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Bacterial biofilms cause severe infections in daifields and contamination
problems in environmental facilities. Due to theque complex structure of biofilms that
comprise diverse polysaccharides and bacteriaitivadl antibiotic therapies require a
thousand times higher concentration compared tebnafiim associated infections. The
early detection of biofilms, before their strucwirare fully established in a given
host/environment, is critical in order to eradictitem effectively. Also, the development
of a new innovative biofilm treatment method thah de utilized with a low dose of

antibiotic would be extremely important to the neadlicommunity.

In this dissertation, a biofilm sensor and a newfilon treatment method were
independently developed to detect and treat biofil@mmmunities, respectively.
Furthermore, an integrated microsystem was densiesiras a single platform of the

sensor with the treatment method.

The sensor was based on the surface acoustic \B&AW ) detection mechanism,
which is an extremely sensitive for biofilm monitay (hundreds of bacterial population
detection limit) and consumes very low power (~100)uA piezoelectric ZnO layer

fabricated by a pulsed laser deposition process wagey material to induce



homogeneous acoustic waves. Reliable operatiomeofsensor was achieved using an
Al,O3 film as a passivation layer over the sensor tdgotoZnO degradation from the
growth media. The sensor successfully demonstragaldtime monitoring of biofilm

growth.

The new biofilm treatment was developed based an phnciples of the
bioelectric effect that introduces an electric digdlong with antibiotics to biofilms,
demonstrating significant biofilm inhibition compalr to antibiotic treatment alone.
Specifically, the new bioelectric effect was implmedwith a superpositioned (SP)
electric field of both alternating and direct cimr§d AC and DC) and the antibiotic
gentamicin (10 pg/mL). With the SP field treatmesignificant biofilm reduction was
demonstrated in total biomass (~ 71 %) as well ableibacterial density (~ 400 times
respected to the only antibiotic therapy) of theated biofilms. This method was
transferred to a microfluidic system using microfeted planar electrodes. The
microsystem-level implementation of the bioeleceitect also showed enhanced biofilm
reduction (~ 140 % total biomass reduction improvetnerhe integrated system was
based on the SAW sensor with the addition of capldhin electrodes to apply electric

signals for the biofilm treatment.

The chip was tested with two bacterial biofiim&sgherichia coli and
Pseudomonas aeruginosa) that are clinically relevant strains. In bothfilia experiments,
the integrated system demonstrated successfutinealbiofilm monitoring and effective
biofilm inhibition. This systematic integration afcontinuous monitoring method with a
novel effective treatment technique has advancedsthte of the art in the field of

managing clinical and environmental biofilms.
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Chapter 1: Introduction

1.1Background and Motivation

The number of medical devices for health care {geeted to increase significantly
over the next decades due to the increase in Xjpeatancy resulting from biomedical
technology advances. Medical deviceapplicationsude artificial joints, heart valves,
and catheters as shown in figure *1.Dne of the problems associated with medical
implants is severe infection due to bacterial Ina$i. Theseare complex communities of
groups of bacteria with diverse extracellular mater Once biofilms are established,
traditional antibiotic treatments are often ineffee since biofilms are characterized by
high antibiotic resistance and require significartigher doses of drugs due to the
extracellular matrik Thus, the early detection of biofilms is critickir effective
management. Current diagnostic methods (i.e. blests, radiographic exams, multi-site
biopsies, and cell culture) are not specific foredgon of biofiims 2 as well as selected
time-point measurements. These methods often eeguternal instruments, making in-
patient treatment necessary and inconvenient ®pétients. Furthermore, when biofilms
are formed on the implants, the most effective wéayiofilm treatment is surgery to
remove the infected-implants. The treatments ugu@alolve intravenous antibiotic
administrationand replacement surgéryRevisional surgery and care can cost over
$500,000 per patient, amounting to more than $ibhiannually in the United States
Therefore, developing a biomedical system that ksamot only biofilm growth
monitoring, but also its treatménis desirable for clinical applications.

Biofilms are not simply a group of bacteria, butngex communities. Bacteria can

adhere to surfaces, and by dividing, increase tpefiulation to form microcolonids



When bacteria reach population threshold, they ywedand secret cell communicating
molecules, such as autoinducer-2 (Al-2), resulimgormation of extracellular matrix
and toxins throughout the bacterial quorum sefisiRigure 1.2 shows a summarized

schematics of the biofilm growth.

Figure.1.1: Examples of medical implants, (a) miaf heart valve ADAM Inc.), (b)
catheter NSC Inc.), and (c) artificial hip jointZimmer Inc.)

Bacteria in biofilms can exchange genes, formirgei@rogeneous bacterial composition
which induces more resistance to antimicrobialnég¢han suspended bactérfaThe
extracellular matrix is composed of diverse polgsacides and proteins, among other
biological molecule$ The matrix maintains the mechanical structur¢hefbiofiim and

its physiological function as a protective layeraiagt diffusion of antibiotics and
recognition by the immune systénDue to the complex structure and heterogeneous
bacterial composition, not only can antibiotics ddtuse into biofilm, but biofilms also
show high antibiotic resistance. As a result, ti@films are much less susceptible to

antibiotics than their nonattached individual plamkc bacteria.



) ) (3) (4)

Planktonic cells Mature biofilm
Cell proliferation Type 1V pili and Quorum sensing,
twitching lasl-dependent
ke motility, signaling
e sad
e genes
Flagella,
sad genes Attached monolayer Microcolony

ot — T e e

Figure 1.2: Schematic of biofilm growth progressiofi) planktonic bacteria adhere on a
surface, (2) form a monolayer of bacteria, (3) @éase their population resulting in
microcolonies, (4) and finally form a mature biiofi

This fact is supported by studies indicating thabaotic concentration 500 — 5000 times
higher is required to treat a biofilm as compared bacterial suspension

Therefore, an early detection of biofilm is of grederest to alert the presence of the
bacterial biofilms before establishing their stures. Furthermore, developing an
alternative biofilm treatment utilizing low doses antibiotics that cannot cause severe
side effects due to the high concentration of dtfigs desired to reduce biofilms

effectively andavoid invasive treatments.

1.2 Microsystems for Biological Applications

A microsystem in the form of a biomedical devices la@lvantages for both in-vitro

and in-vivo applications based on small dimensidow, electric power consumption,

portability and small volume requirements of thesteyn. A number of microscale



devices have been demonstrated for chemical anbtbgimal applications, such as
personal mediciré and diagnostic methotfs

Microsystems typically require micro/nano-liter uoles of the sample for analysis
that is extremely small compared to the traditianatro-scale experimental settibue
to the low volume requirement, a high throughputrosystem is desired particularly
when samples are limited. Lab-on-a-chip devices ex@mples of microsystemss for
biological and clinical applications, such as sarleparatiolf, biomolecular sensirtgy
and platforms for drug discovery resedrciihese systems demonstrated high sensitivity
and low detection limif compared to traditional macro-scale setups dugaeaprecise
experimental condition control based on the unigbgsics of the microscale such as
laminar flow’.

In addition, an implantable microdevice has beemalestrated for in-vivo
applications. Considering the challenges of im@hi devices, microsystems have
unique advantages. First of all, the materials usdgpical microsystems, such as inert
metals and silicon, can be fully biocompatiléhe size of the microscale device also is
typically small enough to be implanted in the bSdpue to the low power consumption
of the system (less than micro-wa}t the entire device can be designed as a passive
system which does not require a battery to opeesiegically?®. Finally, a high
sensitivity of the microsensor allows for relialdperation of the device in an in-vivo
environmenf® . Microfabrication technologies enable designingd aproducing of
sophisticated structures, devices, and systems hen stale of micrometers with
biocompatible materials beyond those used in iategr circuit (IC) fabrication

technologies.



Highly sensitive biocompatible devices based onicaltion technologies have been
demonstrated for biomedical applications, such ksoge sensors, blood pressure
sensors, and explosive gas serféoin implantable blood pressure sensor as shown in
figure 1.3 (a), has been applied for real-time reymg of blood pressure for heart
failure patient$®. The capability of integration with other systerfiee. wireless
communication, CMOS electronics, microfluidic deascand energy storage systems) in
a micro-scale device provides a unique advantagerdal-time monitoring*. For
example, a wireless and non-invasive glucose seftsodiabetes patients has been

developed by integrating the sensor with a radegudency (RF) circuit and antenna as

shown in figure 1.3 (.

(b)
RF

Detection Cincuit fenna

Substrate Glucose Affinity Polymer

Physical Sensar

Biocompatible Semi-Permeable Membrane
Implant Size - 12x12 2 5mm

Figure 1.3: Examples of the implantable device$. ga implantable blood pressure
sensor for heart failure patientsgw.cardioMEMS.com), (b) schematic of an implantable
glucose sensor for diabetes patiemtan.cyber sensors.com).

The robustness of fabrication technologies withcbiopatible materials also allows
development of a complex system which can be usea harsh environment, such as
space environmerfts

Based on these advantages of microfabricated dgvidevelopment of a

microsystem for biofilm growth monitoring and enbad treatment can be used for



biofilm associated infection challenges in biomadidields including clinical and
environmental applications, such as biofilm infenf’ and water contamination due to

biofilm growth in the facilitie&®.



1.3 Summary of Thesis Accomplishments and Impact

This thesis work accomplished (1) design, fabrazaind test of a biofilm sensor,
(2) development a new effective biofilm treatmerthwow doses of antibiotics and (3)
integration of the sensor with the effective treatnas an integrated microsystem. The
sensor successfully monitored biofilm growth inl#&@e and was reusable based on a
novel passivation film. The newly developed biofitreatment method was utilized by
combining a low intensity of electric field with @motics based on the principles of the
bioelectric effect. Reduction of biofilm treated lfie new method demonstrated
significant enhancement of biofilm treatment conagato traditional antibiotic therapies.
Finally, the integrated microsystem was successfullesigned, fabricated and
demonstrated continuous biofilm growth monitoring well as effective biofilm
inhibition. The integration of biofilm detection @treatment on a single chip was critical
to alert presence of biofiims at the early stagdhefr growth as well as achieve an
alternative treatment method instead of massivéiatit therapies. Since the system
consumes low electric power and has small dimessrath biocompatible materials, it
can potentially be applied for both in-vitro andviro biofilm management, such as on
water pipe biofilm growth monitoring and on thefage of implants where there are high
risks of biofilm-associated infections. The impkhtsystem especially would improve
patient care through the early detection of biddilmnd the potential prevention of

revisional surgery through treatment of biofilmgwihe less invasive microsystem.



1.3.1 Design and Fabrication of a Biofilm Sensor

When biofilms are established, it is extremelyidifft to eradicate them without
using significantly higher doses of antibioticsivasive surgeriés” © Moreover, since
biofilms can be established within 10 — 20 hoursnirinitial infection, real-time
monitoring of biofilms is desirable for clinical plications compared to end-point
evaluation. Therefore, continuous monitoring of fimes is critical. The sensing of
biofilm in this thesis work was achieved by a SoefaAcoustic Wave (SAW) sensor
considering its advantages such as low electricepaequirement, high sensitivity and
biocompatibility’®. In the design of the sensor, a passivation fitmathieve reliable
operationin both bacterial growth media and anisgaim was investigated theoretically
with supporting experiments The operation frequency of the sensor was degipased
on the regulation from the Federal Communicatiom@ussion for future implantable
applications. High quality crystalline zinc oxidén(©) to achieve high sensitivitywas
used as the piezoelectric material. Due to theceffe passivation and high quality ZnO,
the sensor was reusable in consecutive experinagrttsdemonstrated sensitive biofilm
detection. The SAW sensor has also shown successilitime growth monitoring of

biofilms in an animal serufh

1.3.2 Development of an Effective Biofilm Treatme

The concentration of antibiotic to treat biofilns 300 — 5000 times more than
that in planktonic bactefiavhich requires invasive surgery to treat biofilrSsich high

doses of antibiotics typically induce severe sitfeets. Thus, development of an



alternative treatment utilized by low doses of drggessential to manage biofilm
infections effectively. The enhanced treatment afilms can be implemented by
imposing electric fields with antibiotics simultanesly known as the bioelectric effect. In
literature, electric fields typically applied eithenly direct or alternative current (DC or
AC) for the bioelectric effect. In this thesis woptke combination of DC and AC fields
was used for the first time as a superpositioneeléctric effect and showed significant
improvement of biofilm reduction compared to theditional antibiotic methdt. Due to
the strong improvement of the efficacy, concertratf antibiotics was only required 2-
3 times of the dose for planktonic bacterial inf@ct In addition, since the intensity of
the field was even less than the electrolysis tiokek voltage of biological fluid, the
electric field caused minimized media decompositi@mch was critical to apply the
method for clinical biofilm treatment. The develogmh was completed in a macro-scale
traditional cuvette setdpand evaluated by microbiological methods including cell

culture and total biomass quantification.

