to allow for uniform bio Im growth in all channels of the
bifurcation device.”” The real-time FRC in absolute 100 Hz
impedance during bio Im Growth phase is plotted in green.
These bio Ims were highly uniform and enabled reliable
comparison of the various treatments that were applied
thereafter.

The plots presented in Figure S4 are the screen captures of
the raw output data plotted on the MATLAB Figure 3 window
screen at time point t = 26 h. Thus, there is no user-control
over their axes limits due to the graphs each having di erent y-
axis scales. Hence, the observed FRC in impedance between the
four channels appears to vary signi cantly over time. This is
primarily due to the large shifts observed in a few channels, viz.
multiplexer channels 5 and 7, during the LB medium baseline
or the bacterial seeding stages (0 8 h of the experiment),
which we believe are due to the introduction of an air bubble in
the channel. However, if these large initial shifts in impedance
are removed, an equivalent net change in impedance is
observed in all four channels from the start to the end of
growth during which a continuous supply of growth medium is
introduced into the micro uidic channels. Figure 4 plots this
FRC in impedance for each of the four channels of the device
during the growth phase, from approximately the 9 h to the 34
h time point, with respect to rst data point measured in the
Growth mode. The impedance decreases by about 0.10 during
the rst 10 h of the growth phase, which correlates with the
initial rapid exponential increase in biomass of the bio Im
during the rst few hours of growth. Following the initial
growth spurt, the rate of bio Im growth decreases, which is
measured as a smaller decrease in impedance of 0.05 over the
remaining 14 h. Eventually, equilibrium is attained between the
bio Im growth and removal, due to shear stresses in the
channel, which is recorded as an eventual leveling o of the
impedance signal. This plot also highlights the near similar shift
in impedance across all four channels of the device during the
entire 24 h, which is suggestive of uniformity in bio Im growth
across the channels. Additionally, it is worth noting that the
near equal FRC in impedance observed in all channels of the
device, presented in Figure 4, is similar to that obtained in other

Figure 4. Measured real-time fractional relative change (FRC) in 100
Hz impedance across the four channels of the bifurcation device at the
end of the growth phase. While the bio Im growth shows a decrease in
impedance, the preceding baseline showed almost no change in
measured impedance. The error bars plot the temporal change in
bio Im at representative time points (span = 5).

repetitions of the experiment, thus highlighting the reprodu-
cibility of the impedance based sensing methodology to
monitor bio Im growth in real time.

Threshold-Activated Bio Im Treatment. Following the
growth of bio Ims in all four channels of the device, di erent
solutions, namely, LB or antibiotic (gentamicin 10 g/mL in
LB), were introduced into the micro uidic channels. The
treatments applied to the channels of the device over 24 h are
listed in the table in Figure 5. Channels 5 and 7 received the
additional intervallic 100 mV ac electrical treatment in addition
to the periodic 5 mV ac sensing voltage applied to all the
channels. The decision to apply the 100 mV ac signal to both
channels was made by the MATLAB macro using the
impedance data gathered in the Sensing mode (blue data
points). If the average Sensing mode data point was less than
the user-de ned threshold (blue data points are below the
orange dashed line), the threshold-activated electric eld
treatment was applied, else the system continued in Sensing
mode (macro functionality veri cation provided in Supporting
Information Figure S2).

Figure S5 presents the FRC in absolute impedance at 100 Hz
measured with a 5 mV ac signal for each of the four multiplexer
channels for all experimental phases, i.e, Control (black),
Seeding (magenta), Growth (green), and Sensing (blue), and
BEtreatment (red).

Although BE treatment was provided at 100 mV ac, the nal
impedance measurement was performed at the end of each BE
treatment cycle at 5 mV ac in order to accurately compare the
results of the BE-treated with the other non-BE-treated
channels. At the end of treatment phase, the untreated negative
control channel (LB medium only of channel 4) and the E- eld
only treatment channel (channel 5) showed a further decrease
in impedance, suggestive of an increase in total biomass or
additional bio Im growth. Conversely, treatment with antibiotic
(channel 6) and BE (channel 7) resulted in an increase in 100
Hz impedance, representing the removal or decrease in total
biomass. It is worth noting that the threshold-activated
treatment, represented by the red data points of channels 5
and 7, was periodically applied only during the treatment phase
of the experiment, conditional to the measured FRC in
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Figure 5. Measured real-time fractional relative change (FRC) in 100
Hz impedance across the four channels of the bifurcation device at the
end of the treatment phase. While the negative control channels
(control and E- eld only) show a decrease in impedance indicating
further bio Im growth, bio Im treatments (BE and antibiotic) show an
increase in impedance representing a decrease in total biomass. The
error bars plot the temporal change in bio Im at representative time
points (span = 5). The table lists the various experimental conditions
applied to the micro uidic channels during the 24 h treatment period,
over the 5 mV sensing voltage applied.

impedance being less than the user-de ned Treatment
threshold (orange dashed line in Figure S5).