1.3.3 Demonstration of the Treatment in a MicrofluidicsBym

Based on the new biofilm treatment method demotesiran a macro-scale
setug®, the superpositioned bioelectric effect (SP-BE)s varther developed using a
planar electrode on a microfluidic platfofmScaling of the SP-BE to the micro-scale is a
critical requirement for realizing clinical appliaans of the method due to the required
small dimension of the system, such asifovivo biofilm treatment. The microfluidic

device was chosen for on-chip SP-BE demonstratasedh on the advantages of high



experimental throughput, decreased volume requimésneand precise environmental
control within microfluidic growth environmerits The voltage requirement of the SP
field in the microfluidic platform (0.25 V) was filmer reduced below the electrolysis
potential of the media (0.82 V at pH 7 with 25 ) decreasing the electrode spacing
distance (2 mmgompared to the conventional macro-scale cuvettgpgd mm). Planar
thin film electrodes (200 nm thickness gold) wetiézaed to induce the electric field in a
microfluidic growth reactor. Detection of biofiimrgnvth and treatment within the
platform is achieved via th@& situ measurement of biofilm optical density (OD), where
the use of linearly arrayed photopixels enablesigeanporal biofilm monitoring within
the microchannel. Using the platform, the SP-BE alestrated significantly improved

biofilm treatment efficacy.

1.3.4 Systematic Integration of the Biofilm Sensor witle fTreatment

Based on the demonstration of the SAW sensor fofilini detection and the
superpositioned bioelectric effect for biofilm retion in a microfluidic platform, an
integrated microsystem was designed, fabricatediestéd as biofilms were established
and treated on the chips. This integration of #eser with the treatment was designed as
a feedback system. At first, the sensing compoagtite system provides total amount of
the biofilms. Based on the stage of their growlie, treatment part of integrated chip can
trigger the effective biofilm reduction by simul&wusly monitoring changes in biomass

by the SAW sensor component. Due to the bi-direelicommunication realized through
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the integration, a systematic and effective biofilmanagement for clinical and
environmental applications is demonstrated contparehe traditional end-pointbiofilm
measurements either only detection or treatmente Thip was successfully
microfabricated and demonstrated its biofilm detectais well as treatment monitoring

with different bacterial biofilm¥.

Effective Biofilm Treatment l
An Integrated Systematic Biofilm Bacterial Biofilm
Microsystem Management Infections

A

Biofilm Sensing Feedback

Figure 1.4: Concept of systematic biofilm managemBuy integrating a biofilm sensor
with a treatment method as a microsystem, an éfeedbiofilm infectious disease
management can be achieved.
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1.4 Literature Review
1.4.1 Macroscale Systems for Biofilms

The system developed in this work for the growtlkeatment, and monitoring of
bacterial biofilms represents a new method of cotidg studies related to bacteria and
their infections, including those studies aimeddatlg screening and development.
Currently, the majority of drug screening methotikze macroscale devices and systems
to perform assays that determine the effectivenkpsospective treatments on inhibiting
or eradicating microbial growths. Advanced industrgthods utilize primarily automated
systems to perform common screening techniques, asibroth microdilution, antibiotic
gradient, and disk diffusion studies on mature ob@l cultures to determine the
efficacy of various treatments as well as the matimhibitory concentration (MIC) of

these drugs (Figure 1.5 and %)

Figure 1.5: A broth microdilution susceptibility mel (microtiter plate) containing 98
reagent wells and a disposable tray inocufdtoBacteria samples in suspension are
treated with various concentrations of candidatggsirand each suspension tested using
colony counting or spectroscopy to determine theumtip efficacy.
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Figure 1.6: A colony forming unit (CFU) assay feakiation of antibiotic biocidal effect
in various concentration treatment. The number BUCorresponds to the viable cell
population in each treatment.

In addition to these microbiological methods, otimmunoassays are frequently used to
perform highly selective and sensitive studies tggrating methods such as ELISA,
fluoroimmunoassay (FIA) and time-resolved fluoroiomoassay (TRFIA) with large-
scale capabilities, however, these methods areliatiged in the types of molecules they
can detect and therefore are not currently anralbmpassing method for antimicrobial
drug screening.

The majority of previous biofilm studies havelisdd macroscale methods to
determine biofilm viability, biomass, and overalrugture for various biomedical,

industrial, and environmental applications. Thearigj of these studies were performed

13



using macroscale flow reactors to culture biofil@mples with integrated, external
detection methods.

One of the most basic methods of biofilm quanttfma involves the counting of
bacterial colonies, where bacteria are cultured annagar plate and subsequently
enumerated using microscopy and image analysietermine their average densfty
Polymerase chain reaction (PCR) techniques ardnanstandard method, which uses the
amplification of DNA segments to quantify the pmese of target biological elemefits
Fluorescence techniques provide an extremely atecianad simple method of biofilm
detection by applying a fluorescent stain to a darop for greater precision, genetically
engineering bacteria strains to selectively expagiisorescent proteii Heyduk, et af?
demonstrated a representative fluorescent immusoseéechnique shown in Figure 1.7,
in which nanometer scale linkers modified with flachromes could participate in

fluorescence resonance energy transfer (FRET ctease sensitivity.
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bacteria

500-3000 nm

limker {10-50 nm}

Figure 1.7 Design of homogeneous biological immenasrs for pathogenic bacteria
detectior’.

Similar to the FRET approach, considerable resehashbeen directed towards the
use of the Enzyme-Linked Immunosorbent Assay (EDISAlaboratories to perform
detection analyses on mixed cultdfesELISA utilizes the specific binding of particula
antibodies and antigens in combination with a #sgent label to enable a specific and
highly sensitive method for quantitative measureintdriarget antibodies or analytes in
solution. The method has seen vast use as a diggrool in medical and other
industrial fields and is also useful for chemicalality assurance due to its high
sensitivity and selectivity. A typical procedurer fperforming an ELISA analysis in a

laboratory setting is provided in Figure 1.8 below.
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Figure 1.8: Typical ELISAprocedure: (1) A plate is coated with a suitablptaee
antibody (2) as sample is added any matching anigeaptured by the antibody (3
suitable biotin labeled detection antibody bindsthe antigen (4) a second conjug
antibody binds to the ktin labeled detection antibody (5) add a fluoresdahel anc

read out®.

Despite the highly selective and precise resultsided by ELISA, it is rather arduous

perform, often requiring up to a full week for ayss, and often difficult to perforrin

lab-on-aehip devices. As a result, it has limited usefagéor higl-throughput drug

screening applications, lending to the developmeintnew techniques for biofilr

detection.
However, since this and similar approaches recaitabeling method « external
microscopy equipment such as a confocal or fluem®se microscope for biofili

detection, it does not represent a high througlgputost effective method of sensit

thus presenting a barrier to drug screening appdies. Moving forward, nevmethods of

drug screening must utilize emerging technologgsh as the micro/nano methc
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presented previously in order to take advantaghebenefits provided by devices at this

scale.

1.4.2 Micro-Systems for Biofilms

Microsystems have significant advantages espediatlypacterial biofilm studies
due to the low sample volume requirement, highuhput system, and integration with
other modules including sensing of biofilms. Miaak methods leverage the
technologies available for larger systems whileingkadvantage of capabilities only
available in microscale and microfabricated devicBeme of these methods enable on-
chip biofilm detection that is not possible in mzsgale systems, while others adapt
existing macroscale technologies to smaller enwirems. By adapting macroscale
technologies to microscale regimes, key advantagiesmicro/nano detection are
leveraged including the use of small sample sibéghly parallel throughput, tight
control over environmental conditions, and inexpensproduction through batch
fabrication.

Recently, the development of small-scale deviced m@mcrosystems for drug
screening applications has received attention. sé@Hmb-on-a-chip’ devices typically
rely upon optical methods such as surface Plasmsonance (SPR) and fluorescence or
electrochemical reactions on the sensor surfadetiect microbial growth and treatment,
which allows many measurements to be takesitu. In addition, the relatively low cost
of these devices enabled by batch fabrication allftaw microsystems that are specific to
particular assay types and applications.

Particularly, microfluidic platforms have been wligeused for drug discovery

research. Microfluidics provide laminar flow to theactor and supply uniform nutrients

17



for biofilm growth. This is critical to have preely controlled conditions for bacterial
biofilm experiments since growth of biofims is skmstic. In Meyer et &* a

microfluidic based microdevice was developed aratatterized as shown in figure 1.9.

[

- "—- LED Array

POMS Photodiodes
D Coverslip Fluidic Tubing

Cr

Shde Microfluidic

Photodiode Device

Figure 1.9: (a) Schematic of the microfluidic biofi growth device, (b) Photo of the
device setup®.

The device was utilized to quantify the total biema&hanges in various biofilm growth
conditions including flow rate and different drugnebinationd. The system utilized

microfluidic growth reactors on glass coverslip stuétes such as those utilized in
fluorescence-based methods, with optical measurepsformed by measuring changes
in light transmittance through biofilms using COP&otodiodes. The measurement
technique provides am situ method of overall biomass quantification that does

require a permanent fixture on the external equigrased in confocal and fluorescence
methods, thereby allowing for highly paralleled fthio testing at reduced cost. The
results showed successful continuous biofilm growtionitoring. In addition,

microfluidic systems are used for antimicrobialiefty evaluation. Compared to the

traditional macro-scale experiments, it does nquire large sample volumes that are
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oftentimes difficult and/or expensive to synthesiparticularly for new drug

developmerif.
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Figure 1.10: Measured optical density changes amnitfcrofluidic platform. The results
showed successful biofilm growth monitoritf§.

Fluorescence imaging methods have been integvatbdnicrofluidic systems in
a number of cases, allowing for increased contvel the growth conditions of bacterial
biofilms while taking advantage of a highly accerand easily implemented optical
detection methdtf. Fluorescence microscopy systems of this typkzetfluorescent
protein expression or cell staining methods to querf bacteria imaging and
guantification of biofilm growth via cell colony aating or bacterial density. Similarly,
laser confocal microscopy systems enable in-depthlysis of localized biofilm
structures with respect to cell viability, surfacsughness and morphology, and cell

colony distribution within the polymeric ECM matrix
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Main inletvalve : Main outlet valve

Figure 1.11: A microfluidic flow cell enabling gretht efficacy testing of eight
concentrations of antibiotic simultaneously inregi device'

The device produced by Kim et “4lenables testing of different bacterial signal
concentrations on biofilms formed in microchambgysntegrating a gradient mixer into
a microfluidic flow cell. The device produces rigsusimilar to those that could be
obtained through traditional macroscale methodsgukiwer reagent volumes and more
parallel experimentation, with analysis of biofilgnowth being performed via confocal
microscopy at select points in time.

For extensive analysis and detection at the mtdedevel, microscopic systems
have also been integrated with ELISA methods ireotd utilize specific fluorescent
labels to detect the presence of target antibodiéisin a solution, such as bacterial
biofilm cells. While this and similar fluorescemhicroscopy-based methods are
extremely accurate and provide precise informatigth regards to the development of

bacterial biofilms, they require expensive and clexpequipment for biofilm
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measurement and, without a permanent fixture upennticroscope stage to perform
continuousn situ measurement, are limited explicitly to end-poirgasurements [6].

In order to enable continuous measurement of battkiofilm development
without the use of optical measurements, electnmoted sensors have been developed
that are able to detect biofilm growth with resptxtboth time and position within a
microfluidic reactor. Sensors of this type detduoe presence of bacterial biofilms
attaching to an exposed or passivated set of ebdrvia changes in capacitance or

impedance.
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1.4.3 Biofilm Sensing

Biofilms are composed of a group of bacteria surdmd by an extracellular
matrix with diverse proteins. Thus, the amount afalt biomass is correlated to the
growth of biofilms™. Biomass detection has been achieved based orvitama"®,
impedanc?’, fluorescenc®, and acoustic wa&sensing techniques. These methods can

be applied for either a macro-sciler micro-scale device.

Colorimetric assays are traditional methods foaltbtomass quantification based
on optical density changes in a specific wavelenigthhe assay, typically a dye can bind
with specific chemical functional groups. Sequdhtidhe dye is detached by a releasing
solution and measured the optical density by atep@totometer. For instance, crystal
violet assay is one of most frequently used fofilipstudies especially’. The dye can
stain the cell wall and extracellular matrix of thiefilm resulting in quantitation of the
total biomass. This colorimetric assay is typicaitjized to investigate major changes of

total biomass in biofilms at the end point of expents?.

Monitoring of electrical parameter changes as bitdiare established, such as
capacitance and impedance, is demonstrated in scal® devices. A capacitance change
based biomass detection sensor has been showniofenking applicationd >* In
Ghafar-Zadeh et &F, a dual channel microfluidic device, as shownigurfe 1.12, based
on a CMOS platform has been demonstrated for contis bacterial growth monitoring.
As bacteria grow in the channel, the dielectricstant of the bacterial suspension is
changed. The changes of the dielectric constantiathe capacitance at the gate of the

CMOS device. This capacitance-based biofilm moimtpsystem shows high sensitivity
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(255 mV/fF~ 10" g), but it requires a continuous power supply argignal converter

from the capacitance to an electrical signal.

Jlectrodes CMOS Chij

Figure 1.12: Schematic of differential bacteriavgitomonitoring using on-chip capacitive seri3or

The impedance measurement along biofilm growthbeas investigatéd °”. The
electric impedance of bacterial suspension is camgpa®f resistance, capacitance, and
inductance which can change during biofilm growih.E. Spiller et af, the group

developed an arrayed impedance measurement plaforminug discovery studies.
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Figure 1.13: Top view of a 2 by 5-array of measwehthambef§

The 2 by 5 arrayed impedance measurement chambkovgn in figure 1.13. Each well
has three electrodes, which are working, refereran@ counter electrodes. The
impedance is measured when a constant potentialawpked between working and
reference electrodes. Although this method showé&@aCFU/mL =~ (10° g) detection
limit**, a constant power source requirement for the coatis measurement can be a
challenge for real-time long term biofilm detectiorluding both in-vitro and in-vivo

applications.

Biofilm labeling with fluorescence molecules is owoé the well-established
techniques for bacterial detectt8nThe procedure is not complex andthe sensitiity i
very high. For instance, a fluorescent immunosenfsor bacterial detection was
demonstrated in Heyduk et H. Two samples of the antibody were prepared, each
labeled with nanometer-sized flexible linkers watiort complementary oligonucleotides

modified with fluorochromes that could participate fluorescence resonance energy
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transfer (FRET) to increase the sensitivity. A flegecent image showing the binding of

the antibodies and bacteria is shown in figure 1.14

Figure 1.14: Fluorescence microscope image (a) fluorescent bkignam the
oligonucleotides proximity due to the bacteria lmgd (b) light transmittance image in
the same area Fluorescent biofilm quantificdtion

Based on the selective live/dead cell staining iofilm, biofilm imaging work have

demonstrated via fluorescence as an extremelytseensiethod to visualize as well as
guantify total biomass in a small scale device. fGoal microscopy is a representative
method for biofilm visualization and has revealeetails of biofilm composition.

However, this biofilm imaging method requires balkd expensive external equipment.
In addition, the quantification area is relativeiyall due to the limited observation area
of the microscope compared to other colorimetrisagsand impedance monitoring

platform.

The fluorescent biofilm quantification method idyan end-point measurement and also
requires extra work for labeling which cannot beikble in environmental and/or

clinical biofilm monitoring systems such as watépgs and hospital infections. In
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addition, due to the degradation of the fluoresegmoteins, the labeling of the protein

shows limited lifetime for measuremefits

Surface Acoustic Wave (SAW) sensors have demoestrat highly sensitive
mass detection capabilfy??> When an electric potential is applied at the rifiigitated
electrodes on a piezoelectric substrate, mechardsdlacements are induced and
propagated on the surface based on the reversiblgy conversion between mechanical
and electrical energy domains. The phase veloditth® waves is decreased when an
additional mass is load®d The changes of velocity can be detected by mongahe

resonant frequency of the devit&®

In M. Bisoffi et al®®, viruses are detected by a SAW sensor. The sudatee SAW

sensor was functionalized using a specific antibfmdyan interesting virus as shown in
figure 1.8. As viruses bind to the antibody, thes# velocity of the SAW is decreased
resulting in changes of the sensor operationalugaqy. The sensitivity of the sensor

was~ 5000 RNA copies (corresponding to viral pasgt.

Wirus

Antibody

3% MHz Dutpuit

Inguk Frgikncy Frequency

Figure 1.15: Schematic of the antibody-based v@wr$ace acoustic wave biosensor. N-
avidin protein is used as an intermediate layertt@r antibody immobilization on the
surface. The antibody is attached on the N-avidatgin. Virus has a specific structure to
bind with the antibodff.
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In S. Krishnamoorthy et &f, a highly sensitive SAW sensor was demonstratecafio

interlukin-6 detection which is one of the key nmlkes in the human immune system. A
specific antibody was immobilized on the surfacehaf SAW sensor as shown in figure
1.16. The detection limit of the sensor was%§, which is the most sensitive method,

using zinc oxide (ZnO) piezoelectric substrate.
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Figure 1.16: Schematic of the SAW sensor. A speafitibody for interlukin-6 was
immobilized on the surface of the SAW ser&or

\

In table 1.1, the biomass sensing mechanisms amenauzed. Since the SAW
sensor is also a passive device, electric poweptrate the sensor can be delivered by
wireless coupling without a battéfy Based on that the SAW sensor requires an AC
electric potential for operation and generatesAReelectrical signal as the output, the
sensor is compatible with a RF wireless commurbcatsystenf®. The wireless
compatibility, battery-less operation and high #anty of the SAW sensor make it a

unique tool for future non-invasive in-vitro andvivo biofilm monitoring applications.
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Capacitive Impedance . Acoustic Wave
Optical Senso
Sensor Sensor Sensor
In_pu? Electric signal | Electric signal|l Optical source Hiecsignal
(excitation)
Read out Yes Yes Yes No
electronics
Structure 2D 2D 3D 2D
255 mV/fF AX10 | 500 (10%)
4 yl2 10° cells/mL cells/cnt
... | (GHAFAR- : . Krishnamoorth
Detection limit E. Soiller et al. | (M. Fischer et
ZADEH et al./ , yet.al/
or sensitivity / Sensorsand  |al., Biosensors  |.
IEEE T BIO- Biosensors and
Actuators, and . ;
MED ENG, 5 . - Bioelectronics,
2010) 006) Bioelectrionics, 2008)
2012)

Table 1.1: Summary of the biomass detection methods
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1.4.4 Biofilm Treatment

As previously discussed, biofilms are extremelyiicldt to treat once they are
established. The concentration of antibiotics remglito treat biofilms is 500 — 5000 times
more than that in bacterial suspen§iéh To increase the efficacy of antibiotic treatment,
combination of different drugs or electric fieldsthv antimicrobial agents has been

investigated.

In Cottarel and Wierzbowski et #. combinations of two or more antibiotics with
adjuvants (cocktail therapy) were studied for baaténfection treatment. The principles
of bacterial treatment using antibiotics dependt@modes of the action of the agents,
such as cell wall synthesis inhibitfSnand DNA transcription blockif§ A scheme of

some modes of action of antibiotic agents is shiowigure 1.17.

Isoniazid

/|
:\ @ /
Rifampicin = e 22 @ A
®

Ethambutol

Figure 1.17: Schematic of the antibiotic mode afcas. Each antibiotic has a unique
mechanism to treat bactefia
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For example, an aminoglycoside antibiotic blockst@n synthesis by ribosomes in
bacterial cells. Hence, the antibiotic inhibits thesis of essential enzymes resulting in
cell deat*. By combining two or more drugs, the treatmenbadterial infection can be
enhanced based on multiple target attacks. Howewarbination of antibiotics can cause
severe side effects due to unexpected interferbrtgeen the antibioticSand induce
generation of more antibiotic resistive bact&tiZhe combined antibiotic therapy often
cannot be a universal method for bacterial treatrhepause of the severe side effécts
Furthermore, this method may be difficult to inttgr with a microdevice due to the
limited lifetime of drugs and delivery to specifacations especially considering in-vivo

environment§&’,

The efficacy of antibiotics for biofilm treatmerdit be radically enhanced if these
agents are used under an electric field, knowmeashioelectric effect’® "> According
to several studies, the treatment effect of antiiteocombined with direct or alternating
current (DC or AC) electric field resultsin imprald¢reatment since the DC or AC
electrical signal can provide additional biociddfeets to biofilm, such as local pH
differenc&® and biofilm permeability enhancem&nt Costerton et al. reported the
bioelectric effect for the first tinf@ In the paper, when antibiotics were combined \&ith
DC electric field (5 V/cm), enhanced biofilm trent efficacy compared to other

treatments was demonstrated, as shown in figdi& 1.
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Figure 1.18: The treatment of biofilm in differetneatment methods based on the cell
viability studies (colony forming unit, CFU ass&y)

In the results, when the antibiotic was combinethwhe electric field, the treatment
efficacywas enhanced by approximately 6 orders afmtude compared to the control
(no treatment) and 3 orders of magnitude compareshtibiotic treatment only. However,
the intensity of the electric field (5 V/cm) causelgctrolysis of the media since the

intensity is higher than the limiting potentialtbg electrolysis inbiological fluids

In Del Pozo et al. (2009, a comprehensive study of bioelectric effect ugierse
antibiotics was reported. The testing set-up fa Hioelectric effect investigation in
different antibiotic treatments is shown in figurel9. It is composed of flow cells for
growth media supply with electrodes to induce actel field. Three biofilm strains are
studied for the bioelectric effecBsudomonas aeruginosa, Staphylococcus aureus, and
Saphylococcus epidermidis biofilms. The electric current was applied for 2m0, or

2000 microamperes of DC field with 11 differentibittic additions in each experiment.
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Figure 1.19: Polycarbonate chamber detail (intevoaime= 16cn? ).

The results of the study demonstrated improvedilbiofreatments in all of tested
bacterial strains. In addition, the study showed the bioelectric effect is independent of

the type of antibiotic as shown in the treatmeastilts in figure 1.20.

Cefepime Ciprofloxacin Tobramycin

7.00 -
6.00 -
5.00 -
4.00 -
3.00 -
2.00 -
1.00
0.00

-1.00
-2.00 -
-3.00 -

Logarithmic reduction factor

0O Antimicrobial @ Antimicrobial plus 20 microamps & Antimicrobial plus 200 microamps @ Antimicrobial plus 2000 microamps ‘

Figure 1.20: Averaged treatment efficacies withdtandard deviations for Pseudomonas
aeruginosa after exposure to four different treatindi.e., antimicrobial agent alone,
antimicrobial agent plus 20 pA, 200 pA, or 2000 @fDC electric field§®.
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In Caubet et al’®, an AC bioelectric effect implemented with a raffiequency electric
field was demonstrated in a macro-scale set up<(84X 5 cm). The AC electric field is
characterized to a 2 V/cm amplitude of sinusoidgha at 10 MHz. The AC bioelectric
effect also showed an enhanced biofilm treatmeiintaely compared to only antibiotic

treatment. Table 1.2 summarized the results ofrtreat in log-scale.

Expl Mean LRF sD
REFC alone 0.50 0.30
Gentamicin alone 2.11 0.05
Oxytetracycline alone 1.90 0.40
RFC + gentamicin 343 0.27
RFC + oxytetracycline 2.80 0.31

Table 1.2: Treatment results of only antibioticee@micin, or Oxytetracycline), only
AC electric field, and AC bioelectric efféét

The treatment efficacy of the AC bioelectric effe@s enhanced approximately by one
order of magnitude compared to antibiotic treatn@ny. Even though the efficiency of
the AC bioelectric effect is not in the same ordémagnitude as the DC bioelectric

effect, it still showed an improved treatment ajfihim.

Through the literature review, a DC or AC bioelecteffect has been
demonstrated and characterized in a macro-scalkeriengntal setup which requires high
sample volume and is challenging to integrate withi single system for clinical

applications as summarized in table 1.3. More irtgudly, intensities of the electric field
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used for the bioelectric effect were high resuliimglectrolysis of the surrounding media.

The electrolysis of human serum can cause sevéeeffiects due to the cell de¥th

DC Bioelectric Effect AC Bioelectric Effect
5 Vicm 2 V/cm at 10 MHz
Intensity of (J.W. Costerton et al. (M. Giladi et al., Antimicrobial
Electric Field Antimicrobial Agents and Agents and Chemotherapy,
Chemotherapy, 1994) 2008)
Treatment Efficacy 6 log 1-2 log
Set up Macro-scale Macro-scale
(W X L XH) (8 X 31 X 3cm) (8 X 14 X 5cm)
Electrolysis of media . .
Challenges => Biocidal molecules EIgctronS|s of media
: Relatively low enhancement
generation

Table 1.3: Summary of parameters and challengeP®@fand AC electric field
bioelectric effect.

However, the bioelectric effect is not only a geheffect to diverse bacterial strains as
previously shown in literatuf® but also an independent method on the types of
antibiotic$®. Therefore, the bioelectric effect has an impdrtadvantage for biofilm
treatment that can potentially be a general treatmeethod with different types of
antibiotics. The development of a new bioelectrfiect utilized with a low intensity
electric field without causing significant elecysis of human serum is required to apply

the concept of the bioelectric effect for clinieglplications.
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1.5 Summary

Through the literature review focused on the biofitletection and enhanced
treatment aspects, both sensing and effectiventezas are key required methods for
biofilm associated problem management includinquicdl infectious diseases and
environmental contamination challenges. As showtha previous work, independent
biofilm sensing and treatment methods are demdestravith various approaches.
However, integration of a sensor and an effectiveatment has not yet been
demonstrated which has significant impacts in teoindeveloping new technologies as
well as practical applications contributing to ax@ne biofilm associated challenges

especially infectious diseases.

In the rest of thesis, each component of the iategrsystem that include a newly
developed biofilm SAW sensor and bioelectric effdgiofilm treatment using
superposition field of AC and DC signals is desadibn details of design, fabrication,
testing and discussion of the results. Finallyuecsessfully integrated system with the

sensor and treatment in a micro-scale device sepited.
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Chapter 2: Biofilm Sensor

Based on the literature review, an integrated rsigstem is an ideal solution for in-vivo
and in-vitro biofilm monitoring and treatment. lhig chapter, design, fabrication and
testing reuslts of the biofilm sensing componenthef system is presented based on the

principles of the surface acoustic waves.