For ease of comparing the channels, the processed FRC in
100 Hz impedance observed only during the growth and
treatment phases is plotted in Figure 5. The data presented in
this plot exclude any extreme outliers prior to performing a
moving average (span = 5). This plot enables clear visualization
and comparison of the change in 100 Hz impedance due to
bio Im growth and treatment across all four channels of the

device. As shown in Figure 5, the untreated negative control
(olive line) and E- eld only (pink line) treatments continue to
measure a decrease in impedance, on average by a FRC in
impedance of 0.20, even during the treatment phase, correlating
with continued bio Im growth. In contrast, the antibiotic
(orange line) and the BE (violet line) exhibit a change in the
opposite direction, a measured FRC in absolute impedance of
0.10, indicating a decrease in bio Im biomass. It is also worth
noting that the antibiotic treatment (orange line) appears to be
as e ective in treating the bio Im as the BE treatment,
consistent with other two repeats performed. We hypothesize
that the similar e cacies between the antibiotic and BE
treatments is due to the periodic sensing voltage applied to the
antibiotic treatment (channel 6) that also causes signi cant BE.
Hence the e cacy of the treatment applied to channel 6 is not
purely a result of only the antibiotic therapy but rather due to
regular and recurring BE treatment that results in e ective
removal of the bio Im in the channel.

Optical Validation. To independently validate the results
obtained using the impedance microsystem, end-point

uorescent images obtained for each channel of the device
(for two identical repeats represented by the di erent patterned
bar graphs) were analyzed using the image-processing program.
Representative end-point optical micrographs of the negative
control (LB medium only) and BE-treated (antibiotic and E-

eld) bio Ims are presented in Figure 6ab. ImageJ analysis

shows that the antibiotic and the BE treatment reduced the
average bio Im surface coverage across the two experimental
repeats on average by 67.3% and 74.8%, respectively,
compared to the untreated negative control (Figure 6¢).

Thus, these results combined demonstrate that the micro-
system can accurately measure the real-time change in
impedance during the growth and removal of bio Ims.
Moreover, we have demonstrated that using a MATLAB
module, the sensor’s IDEs can be used to perceptively apply the
electrical signal necessary to initiate BE treatment. Such
e ective treatment, using low amplitude signals and smaller
treatment times, highlights the e  ciency of this microsystem to
sense and treat in situ bacterial bio Ims concurrently.

Thicker bio Ims are also prevented and treated. The
developed microsystem switches to application of high E- eld
BE (100 mV E- eld) when the most recent impedance
measurement is more negative than the user-de ned threshold.

Figure 6. Representative micrographs of (a) untreated negative control and (b) BE treated bio Im imaged after the 24 h threshold-activated
treatment cycle (scale bars = 100 m). (c) Percentage average surface coverage as measured using ImageJ (N = 3 images/repeat) for two repeats
(striped and checkered bars correspond to the two independent data sets). The background uorescence exhibited by the gold IDE electrodes was

subtracted during surface coverage analysis.
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This is continued until the measured impedance becomes
higher than the set threshold value. This method of treatment
with BE at the onset of bio Im formation ensures that thick
bio Ims are not formed. Our results also suggest that even the
small periodic 5 mV ac signal used for probing the impedance
between the IDEs results in enhanced treatment based on the
principles of BE, leading to a dual approach for BE treatment
application. While the rst occurs concurrently during sensing,
the second approach is through the bio Im growth-triggered
threshold-activated BE treatment, applied using the custom-
built macro. The latter could be used to help treat signi cantly
thicker and more mature bio Ims, which require a much
stronger electrical signal energy for e ective BE treatment.’?
This is a substantial advantage over our previous work with BE
that applied a 500 mV electrical signal during the entire
treatment period causing a long-term biocompatibility concern
for medical devices, as they often require treatment over several
weeks.>* Thus, in contrast to former systems, this integration of
sensing and BE treatment capabilities into an exclusively
electrical domain provides an elegant microsystem solution for
accurate threshold-activated sensing and treatment of bio Ims.

4. CONCLUSION

We have presented a novel integration of sensing and treatment
modules into an impedance-based microsystem. The developed
platform is the rst impedimetric microsystem for real-time
monitoring and threshold-activated treatment of bacterial
bio Ims in a micro uidic bifurcation device. It allows for
accurate real-time sensing and treatment of bacterial bio Ims
within a single domain, thus facilitating a signi cant decrease in
device footprint and reduction in additional bulky equipment.
The IDE sensors were demonstrated to detect bio Im growth
in real time. Using the measured impedance change and user
inputs, the latter of which is provided through a convenient and
simple graphical interface, the MATLAB module intelligently
switches the system from sensing into treatment mode.
Treatment was performed by temporarily applying a 100 mV
signal, for only a small fraction of the total treatment period,
across the same IDEs in combination with small doses of
antibiotic. This microsystem thus provides two approaches for
BE treatment: rst by removing bio Ims through periodic low
energy BE treatment applied concurrently while monitoring the
bio Ims through impedimetric measurements and second
through the temporary application of higher energy BE signals
for short periods of time triggered by the threshold activation of
the hio Im growth itself. In the future we envision the use of
this integrated system for removal of bio Im infections on
medical implants such as urinary tract catheters and arti cial
joints and even on environmental bio Ims such as those found
in water pipes. Such application of BE, both during and in
response to bio Im growth, will ultimately enable e ective
rapid and autonomous in situ infection management, thus
preventing postsurgery infections and signi cantly improving
the quality of life for millions of patients.
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