2.1 Principles of the SAW Sensor

Surface Acoustic Waves (SAWS) are generated oroglegtric materials when an
electric potential is applied to interdigitatedatede transducers (IDT). The IDT induces
a uniform electric field on the piezoelectric m&krwhich generates mechanical
displacements based on the piezoelectricity of dhlestrate. The induced mechanical
displacements cause electric potential differerdhes to the reversible piezoelectricity
from mechanical to electrical energies. Based asdhenergy conversions on the
piezoelectric substrate, the mechanical displacén{sarface acoustic wave) can
propagate on the surface of the piezoelectric nahtek high piezoelectric coefficient
(coupling coefficient) material is critical to aelre a highly sensitive SAW sensor by
minimizing energy loss of the conversfdn A diagram of energy conversion and a
schematic of propagation in the substrate are shovigure 2.1 and 2.2 respectively.

The wavelength of the SAW is related to the distabetween the two electrodes in
IDT; half of the SAW wavelength is equal to thetdixe of the two electrodésSince
the input electrical signal is an alternating cotréAC) signal, a standing mechanical

displacement wave in each IDT electrode pair immfxt at the specific frequency.
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Figure 2.1: A diagram of energy conversion in thezpelectric substrate to generate

SAWSs

The standing wave is satisfied at the specific @¢mrdthat the separation of the electrode

pair is equal to an integer times half of the SAvilvelengtf®. Theoretical relations

Reversible Piezoelectricity of the Material
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between the wavelength, speed of the wave anddrexyuare shown in equation (1), (2)

and (3).

d:n% 1)

v=1~F.1 2
V=\/§ )
o

whered is the separation of the IDT electrode paiis the wavelength of the SAW,is
an integery is the SAW speed,is the operational frequency, C is the shear malaf
the substrate, and is the density of the substrate. The velocityha &icoustic wave is
inversely proportional to the square root of agpheass on the surface of the substrate as
shown in equation 3. Thus, mass loading on theasarflecreases the SAW velocity. The
velocity of the SAW on the piezoelectric material proportional to the resonant
frequency because the wavelength is a constaritystite IDT. Therefore, the velocity
change of the SAW due to mass loading can be nrexditby measuring resonant
frequency shifts. Since the speed of SAW is arnisit material property, the operational
frequency of the sensor is designed based on tierpaf the IDT (electrode separation
distance) and the selected piezoelectric material.

The sensitivity of the SAW sensor is extremely hgghce the speed of the wave is
usually faster than other acoustic waves. For nt#taa SAW propagates on a ZnO layer
with approximately 4814.4m/s in S. Krishnamoorthy a®*. Based on the relation

between operational frequency and velocity of tla@ey a 1 m/s change in speed, which
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is equal to 100 pg of mass in S. Krishnamoorthgletinduces approximately a 1 MHz
frequency shift. Thus, SAW sensors have been use@xtremely sensitive molecular
sensing applications. In addition to the high g@nsi, the SAW sensor can be fabricated
using biocompatible materials, such as gold, zixidey and silicon allowing the sensor
application to biomedical fields. Based on theseaathges, the SAW sensor can be a

sensitive transduction method for real-time biongassvth monitoring applications.

2.2 Love mode SAW

The standing mechanical wave, which is inducedhieyelectric field at the IDT
on the piezoelectric material, propagates on thdasel based on the reversible
piezoelectricity of the substrdte Depending on the lattice structure of the substtavo
possible propagation modes of the SAW, which alled¢#&ayleigh and Love modes, can
be generated.

Lord Rayleigh discovered the vertical SAW mode mdgagation and, in his classic
paper, predicted the properties of these wivééamed for their discoverer, Rayleigh
waves have a longitudinal component and a versicahr component as shown in figure
2.3. The Rayleigh SAW amplitude is typically abd@ A and the wavelength ranges

from 1 to 100um. This type of SAW sensor usually operates froma2500 MHZ'.
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Figure 2.3: Schematic of Rayleigh mode SAW propiagit

This amplitude and frequency can couple with a mmadplaced in contact with the
device’s surface since Rayleigh waves have all gi@ustic energy confined within one
wavelength of the surface. Such coupling betweersthface of the sensor and external
media strongly affects not only the amplitude, blgo the velocity of the wave. This
feature enables SAW sensors to directly sense mmadsmechanical properties of the
contact media, such as shear modulus and thernpaneion coefficient. One of the
disadvantages of the Rayleigh mode of SAW is tlkeatbse the wave is a surface-normal
wave, it makes the SAW device poorly suitable fquid sensing application. When the
Rayleigh mode SAW sensor is contacted by a liqoadnpression waves are created,
causing an excessive attenuation of the acoustve wass a result, Rayleigh mode SAW
sensors are usually used for dry environmentalisgnsuch as temperature and pressure

sensors.
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On the other handf the cut of the piezoelectric crystal materiarasated appropriately,
the wave propagation mode changes from a verticehrs SAW sensor to a shear-
horizontal surface acoustic wave (SH-SAW) seffsas shown in figure 2.4ugustus
Edward HoughLove predicted the existence of the SH-SAW waveheraatically in
1911. The lattice motion of a Love wave forms aizmntal line perpendicular to the
direction of propagation (i.e. are transverse wavkekence, it is critical to deposit a
highly oriented c-axis piezoelectric material tmgete a Love mode SAW When the
SAW IDT is aligned perpendicular to the c-axis loé piezoelectric material, Love mode
waves are predominantly generated. This Love mo#é/ Qiramatically reduces the
losses when liquids come in contact with the pragiag medium, which allows Love

mode SAW sensors to be used as bioseffsors

Shear Horizontal Component

D,

|
:
4

P

ElSNENEEEIEEENAEENEE

_1II.1

- Propagation of the SAW

Figure 2.4: Love mode SAW propagatién
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Love wave devices also offer the advantage of aunatng the acoustic energy in the
guiding layer grown on an appropriate substrates tffering the opportunity of higher
mass sensitivities. Several Love mode SAW sengmsating in both gaseous and liquid

media have been demonstrated!

2.3 Piezoelectric Material for the SAW Sensor

A SAW is generated on the piezoelectric materialcvloperates at a high frequency
oscillation governed by the design of the IDT. Ttaon the maximum acoustic wave
energy from the input electrical energy, the degasiof a high piezoelectric coefficient
material as a substrate is the most important patemof the SAW sensor as well as its
high quality deposition methdd® The piezoelectric coefficient is defined as thgor

between mechanical energy and electrical erféfgguation (4)).

acoustic energy

K ?( piezoelectric coefficient) = :
electrical energy

(4)

ZnO is a piezoelectric material with the highestzpielectric efficiency along with
Lithium Niobate (LiINbO3j%. Another advantage of ZnO is a biocompatibility tbé
materiaf® that enable to apply for diverse biomedical dest% Moreover, ZnO can be
grown by thin film deposition methods, such as eddequency (RF) sputtering and
pulsed laser deposition (PLD) with low limit of tisebstrat&’ %2 A high quality ZnO
thin film deposition process is well developed andmpatible with traditional
photolithography techniques. The PLD is one of dbenmon ZnO deposition methods
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for high quality film growtfi®® *°®* PLD has several advantages and benefits over othe
growth techniques, including high control over gtiowwarameters, precisely controlled
growth rates, and low temperatures. Due to itsivelly simple set-up and operation, it
has been widely used in research. ZnO with a highoglectric coefficient is capable of
generating very high frequency (GHz) SAW and whemloined with a SigISi substrate

it can be an excellent material choice for Love mgaopagatioi’>. Based on its
piezoelectric properties, biocompatibility, and tmgh quality fabrication process, ZnO

is the piezoelectric material for the biofilm sendesign.

2.4 Passivation of the Piezoelectric Layer

The ZnO film is soluble when in contact with a noeudtral pH liquid or after long
term moisture exposuf®. Zinc (Zn) has less ionization energy, which is thinimum
required energy to become an ion respected tortbegg of hydrogen (H). As a result,
when non-ionized Zn and H atoms are in the samaienl Zn will be ionized in the
solution due to the smaller ionization energy thanresulting with generation of
hydrogen gas. Because of this solubility of ZnGBAW sensor based on ZnO layer is
challenging for biosensor applicatidfis '°® Specifically in this work, when the ZnO
film was placed in the bacterial growth media witha passivation film, the ZnO layer
was dissolved completely within three hours. Thanefthe ZnO film-based SAW sensor
for biosensor applications is required to fabricatpassivation layer that can minimize

loss of the sensitivity. Since the SAW propagatestlze surface of the sensor, the
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mechanical properties of the passivation film, sashshear modulus and density, are
critical parameters to prevent significant sengitiloss due to the mismatch in material
properties. To study the sensitivity dependencelifferent passivation materials, a
theoretical model for the biofilm SAW sensor waseleped that is focused on the
elastic modulus of the material, as shown the selierof the cross sectional view of the

model in figure 2.5.

Bacteria Biofilm (D X

Figure 2.5: Schematic of passivation SAW sensobiuofilm detectiod®

wherex is the biofilm thicknessh is the thickness of the passivation film, ahé the
thickness of ZnO film. The bacterial growth ovee gensor was assumed to be uniform,
so that mass loading depends only on the thickoks$ise biofilm (). In addition, the

SAW velocities were assumed to be equal both inkb#om and top ZnO layers,
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yielding Vi = V, as indicated in figure 2.5 to simplify the modelaulation (no

dispersion). The mass sensitivity of the SAW seisgiven in equation (%)

v . 1 [Av
Smiﬂﬁ(@j (5)

whereS,’ is the mass sensitivity of the SAW sensagris the initial SAW velocity before
mass loadinggm is the amount of the mass loading, atwds the SAW velocity change
due to the mass loading. Based on the uniform bactgowth assumption and from
equation (5), a one dimensional mass sensitivitytie SAW sensor can be derived as

shown in equation (6).

dX x—0 (6)

wherex is the bacterial biofilm thickness. The velocifytioe SAW is derived in equation

(7)72, 110

(7)

wherev is the SAW velocityC is the shear modulus, apds the density of the surface.
The acoustic wave velocity in the passivated SAWWssecan be defined as a function of
passivation film thicknessh), density f), and biofilm thicknessxj for non-passivated

and passivated SAW sensors by (8) and (9), resedgcti
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CZnO — CZnO 1
IOZnO + pbac IOZnOd 1_|_ M
Pzod 8)

V=

V= CZnO ( Cfilm J 1
= . —
pZnOd CZnO +Cf|Im 1+ P film + Prac X
Pzmod  Pzod 9)

whereCyin, is the shear modulus of the passivation fitnis the thickness of the film, and
d is the thickness of the ZnO, as shown in figure M the passivated SAW sensor
calculation, the total shear modulus, including Zam@l passivation film, was calculated
by the series mechanical spring model, since thehargcal displacement in the IDT is
transferred from the ZnO film to the passivatidmfsequentially’. In equations (8) and

(9), the key variable for the velocity is bacteriabfilm thickness X), and the other

parameters can be determined to investigate thatisetly of the sensor. Some potential
passivation materials, such as silicon nitridepahum oxide, and silicon dioxide, were
selected based on the mechanical properties siti@garto ZnO film and also water

resistivity. The mechanical properties of the pttdrmaterials are summarized in table

2.1. Using these parameters and equation (9), #lecity function was defined
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depending on the biofilm thickness. The normalizelbcity in each material was plotted

according to the biofilm film thickness change hewn in figure 2.6.

Shear moduluéCiijm) Poisson ratio Density (pfiim)
ZnO 44.28 GPa 0.30 5.606 g/ftm
SisN, 80.60 GPa 0.24 3.290 g/ém
SiO 32.19 GPa 0.17 2.606 g/eém
Al,O5 124.0 GPa 0.21 3.950 g/ém
Teflon 0.005 GPa 0.46 2.199 gikm

Table 2.1 Potential passivation film material pndigs™" **2

1 ‘
non-passivation
0.9+ Silicon Nitride
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Figure 2.6: Relative SAW velocity from some cantiédaaterials
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Compared with a non-passivated SAW sensor, theikglm the passivated SAW sensor
was always more attenuated due to the passivatimnniass loading and mismatch in
mechanical properties as shown in figure 2.6.

The relative sensitivity of the passivated SAW serman be calculated by the fact that
the sensitivity is proportional to the SAW velocithange during the biofilm growth

which corresponds to the slope of the curve as shiowfigure 2.6. The differentiated

plot (relative sensitivity change) of figure 2.6sisown in figure 2.7.
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Silicon Oxide
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Normalized biofilm thickness [Density ratio*normalized thickness respect to ZnO]

Figure 2.7: SAW sensor sensitivity from candidatgemnals

48



In figure 2.7, the normalized sensitivity for thetgntial passivation materials was the y
axis intercept, since that is the point describrdequation (6) where biofilm (x)
approaches zero. The theoretical normalized seitgiof SAW sensors passivated with

different films (y axis intercepts in figure 2.Aeashown in figure 2.8.

Relative SAW sensitivity

1 2 3 4
Al,O4 SizNy SiO, Teflon

Figure 2.8: Normalized sensitivity from differeragsivation SAW sensors
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Based on the numerical analysis, aluminum oxidsipated SAW sensor showed better
sensitivity than other materials, and Teflon was\wlorst choice for this application, even
though Teflon is one of the most common biocompatimaterials for biomedical
applications. Therefore, AD; was chosen as a potential passivation film for SA&V

sensor. The schematic of the passivated SAW s&sbown in figure 2.9.

Electrode Zno

for th7 ' : / Al,O;
- ; Biofilm
L “Saw
//A,de

for the sensor

Figure 2.9: Schematic of the passivated SAW sensor

2.5 Design of the SAW Sensor

Based on the sensitivity studies of the passiv&@83V sensor, the sensor was
designed with considerations for future in-vivo fillm monitoring applications. The
resonant frequency of the SAW sensor was choseedbas the regulation for
implantable medical devices set by the Federal Comcation Commission. The SAW
sensor was fabricated using biocompatible matemsalsh as gold, zinc oxide (ZnO), and

silicon'®, The SAW sensor is also a passive device. Thesrehuired power for the
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g** 1> H%nabling a

operation of the sensor can be delivered by RFdtn couplin
batteryless system which is significant to futupplacations.

The operational frequency of the SAW sensor is fd®d MHz to 406 MHz for
Medical Device Radiocommunications Service (MedBRadBased on the SAW velocity
in our ZnO film (4812 m/s) and the fact that hdiftlke SAW wavelength is equal to the
separation of each electrode pair, the separatiogth of the IDT is designed to beut
in order to achieve a 402 MHz operational frequefiocyhe SAW sensor.

Material for the IDT is also crucial since the IR&n induce the energy insertion loss
from the input electrical energy to the piezoelecsubstrate. The energy insertion loss
depends on the acoustic impedance and spacinghckstaf the IDT electrode width.

Some potential materials for the IDT are comparaded on the acoustic impedance

matching theory and reflective coefficient equatfras shown in (10) and (11).

Z = p-v=(density) - (velocity) (20)
R:ﬁ: Z,-2, 2 (11)
R, Z,+7,

Figure 2.10: Schematic of the acoustic impedandehmzetween two layers
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where Z is the acoustic impedanpas the density of the layev,is the acoustic velocity
of the material, R is the acoustic wave reflectieefficient, B is the incident power, P
is the reflective power, Pis the transmission power,;,Zand 24 are the acoustic
impedance in each layer respectively. Aluminum agodd are selected as the IDT
material and their properties were calculated basedquation (10) and (11). The results
are shown in table 2.2. Lower value of reflectiveefficient represents more energy

supply to the piezoelectric substrate resultingigh sensitivity®>.

T R Aluminum (Al) Gold (Au)

Acoustic Wave

Reflective Coefficient 0.058 0.012

ble 2.2: Acoustic wave reflection coefficient cd&tion results

Based on the calculation results, gold (Au) wassehoas the material for the IDT. In
addition to the acoustic impedance matching, thdttwof the electrode in the IDT also
affects the energy insertion loss of the setioiGenerally, the electric field in the
piezoelectric material induced by the IDT is prdporal to the gap distance between the

electrodes indicating in figure 2.11.
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IDT IDT

Figure 2.11: Cross sectional view of the IDT on piezoelectric layer

whered is 6 um in the designw is the width of the electrode, agds the gap between
two electrodes. If the width of the electrodein figure 2.11, becomes narrower, more of
the electric field affects the piezoelectric sultsty so the efficiency of the mechanical
displacement is increas&d

The PLD for ZnO deposition introduces a specifiegirency pulsed laser to the Zn
target, and the material is deposited on the ahifné oxygen chamber. Since limit area
of the target is exposed by the pulsed laser, tie dhly allows a uniform film growth in
a small chip level process, not for the wafer psgcé Because of this limited uniformity
of the PLD, prior to the ZnO deposition, a wafelogess need to be completed.
Considering minimum feature of electrodes (2 — 6) (far the IDT, the electrode
fabrication designed before ZnO deposition to achibe feature size of the IDT through
the contact lithography that is compatible with afev process rather than diced chips.
After electrode fabrication, the wafer was diced &llowed by the PLD ZnO deposition.
Hence, the final scheme of the SAW sensor is aertad structure that the IDT is

patterned under the piezoelectric film as showrfignore 2.12 (b) compared with the
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traditional SAW structure in figure 2.12(a), whetiee IDT is patterned over the

piezoelectric material.

S|02 SIOZ

Figure 2.12: Cross sectional views of (a) trad#iloBAW sensor and (b) inverted SAW
sensor for PLD ZnO deposition

Even though the traditional SAW sensor can achl@gber sensitivity than the other
design based an additional mass loading affececttijr on the SAW propagatioff,
there can be corrosion problems on the IDT, sifze IDT exposed to the external
environment directly. In the inverted SAW sensosige, the SAW, which is generated
in the IDT, can disperse from the bottom to thedbghe piezoelectric thin film area. As
a result, the sensitivity of the sensor would berel@sed based on the inverse relation
between the sensitivity and SAW velocity dispersiatic***. However, considering the
total biomass of the biofilm is typically in hundisenano-gram or a few micro-gram, this
structure still can detect the mass based on tbeiqusly demonstrated detection limit
(10'%g). The sensitivity was characterized after thessemwas fabricated and shown
appropriate detection limit (I8g) for biofilm applications. Another advantage bfst
revised structure includes the reduced possibdftyDT corrosion than the traditional

SAW structure since the IDT is covered by ZnO filaurthermore, this new structure is
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compatible with the PLD for ZnO film deposition, wwh allows a high quality an

specific latice structure depositiol

Figure 2.13 Schematic of cross sectional view of the inve®&dV sensc

The thickness and fabrication process of aluminxideowere characterized by empiric
studies.The major objectivs of the experimental work wefecused on characterizir
the minimum required thickness of the filwith an appropriate fabrication proceto
prevent significansensitivity lossdue to the thicker film depositioithe ALO; film was
deposited in the thicknessiof 20 nm, 30 nm, 40 nm and 45 nm by atomic I
deposition (ALD) on the ZnO layeThe ALD was chosen based on highly dense
film deposition capability

The test chips were placed for two days in badtegrawth media, which i
composed of diverse utrient and electrolytes for bacterial growth. Tlogtical
microscopy images of trsurface are shown in figure 2.14ll ZnO layers were damage

by the growth media except when passivated by 45h®l,O3 film. Since a thicke
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passivation film will cause more loss of sensitiuiue to the higher initial mass loading
and dispersion of the wavé§ an AbO; thickness of 45 nm is chosen for the passivation
film.

The deposition of aluminum oxide film on a ZnO layan be achieved by other
fabrication techniques. Since the density and umity of a thin film highly depend on
the deposition technique, the 45 nmy@ film was also fabricated by electron beam
evaporation, sputtering and ALD. The test devicesewplaced in the bacterial growth
media for two days. The optical microscopy images ahown in figure 2.15.
Interestingly, only AlO; deposited by ALD can protect the ZnO film from nzedue to

the conformal and dense film fabrication capabibtyhe technique.
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20t ALDALO, filt passivation in LB media 30nm ALD ALO, fili passivation in LB media
‘after 2 day_s after 2'da§r_s

40 nm ALD 10, film passivation in LB media 45 nn ALD A1 O filn passivation in LE media
after 2 days after 2 days

Figure 2.14: Optical microscopy images of the stefaf four different (20nm, 30nm,
40nm and 45nm) thicknesses oh®4 film deposition on ZnO layer after two days in a
bacterial growth media. The 45nm thickness ofQAlfilm successfully protected the

ZnO layer from media diffusion.
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Figure 2.15: The optical surface images of the Sgélisor passivated by 45 nm,®4
film using (a) e-beam evaporation (black dot is Zn(®) RF sputtering (dark area is
ZnO§)é and (c) ALD (no ZnO damage) in LB media witie bacterial solution after two
days”.

In addition to the passivation film characterizatio a bacterial growth media, the 45 nm
Al,O3 film passivated SAW sensors were tested in an @angarum (10% Fetal Bovine
Serum). The FBS is composed of a number blood ipotnd electrolytes simulating in-
vivo conditions®. The device surfaces were inspected after two daysation in the

FBS by an optical microscope as shown in the imagégure 2.16.
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Figure 2.16: The optical surface images of the S#éNisor passivated by 45 nm,@4
film using (a) e-beam evaporation (arrows indicZt® residue), (b) RF sputtering (dark
areas are is Zn0O), and (c) ALD (no ZnO damage)0# EBS for two day?s.

As shown in the results, the ALD AD; film only successfully protected the ZnO layer
from the serum. Based on the thickness and fawitg@trocess characterization studies,
the 45 nm AJO; film deposited by ALD is used for the passivatiibm of the ZnO-based

SAW sensor. Fabrication process specificationsdasigyn of the IDT of the SAW sensor

are summarized in table 2.3 and table 2.4.
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Material Process Characteristic
Pulsed laser deposition, 500
ZnO Piezoelectric film
600 nm

Al,O3 Atomic layer deposition, 45 nm Passivation layerZnO

Au Evaporation, 200 nm Electrodes for IDT

Prevent SAW propagation to
SiO, PECVD, 60 nm
Silicon
Si Substrate, 500 pm Substrate

Table 2.3: Summary of the SAW sensor material $igation

Design of the SAW Description

Wavelength of the SAW

12 pm)(for 402 MHz resonant frequency

IDT electrodes

2 um width and 4 um distance

(one pair takes 6 pmx?2)

Distance between two IDTs

106 1200 pm

Thickness of ZnO

M2 =600 nm

Table 2.4: Design description of the SAW sensor
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2.6 Fabrication Process

2.6.1 Overall Process Flow

The fabrication process of the SAW sensor has loeseloped in the previous
work?®”. A 60 nm silicon dioxide (Si) layer to prevent acoustic wave loss to silicon
substrate was deposited on (100) Si substratesvibpilessure chemical vapor deposition
(LPCVD)?". The IDT was patterned using traditional photalgraphy before depositing
the ZnO film. Cr/Au (15 nm / 200 nm) as the IDT eva&l was deposited on the wafer by
electron-beam evaporation, followed by lift-offgire 2.17). The wafer was diced before
ZnO deposition by pulsed laser deposition (PLD)ys@lline (001) orientation ZnO (c-
axis oriented ZnO) films on S¥100)Si substrates were grown by PLD. The laser
deposition system used a KrF excimer laser at aelgagth of 248 nm with pulse
duration of 25 ns to ablate a high purity (99.99 26D ceramic target. The ZnO layer
was grown at 300C with an ambient oxygen partial pressure of ~1.0%I6rr. After
ZnO film deposition, the ZnO was patterned usirsplaition that consisted of phosphoric
acid, acetic acid, and deionized water (1:1:30hwvphotoresist mask. The device was
annealed at 800 °C for one hour to increase thistirgsy of the ZnG*. Finally, the ZnO
surface of the SAW sensor was coated by deposamé@hLOs; film using atomic layer

deposition (ALD}?. The detailed process flow is presented in tatfe
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Process Step

Process Description

Cross Sectional View

SiO, Deposition

LPCVD 60 nm at
150 °C

IDT
(AZ5214)

Photolithography for

AZ 5214 image
reversal pattern

Cr/Au deposition

Cr/Au (15nm / 200

nm)
E-beam evaporation
deposition
Lift off Ultrasonication in
acetone
Dice wafer

ZnO deposition

laser deposition

(500 - 600 nm) by pulsed

25 ns at 300 °C

KrF excimer laser at &
wavelength of 248 nm
with pulse duration of

A

ZnO pattern

DI water for 40
seconds
(2:1:30 dilution by
volume)

HsPO, + Acetic acid +

Annealing

800 °C for 1
hour

hour, cool

down)

(ramp up for 1
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Passivati'o'n film Al,O3 deposition at
deposition 150 °C using atomic
(AI;0345nm) ayer deposition (ALC

HsPQO, + Acetic acid +

Open electric pads DI water

(2:1:30 dilution by
volume)

Table 2.5: Overall fabrication process for the SA®visor

Figure 2.17: Microscopy image of the fabricated I8l&ctrode. The width of electrode is
2 um with 4 um distance.
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2.6.2 Pulsed Laser Deposition

A single crystalline ZnO growth on the substratecigcial to induce a shear
horizontal mode of the acoustic wave (SH-SAW oréaave) that is sufficient to use in
a liquid environment without significant wave prgp#ion loss. The induction of the
wave is determined by the crystal orientation a fhezoelectric ZnO layer. A c-axis
oriented (001) ZnO film is induced the Love wavéc® the wave propagates with a
horizontal actuation of the amplitude, dampingha waves due to the water contact on
the surface is significantly reduced. As a redudlye mode SAW was utilized to diverse

biosensing applications in liquid environméhts

The c-axis orientation of the ZnO can be grown WFasputtering, atomic layer
deposition (ALD) and pulsed laser deposition (PLDY)e sputtering provides advantages
of wide uniform film deposition with high throughpubut the quality of ZnO is
considered less than the other methods since ctvaten of impurities typically is
higher than ALD and PLB’. The ALD is required expensive precursors as a&llow
throughput of the process. The PLD provides thehdst quality of the ZnO with
extremely low concentration of impurites. The pss is relatively simpté®
Furthermore, the orientation of the ZnO is well ttolled due to the high stochastic
correlation with the target material crystal sturet?®. Based on the high quality and
single crystal ZnO film fabrication advantages, thReD was chosen to deposit the
piezoelectric ZnO film (600 nm) for this SAW sensi@velopment. The schematic of the

PLD setup is shown in figure 2.18.
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Figure 2.18: Schematic of the PLD.

An external optical source generates a pulsed fgeal (10 Hz, 248 nm of KrF excimer
laser, 24 kV) that is aligned with the Zn targeteTenergy of the pulsed laser induces
plasma condition on the target resulting in prodgcvapor phase Zn in the chamber.
Oxygen reacts with the Zn vapor in the chamberthedilm is grown on the substrate as
the plasma is expanded toward the growth chuck. cfiieal parameters including the
energy of laser, vacuum pressure, target qualitystsate temperature and alignment of
the plasma plume to the substrate are crucial ¥e laaconsistent film growth rate. The
thickness of the ZnO layer was aimed to be apprately 600 nm to maximize the
sensitivity of the sensor based on the relationwbeh the ZnO thickness and the
wavelength of the SAW; 5% of the wavelength is thatimal thickness of the
piezoelectric ZnO lay&f. The grown ZnO layer was investigated purity vigctrum

analysis (photoluminescence spectroscopy) andtatien via X-ray diffraction (XRD).

Photoluminescence spectroscopy (PL) is a processhich a substance absorbs
photons (electromagnetic radiation) and then réatad photons. Quantum mechanically,
this can be described as an excitation to a highergy state and then a return to a lower

energy state accompanied by the emission of a phBepending on the bandgap energy
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of material, the emission wavelength is differeBased on the distribution of the
observed wavelength peaks, the material composiaorbe investigated. After ZnO film

deposition by the PLD, the surface of the film wespected by PL (figure 2.19).
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Figure 2.19: Photoluminescence spectrum of the Zm@r, (380 nm wavelength is
corresponding with the bandgap of the ZnO)

As shown in figure 3.4, the peak wavelength of ¢éh@ssion light was in 380 nm. The
ZnO has 3.3 eV direct bandgap, and it correspamdiset 380 nm wavelength of the light
based on the energy and wavelength relation. Towerethis result represents the high
quality of ZnO deposition since there was no offeaks in the PL spectrdfi

In addition, the crystal orientation of ZnO wasestigated by the XRD to determine
what is the preferred lattice texturing of the dafel ZnO thin film. XRD is a method of
determining the arrangement of atoms within a aetys which a beam of X-rays strikes

a crystal and diffracts into many specific diren86°. From the angles and intensities of
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these diffracted beams, a crystallographer canyo®d three-dimensional picture of the
density of electrons within the crystal. From thlectron density, the mean positions of
the atoms in the crystal can be determined, asagdlheir chemical bonds, their disorder
and other crystallographic, including preferredidat orientation information. The XRD

pattern of the ZnO thin film is shown in figure @.2
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Figure 2.20: XRD pattern of the ZnO film depositsdPLD

To make sure that the Love mode SAW is generabedZnO film should be deposited in

the c-axis direction (O0L) so that the c-axis &f atystal lattice is perpendicular to the
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substrate. As shown in figure 3.5, the diffractaorgle of the X-rays at 34.25° and 72.25°
(20) corresponding to the (002) and (004) lattice alioms, were the most intensive
reflections in the PLD-prepared ZnO film.

Based on these ZnO layer characterization resuitsconcluded that low impurity c-axis

oriented ZnO layer was successfully deposited byRhD.

2.6.3 Atomic Layer Deposition

Atomic layer deposition (ALD) process contributedtthe scaling down of electronic
devices into the nano-meter regime due to its jiglense and conformal film coating
capability. ALD can control the thickness of filmom a single to thousand atomic layers
of the material which is critical to fabricate piggand robust microelectronic systems at
a low temperature (~ 150 %) This process has been widely used for diversesing
and research areas including CMOS, microfabricdfadces and biochipy. The ALD
was utilized in this thesis work for fabricationapassivation layer for long term reliable
operation of the SAW sensor. An ALD A); film was used for the sensor as a protecting

layer of the ZnO from degradation due to long tesposure to biological fluids.

Aluminum oxide (AbOs) is well known for its biocompatibility and staibyji**2.

Several methods of fabricating 283 flms are available, including RF sputtering,
evaporation and ALD. RF sputtering and e-beam ewijon of ALO; targets as well as
ALD Al 03 were compared in terms of their ability to effitiy passivate the device in
the liquid environment. The passivation performaoicthe ALO; films were investigated
in bacterial growth media (Lysogeny Broth) and aadiserum (10% Fetal Bovine Serum).
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The ALOs film passivated devices were placed in the grawédia for two days and the

surface was inspected using optical microscopy.
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Figure 2.21: Schematic of the atomic layer depmsitprocess of aluminum oxide.
Trimethylaluminum (TMA) and water are used as ldjprecursors at 150 ° C.

Figure 2.21 shows images of the passivated ZnQ fayeach of the three deposition
techniques. The thickness of the depositefDAfilm was 45 nm as optimized by parallel
studies performed with films of varying thicknese\pously. It was observed that while
sputtered and evaporated passivation layers gigdiiakolved in both media, the films
deposited using ALD can effectively passivate theice even after prolonged exposure.
This is attributed to the conformity and thicknesmtrol of ALD, which result in the
formation of highly dense nanometer thick films gared to physical vapor deposition
techniques. These results demonstrate the suiyabfliALD for the reliable passivation

of biomedical ALD was an enabling technology fdradele biosensor developments.
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Bacterial growth
media after 2 days
(LB media)

Animal serum
after 2 days
(10% FBS)

RF—spilttering E-beam evaporation

Figure 2.22: Optical microscopy images of the stefaf the device in different 45 nm
thickness AdO; film fabrication processes: (a) and (b) from REtsgring AbOs film

(ZnO damage in both media), (c) and (d) E-beam @adion ALOs film (ZnO damage

in both media), (e) and (f) from ALD AD; film (no ZnO damage), (arrows indicate ZnO
damagesy

The ALO; ALD thin films were fabricated at 150 °C in a flatwough chamber
system of the Beneq TFS-500. First, water vapaiOjHhat was used as the oxygen
source was absorbed on the substrate and formgdrexyl group. This was followed by
the introduction of Trimethyl aluminum (TMA) liquidrecursor into the ALD reactor. A
covalent bond between the TMA and hydroxyl grouforsned creating a single atomic
layer deposition that decomposes intg@l Each deposition cycle (500 ms) consisted of
a pulse and purge of the precursors resultinggorsistent 0.09 nm/cycle of deposition

rate.
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2.7 Testing Setup and Experiments

The ALD aluminum oxide passivated SAW sensor wasetk for biofilm growth
monitoring. The resonant frequency of the SAW sengas measured by a network
analyzer (HP8510, Agilent Inc., USA). The netwonlalyzer consists of the sweeper, the

test set, the vector signal processor, and theéayigs shown the schematic in figure 2.23.
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Figure 2.23 Schematic of the network analyZ&t

The sweeper or synthesizer provides the RF stintoltse test set from 10 MHz to 26.5
GHz. The test set supplies the RF signal for th@cderesonant frequency analysis.
Together these comprise a complete stimulus / respdest system which provides
stimulus to the device under test and measuresigimal transmitted through the device
(S21) or reflected from its input ¢9. The system then detects and processes theaata t

provide various displays showing the magnitude pimase of these responses. Accuracy
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enhancement techniques permit measurement catibrati the interface to the device
under test, minimizing the effect of systematic suw@ament errors. Many electrical
properties of networks of components, such as imdsiccapacitors, and resistors, may
be expressed using S-parameters. For instancesydtem gain, return loss, voltage
standing wave ratio (VSWR), reflection coefficier#nd amplifier stability can be
measured by analyzing S-parameter values. Theesogttrefers to the way in which the
traveling current and voltages in a transmissiow lare affected when they meet a
discontinuity caused by the insertion of a networo the transmission line. This is
equivalent to the wave meeting an impedance diffsgefrom the line’s characteristic

impedance. The schematic definition of the fouratameters is shown in figure 2.24.

_b _b _h _b
al_ai SZl_a1 SlZ a2 S22 a2

Figure 2.24: Four S-parameters in the network ama/ywhere ais the forward reference
which is provided by the synthesizer in wide freguerange RF stimulation, s the
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reflected signal from the testing device,i® the transmitted signal through the device,
and a is the reverse reference from the test set.

Based on these S-parameter definitions, a resdremiency of testing system can be
measured. The minimum value of; &t a frequency means that the least RF energy
reflection occurs at the frequency. Most RF endrggsmits through the device because
the impedance between the test device and enetggesare matched demonstrating the
resonant frequency of the tested system. In adglitiee resonant frequency of the device
can be monitored by the,Smaximum values. The ;S high peak at a frequency
represents the transmission of the most RF endrthaafrequency since the impedance
is matched. Therefore, a resonant frequency oftéisé device can be measured by
monitoring either the 3 low peak or the § high peak at the network analyzer.

The measured resonant frequency data was savedhdan computer which
communicates with the network analyzer by the GHIBe GPIB communication and
data saving program were designed using C++ largguBmpfilm growth experiments
typically span more than 48 hours, so the data Bagpate does not have to be fast,
such as in 10 seconds rate per biofilm testingade\un addition, the only data needed to
monitor the device’s resonant frequency shift dyrdoacterial growth are either the; S
low peak or & high peak reducing the amount of data saved assggpto saving the
entire waveform. Based on these considerationgpribgram was designed to save either
the low peak of the 13 or high peak of § that it was possible to expand the experiment
time without concern for the data capacity. In #ddi the data sampling rate can be set

by a user when the experiments are initiated. Bypglata sampling rate for four parallel
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experiments was 4 minutes for each device. The(ftit code is shown in the Appendix

A.

The testing setup requires consideration of ahforoperties of biofilms
including their growth variation, temperature amesh media supply. A custom made
device package for a stable electrical connectias developed and is shown in figure
2.25. The resonant frequency of the sensor duriafiirb growth was monitored by a
network analyzer (HP 8510BE. coli K-12 W3110 was used as a bacterial model for the

biofilm growth.
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Figure 2.25: A custom made the SAW sensor packagebdcterial biofilm growth
experiments (The input and output of the sensor amenected with the network
analyzerj’.

In preparation of bacterial suspension, ap2@rozen culture ofEscherichia coli K12
W3110 (wild type) was innoculated in a 5 mL of lauBroth (LB) bacterial growth
media in a cell culture tube. Theihe bacteria were cultured overnight in the 250 rpm
shake incubator at 37 °C. The optical density {gdDvas measured after the overnight

culture growth by a spectrophotometer, and thgdWas typically in 4.20 - 4.50 ranges.

75



An 1 mL of the overnight cultured bacteria was @tl20 times by adding LB media to
achieve the initial bacterial concentration to HBg63 ~ 0.21 - 0.23. The total volume of
the bacterial growth well is approximately 20 mL.uring the biofilm growth
experiments, the well is placed on the hotplateas&t7 °C and sealed the surface by a

paraffin film to prevent significant evaporationtbe media.

2.8 Biofilm Detection of the SAW Sensor

An E. coli suspension (Of3o ~ 0.25) was placed in the bacterial growth well foé t
package with 10% FBS. The resonant frequency ofstresor was monitored for 48
hours. The negative frequency shift (decrease efélsonant frequency) of the sensor is
correlated to the amount of biomass loaded on &msa. A newly fabricated SAW
sensor was used for three consecutively biofilmwgno experiments. Between the
experiments, the chip was cleaned by oxygen pladem&80s at 150 W RF power. To
confirm the sensitivity of the sensor, 10 pl ofatezed (DI) water was loaded and the
resonant frequency changes were measured by thvenkedinalyzer before each biofilm
growth experiment. The negative frequency shiftultesof the SAW sensor in the

consecutive biofilm growth experiments are showfigare 2.26.
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Figure 2.26: Resonant frequency shifts of the SAdNssr in three consecutive biofilm

growth experiments. The growth media was 10% H&taine Serum to simulate an in-

vivo condition for a future implantable environmerithe results show repeatable
responses of the senSor

In figure 2.26, the SAW sensor showed repeataldélini monitoring results over three

consecutive biofilm growth experiments. At the lmegng of all three experiments, the
response indicates exponential bacterial growthrresponding to natural bacterial

growth. After 24 hours, the stationary stage ofilmogrowth was observed. Furthermore,
the variation of the frequency changes in the@tatiy stage was only approximately 0.3
MHz, which indicates reliable operation of the SAé&hsor in the animal serum. Growth

of biofilms on the sensor was also confirmed byewing the surface of the sensor using

an optical microscope. The images are shown indig.27.
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Figure 2.27: Optical microscopy images of the swgfaf the SAW sensor (a) before
biofilm growth and (b) after biofilm growti

The detection limits of the sensor using 10 pl@bdized (DI) water are summarized in
table 2.5. The results show an excellent sensitngtovery of the sensor. Based on the
highly dense and conformal passivation of the Zag&t using ALD, the performance of

the sensor was not degraded in repeated uses.
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Before After 1% After 2" After 3¢ biofilm
biofilm biofilm growth | biofilm growth | growth experiment
experiment experiment experiment
Frequency
shift due to
10 ul DI 185 KHz 157 KHz 141 KHz 143 KHz
water
0 0 0 0
Sensitivity 1.85x16° |1.57x16°Hz/g |1.41x16°Hz/g | 1.43x16°Hz/g
Hz/g
Detection 5.4 pg 6.4 pg 7.1 pg 7.0 pg
limit

Table 2.6: Detection limit of the SAW sensFOYr basadhe frequency shift by 10 pl of DI
wate

2.8 Summary

As shown in the results, the SAW sensor succegstidmonstrated real-time
biofilm growth detection. The sensor was fabricaisthg a c-axis oriented high quality
ZnO deposited by PLD. To achieve reliable operatdnthe sensor in a biological
solution, the ZnO layer was coated by 45 nmQAlfilm fabricated by an atomic layer
deposition. Based on the novel ALD.8% film passivation, the SAW sensor can be used
in multiple biofilm growth experiments without logj sensitivity. The detection limit of
the SAW sensor studied by 10 pl DI water loading waproximately 5.3 pg. These
results support further development of an integraécrosystem for biofilm monitoring

and treatment applications.
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Chapter 3: Biofilm Treatment

When bacteria are still in the pre-biofilm stagetil@otic treatment can inhibit
bacterial growth based on the minimum inhibitormcentration (MIC) of each antibiotic
for the type of bacteria us€d However, once biofilms are formed, treatment nexu
500 — 5000 times higher doses compared to the otnat®n needed to treat bacterial
suspension. Therefore, developing an effectiveilbiofreatment is critical to avoid
severe antibiotic side effects due to such higibantic concentration requirement. When
an antibiotic and an electric field are introdut¢edbiofilms simultaneously, the treatment
efficacy of the antibiotic can be significantly ingped in a phenomenon known as the
bioelectric effect. In this chapter, a newly deypeld bioelectric effect using a
superimposed electric signal is presented. The rsnpesed electric field method

resulted in an improved biofilm inhibition.

3.1 Development of Bioelectric Effect Using a Masale Setup
3.1.1 Superpositioned Electric Field

As discussed in the previous literature review, bieelectric effect improves the
biofilm treatment efficacy without depending on 8teain of bacteria as well as types of
antibioticg® % 63 84.66. Ll4Tha higcidal effects of electric fields have béewestigated
for several decades. The effects of biocidal artadraerobial agents are enhanced when
used under the influence of electric fieltfs Costerton and colleagues demonstrated
improved biofilm treatment through the applicatioh either a direct or alternating
current (DC or AC) electric fiefd" '3 Many hypotheses have been suggested to explain
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the fundamental mechanisms underpinning the BHudng both an improvement of
antibiotic binding efficiency to biofilms by an exnal electrostatic for¢& and increased
membrane permeability due to local molecular vibrat induced by an AC fiefd".
Oxidants generated by the imposed electrochemaraditons also affect the activities of
antibiotics including byproducts of electrolysis e mediur®®. However, previously
demonstrated bioelectric effects were utilized gsimgher than 0.82 V resulting in
electrolysis of the surrounding biological médiaTherefore, a new bioelectric effect
with low intensity of electric field needs to bevastigated particularly considering for in-
vivo biofilm infection treatment.

Although studies have presented improved biofileatment through AC and DC
field treatment independently, a combination ofhbAC and DC fields for the BE has
not appeared. A superpositioned (SP) electricalasithat simultaneously imposes both
an AC and DC electric force is applied for the madubiofilms. Based on the suggested
biocidal mechanisms of AC and DC fields with ardtis, the SP field is expected to
induce an enhancement of the biofilm treatmentcafly. The AC field can induce
permeability of extracellular matrix (ECM) in bibfis which have a lot of partial charges
due to the molecular local vibration of the EEM® The molecular vibration results in
increased porosity of the matrix that antibiotio ciffuse through the layer effectively.
The DC field provides consistent a directional &testatic force to the biofilm. This
induces local electrolyte non-uniform distributioasulting in pH changes, oxygen
depletion, and nutrient or drug gradi€ft This imposed condition increases metabolic
biocidal stress to bacteria in biofilms. Thus, whka AC and DC field are applied for

biofilm concurrently, the biocidal effect of thetdotics can be dramatically intensified.
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The intensity of the SP electric field was charazésl based on minimizing
electrolysis of biological fluid. Since the eledymis produces hazardous radicals, the
lower voltage application for the SP field was d¢igantly considered for the
characterization. The required voltage was detezthio be 0.5 V that is well below the
threshold electrolysis voltage (0.82 V) for 4 mnstdnce of two electrodes creating an
1.25 V/cm of electric field. The intensity was appl for the amplitude of both AC and
DC signals. Frequency of the AC component was c¢hdse 10 MHz based on the
previous literaturE®. Thus, the SP field was characterized as 1.25 \&lonmsoidal signal
at 10 MHz (AC component) with 1.25 V/cm offset (@Bmponent) as shown in figure

3.1.
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Figure 3.1: Signal form of the superimposed eledteild for bioelectric effeé?
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3.1.2 Gentamicin (antibicc)

The antibiotic selected for this work was gentamidinvitrogen Inc. USA)
Gentamicin is one of the aminoglycoside antibigtiehich disrupt protein synthesis
ribosome in the cell, and is widely used E. coli treatment. The chemical structure

gentamicin is shown in figu13.2.
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Figure3.2: Chemical structure of the gentamitth

Gentamicin has four amine groups and is known asteonic (positively chargec
antibiotic*'. The minimum inhibitory concention (MIC) of gentamicin foiE. coli is
approximately 5 pg/mL**2 In the rest of the presented bioelectric effeaties, 1C
pg/mL of gentamicin is applied to investigate the enharex@ of the bioelectric effe

treatment with a low antibiotic concenton.

3.1.3 Experimental Sefp

To characterize the bioelectric effect with highmotighput parallel experiments
cuvettebased experimental up was developed as shown in figure 3.3.
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Cuvettes (Invitrogen Inc., USA) with parallel elextes forming two of the walls
were used to apply a uniform electric field to thedia inside of the cuvette. The cuvette
is a widely used for biological researches paréidylto transform bacterial cells which
requires applying a high intensity electric fietd & short period to insert a DNA stand or
a protein into bacterial celf§. The metal electrodes provide an electric fielceatly
inside of the cuvettes since the electrodes aresegboth the inside and outside of the

cuvette that are convenient for applying extertedtecal signals.

Antibiotic with bacterial
growth media

Biofilm

_________ P ocan _ Sl
Electrode Pyrex chip Electrode

E : Electric field

.
Electrude/*

Figure 3.3: Schematic of the cuvette setup usedbfoelectric effect experiments
depicting suspension of the PyH¥xchips for biofilm formation between the two
electrodes (spacing 4 mni. coli W3110 biofilms were pre-formed on the Pyf&xhip
before treatments. PDMS is used to hold a PYteship upright providing a constant
surface area for biofilm growth. Antibiotic (10 mgl of gentamicin) and Luria Broth
(LB) growth media were placed in the cuvette, agmhkich an electric field was applied.
The width of the Pyre®' chip is smaller than the width of the cuvette viding fluidic
continuity between the two electrodes.
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The setup for 6 parallel experiments was develasedhown in figure 3.4. A 500 um
thick PyreX™ wafer was diced into chips with dimensions 0.4 xr8.0 cm (width x
length) and placed into cuvettes. A section of gihethylsiloxane (PDMS) (prepared in
a 10:1 ratio, base : curing agent) was placedthgccap of each cuvette, and was used to
hold one PyreX' chip upright between the two electrodes. SinceRjex is inert in
biological solution and re-useable after biofilmearhing via typically bleach, it was
chosen to provide a constant area for biofilm growhe PyreX” chip was placed in the
middle of the cuvette where the electric field msfarm. Biofilms were first grown on the
PyreX™ chip in untreated bacterial growth media. Theibiotoated PyreX" chip was
then transferred to a new cuvette with the same/tiranedia but with an electric field of
selected magnitude applied. The electrical sigrad wrovided by a function generator
(Agilent Inc., USA) with BNC cable connections teetelectrical contact board (figure

3.4).

Figure 3.4: Photograph of 6 parallel experimentalis
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3.1.4 Biofilm Experimental Procedures and Methods

The overall experimental procedures are descrilmefigure 3.5.E. coli W3110
biofilms were formed on the PyrB% chips for 24 hours in LB media at room
temperature. The Pyr8% chips with matured biofilms were transferred tavngets of
cuvettes containing 10 pg/mL of gentamicin in LBdiae For bioelectric effect studies,
electric fields were applied for 24 hours to thefilin-containing cuvettes. Following
treatments, both total biomass and viable cell itiessof the remained biofilms on the

chips were investigated.

Bioelectric

Bacterial Biofilm effec Quantification
Suspension ' Growth ' of Biofilms

Figure 3.5: Overall experimental procedure for @otic effect studies

Quantification of remaining total biofilm on theiph was achieved by staining each
chip for 15 minutes with 0.1 % crystal violet stdfhEach chip was gently immersed and
rinsed sequentially in 4 prepared beakers of cleawater to remove unbound crystal
violet. After the chips were rinsed in DI watere tbtained biofilms were resuspended in a
1 mL solution of 80% ethanol and 20 % acetone forn@nutes. The optical density
(ODs4) of the solution was measured by a spectrophom(@&eckman Coulter Inc.,
USA). The final ORy,o of the crystal violet released from biofilms c@pends to the

total biomass growth on the chip.
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In addition to the measuring total biomass, théility of cells within the treated
biofilms is a parameter indicative of the healttégrity of the remaining structure.
Densities of vaiable cells in biofilms after varfotreatment were investigated using the
colony forming unit (CFU) assay. The Pyt¥xchips after treatments were vortexed for
2-3 minutes in LB to remove and resuspend biofilBessed on the Ofgy of the solution,
dilution ratios were selected for the assay. 20gfltesuspended biofilm solution was
plated on sterilized LB agar gel plates which wamepared with 25 g/L of LB and 15 g/L
of agar. The plates were placed in an incubatorrmgiet at 37 °C. The density of live
bacteria (CFU/mL) on each plate was calculated dasethe number of CFU, dilution
ratio, and original volume (20 pL) of the biofilmlation. Each experiment was repeated
4 times (N = 4) and the results were averaged. &har in the results represents the
standard deviation from the averaged live bactelgsity. Three bioelectric effects are
investigated. The AC bioelectric effect (AC-BE)stdied when 1.25 V/cm sinusoidal
signal at 10 MHz is combined with 10 pg/mL of genitein. The DC bioelectric effect
(DC-BE) is investigated by applying a 1.25 V/cm B{&ctric field with 10 pg/mL of
gentamicin. The superpositioned bioelectric effg@P-BE) is the combination of the
superimposed electric field, consisting of the D@l éAC signals, with 10 pg/mL of

gentamicin.
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3.1.5 Theoretical Representation of the BioeledEffect

To investigate components of the SP-BE, | have ldpeel a model of the
independent effects of antibiotics and electritdBe(Tantibiotic aNd Teectric fiedd). The model
was formulated based on an assumption that thettetament efficacyTioa) €Xxpressed
log reduction of viable cell number, can be lingadecomposed into an antibiotic
(Tantibiotic) cOMponent, an electric fielddectric isg) COMponent, and a ‘synergistic’ effect
(T') based on the combination of the electric fieldl ahe antibiotic. The enhanced
bioelectric effect (BE) is hypothesized to resulbni combining many previously
observed bacteriocidal mechanisms associated Veititrie fields and antibiotics. Thus, a
linear model of the BE can be an effective apprdaduantify and analyze the treatment
efficacy of different BEs. All variables of the exjion in the model are defined here as
the logarithmic reduction of viable biofilm bactrdensity after treatments with respect
to that of untreated biofilms, resulting in pos#tidimensionles3 values as shown in

Eq.12.

viable cell density of untreated biofilm
T =log,, (12)

viable cell density of treated biofilm

Therefore, the total BET{,) represents the sum of both the antibacterial ta@&#ibiotic)
and electric field Taearic fiad) €ffects alone, combined with the synergistic &fi@’) of

the electric field with the antibacterial agent (E§).
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T =T, + Toearictiaa + T (13)

antibiotic

Since the synergistic effect () represents the enhanced treatment efficacy dtheto
combination of the antibiotic with the electriclieadditional insight can be provided by
investigating how different types of electric fisldi.e. DC, AC, and SP) produce
different synergistic effects (i.€T pc, T ac, and T's). The treatment efficacies of
antibiotics [anibioic), applied electric field Taectric fied) and the total BE i) Were
experimentally obtained using the CFU assay by tjyarg the reduction of viable
biofilm bacteria with respect to control experimenthus, three parameters in Eq. 13,
Tiotal, Tantibiotic, aNd Teecric fied, Were experimentally obtained and the synergeftiect (')
was then calculated.

This proposed equation can be further used assadider theoretical model for
independently investigating each parameter of tBeRuibiotic, Teiectrictiad andT ). These
parameters may individually be functions of differeariables. For instance, because the
BE depends on the electrical energy provided byekiernally applied field, higher
electric fields supply more electrical energy réagl in stronger antibacterial effects.
Thus, each component of the model can be studiecamasndependent function
represented by different variables, such as thataur of treatment with antibiotics or
electric fields, the concentration of antibiotid#ferent types of antibiotics, the intensity
of the electric fields and various combinations AC and DC currents. The work
presented here, based on the suggested modelrmadegra mathematical framework for
optimizing the bioelectric effect, as well as farderstanding the relationships between

the various treatments and hypothesized mecharfesigs temperature, pH, oxygen, etc).
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Hence, although the intensity and frequency ofSReelectric fields were chosen based
on avoiding media elecrtrolysis, the mathematicathmdology may be useful to fully
expand the range of various physical and biochdmigputs for analyzing their
bacteriocidal effects. That is, one may investigdte mechanistic basis for the
synergistic effect quantification by examining diént genetic backgrounds and other

physiological measures that can be manipulatetigiagical means.
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3.1.6 Experimental Results and Discussion

The SP electric field imposes both a constant elstdtic force by the DC component
and alternating electrical force due to the AC congnt. The SP field also provides
more electrical energy than only that of either &€ or DC field without causing
significant medium electrolysis. Supplying higheleatrical energy for the BE
corresponds to increasing the treatment efficachier@fore, the superpositioned
bioelectric effect (SP-BE) was expected to resukin intensified treatment based on the
presence of both high electrical energy and theviddial mechanisms underpinning the

effects of AC and DC fields.

When a DC electric field is applied to a bactegiadwth medium, however, there is a
limit to the intensity of the applied potential lfelow 0.82 V) so as not to generate toxic
byproducts through electrolysis of the media. Taedwrine this limit, biomass
guantification using crystal violet staining of bims was performed after application of
different DC electric field intensities without gamicin. The two electric field
intensities investigated were 2 V/icm and 1.25 VaiDC electric field (corresponding
0.5 V and 0.8 V respectively). 1 mL & coli suspension (O§, = 0.20 — 0.25) was
placed in each of the cuvettes. Two different isies of electric signal were applied to
the suspension separately for 24 hours. After XCtet fields were applied for 24 hours,
the total biomass were quantified by the crystaletistaining method. Hence, this study
can provide efficacies of biofilm growth preventiafthout antibiotics even pre-biofilm

status (i.e. bacterial suspension).
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Figure 3.6: Biomass quantification using crystallei staining. The OB, of the dye is
proportional to the biomass.

However, there was not an observed statisticagdiffce in biomass growth between the
two different electric field intensities (2 V/icm@&i.25 V/cm) as shown in the measured
crystal violet ORyo (figure 3.6). Since the 2 V/cm intensity DC elezfield (0.8 V over

a 4 mm distance between two electrodes) induceadrelgsis, 1.25 V/cm as the intensity

of the DC electric field was selected to be useldter studies. The amplitude of the AC
component of the SP electric field used in thiskweas the same as the intensity of the
DC field. The frequency of the AC electric field svehosen based on the previous Wbrk

Even though the intensity and frequency of the tetedield were selected based on

experimental results and literature, these parasetn be studied further to optimize

the bioelectric effect with different combinatioofsthe DC and AC electric fields.

With the selected intensities of the electric fidlotal biomass reduction in different

bioelectric effect treatment of matured biofiimssaiavestigated using the crystal violet
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method. The total biomass Bf coli biofilms was investigated following no treatment
(no antibiotic or electric fields), antibiotic tre@ent (10 ug/mL of gentamicin), or
application of the electric fields with the antitieo After 24 hours ofE. coli biofilm
growth, the biofilms were treated by four differeneéthods for an additional 24 hours: 1)
antibiotic treatment, 2) AC field with the antibot(AC-BE), 3) DC field with the
antibiotic (DC-BE) and 4) SP field with the antibe(SP-BE). In figure.3.7, the biofilm
density (OR4o after crystal violet staining) is depicted afterrigas treatments.
Gentamicin treatment had minimal effect relativéhe untreated controls. Each applied
electric field (DC and AC) resulted in 50% losshidfilm due to the AC-BE and 46%
reduction by the DC-BE. Interestingly, the SP fiddulted in yet another 50% reduction
compared to either AC-BE or DC-BE and ~73% overBll { 0.05) relative to the
untreated control. This result demonstrates sicgifi biomass reduction by the SP field

treatment.
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Figure 3.7: Total biomass quantification resultsngscrystal violet staining after
bioelectric effect (BE) treatment. In the superposed (SP) BE, the minimum total
biomass was measured compared to other treatmidr@<OD40 at SP-BE shows a ~71%
decrease with respect to that of control experisméfnalysis of Variance (ANOVA), P
< 0.05). The data is presented as the averageQidth standard deviation over 6
repeated experiments (N = 6 in each experiment).

In addition to the overall biomass reduction dughte SP-BE, the viability of cells
within the treated biofilms is a critical parametedicative of the health/integrity of the
remaining structure. The total treatment efficatgach bioelectric effect is evaluated by
the log reduction of live bacterial density based the CFU density after biofilm
treatment. The total treatment effica@y.a) Was evaluated with separate experiments by
applying either only gentamicCiiTanibictics)y OF only an electric field(Tgectric fietd) aS

described the method in the previous section sf¢hapter (3.1.4).
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As shown in table 3.1 and figure 3.8, the decr@aslee number of viable cells within
biofilms following application of the SP field ironjunction with gentamicinTie = 2.6
log reduction of viable bacteria) was 13 and 4188 greater than the reduction from the
AC and DC fields with the same antibioti€«y = 0.2 and 0.6 reduction of logarithmic
viable bacterial density, respectively). The syrstigtreatment by the SP electric field
(T'e = 2.53) was shown to exhibit higher values that tf the AC T ac = 0.133) or
DC (T pc = 0.440) field treatments (19 and 5.6 times maeuction of viable cell
density, respectively) as shown in Table 1C. Bylyag the effects of AC and DC
fields, we found a synergy in reductions to biofimability beyond the sum of the effects
of each field separately. The synergistic reductbriable cells created by the SP field
(T'e = 2.53) was 4.4 times more than the sum of theceffof the AC and DC fields
(T'oc + T ac = 0.573). Therefore, the combination of the DC &@icomponents in the
superimposed electric field with gentamicin was siatply sum of two mechanisms, but
is a rather complex function which induced a steargynergistic effect that was absent

when only DC or AC electric fields were applied.
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Viable biofilm cells Log of viable biofilm Log reduction of
Samples (CFU/mL) cells (average + stdeV) viable biofilm cells
(average = stdev) (respect to control)
Control 2.14<10° 8.330 NA
Gentamicin (1.95 £ 0.01)10° 8.290 £ 0.004 0.040 £ 0.004
AC field (2.01 + 0.02y1¢° 8.303 + 0.008 0.027 +0.008
DC field (1.62 + 0.04y1C° 8.210 + 0.021 0.120 +0.021
SP field (1.99 + 0.01310° 8.299 £ 0.004 0.031 £+ 0.004
AC-BE (1.39 + 0.09)1C° 8.143 + 0.056 0.20 + 0.06
DC-BE (5.69 % 0.40%10’ 7.755 + 0.061 0.60 + 0.06
SP-BE (5.63 £ 0.40%10° 5.750 + 0.062 2.60 + 0.06

Table 3.1 (a): Averaged viable cell densities aghtithmic values in untreated (control)
and treated biofilms (N = 4 in each treatment). Blaetreatments applied were either the
AC, DC, or SP fields with the gentamicin.

No electric field | AC electric field| DC electric fik | SP electric field

No N/A | 0.027 +£0.008 0.120 + 0.021 0.031 £ 0.004
gentamicin
Gentamicin
0.040 £ 0.004 0.20 £ 0.06 0.60 + 0.06 2.60 + 0.06
(20 pg/mL)

Table 3.1 (b): Resulting bioelectric effect paraengt{ values) following different
treatments using results in table 1A (log reductibriable bacterial density with respect
to no treated biofilms).
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AC electric field T ac)

DC electric field T pc)

SP electric field T )

Synergistic
effect

0.133

0.440

2.53

Table 3.1 (c): Synergistic effects in different BEased on Eqg. 2 and table 1(B) (log
reduction of viable cells in biofilms).
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Figure 3.8: The total treatment efficacies of ACC @nd Superpositioned bioelectric
effect. The treatment effects of gentamicin andteke field are evaluated in separate
experiments. The synergistic effect is determinased on equation 13.
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The significantly greater reduction in total biomamnd viable biofilm bacteria seen
with the SP electric field (figure 3.7 and 3.8) dam attributed in part to the combined
effect created by the increased electrophoreticdhffidsion efficiency of the antibiotics
due to the DC electric field along with the extiadar matrix polarization of biofilms
generated by the AC electric field. That is, byuaithg a high antibiotic concentration
close to the biofilm surface and a strong gradmativeen the bulk fluid and the biofilm,
electrophoresis and diffusion of the antibioticeotigh the biofilm are enhanceflince
gentamicin is cationic due to its four amine groppssent in the molecular structure of
the antibiotic, its local concentration is expectedvary under the influence of electric

fields. We hypothesize that this may lead to spataried antibiotic efficacy.

To test this hypothesis we created a macroscaldrete system for analysis of

antibiotic distribution (figure 3.9).

Cathode Pyrex™ Anode
(+) chjp (-)

\‘E_J Hg/mL gentawM

Figure 3.9: Schematic of set up of gentamicin gradstudies. 100 ul of the solution is
sampled with by a pipette and quantified by the iG@assie blue.
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Coomassie blue dye shifts the absorbance peakeofeéhtamicin solution towards 595
nm as the dye is reduced by the amine groups dlgecn. Gentamicin was diluted
with DI water to concentrations of 1, 10, 50, 180d 1000 pg/ml for characterization of
the reaction between Coomassie blue dye and getitarhiml of Coomassie blue diluted
ten times in DI water was added to 100 ul of gemtamprepared in one of the three
concentrations listed above. Following 5 minutesnefibation at room temperature, the
ODsg5 of the solution was measured. The OD of the smuiroduced a linear relation
from 1 to 50 pg/ml with the gentamicin concentmatias shown in figure 3.10. The
linearity of the OD changes with different concatitns of gentamicin confirms that
Coomassie blue can be used for quantification & gentamicin concentration.
Additionally, compared to other antibiotic titrateethods, such as fluorescefiteor
radioactive molecule labelifif on antibiotics, this assay has advantages inajudin
label-free system and direct correlation to thecemtration of the agents. This newly
developed assay can be used for the quantificafi@mtibiotic concentrations especially

in microbiology and pharmacology studies.
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Figure 3.10: The influence of the gentamicin com@dion on the OBysym Of the
gentamicin solution quantified by Coomassie blue.dyesults demonstrate linearly in
the range of concentrations.
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Figure 3.11: Gentamicin was quantified by Coomadsdiee dye. Normalized optical
densities (Olkyg) in the parallel electrode chamber were measurettuthe effect of

either an AC, DC, or superpositioned (SP) eledigtd. ODsgs5 values are normalized
with respect to the measured value at the cathede®experiments (N = 8). Statistical
analysis was performed with respect to the norredl@Dygs at the cathode (ANOVA, P

=0.014).
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Using this assay, the gentamicin distribution wasasured under applied AC, DC,
and SP electric fields for two hours. We evaluaggshtamicin concentration at the
indicated sample points (figure 3.11; C: cathodd &n anode). The Ofs at each
location was normalized with respect to thesg@t the cathode (C) as shown in figure
3.11 since gentamicin is cationi2gl]. The SP electric field created statistically f@gh
gentamicin concentrations at surfaces of the mdet (anode: A) compared to the
concentrations produced by the DC or AC electetdB alone; the average normalized
concentration of gentamicin induced by the SP fiekd approximately 2.0 times that of
the other fields at the anode (P < 0.05).

The local concentration of a charged moleculefiscadd by the energy density of the
external electric field. The electrical energy dees of DC, AC, and superimposed

electric fields are calculated by equation*13
1 T
Wsuperpositioned = Wpe + Wye = ES fo (Egc + Efc)dt (14)

whereWsperpositioned IS the electrical energy density [JAGrof the superpositioned electric
field, ¢ is the dielectric constant of the bacterial growtkdia [C/(V-cm)]Wpc is the
electrical energy density of the DC electric fieltlyc is the electrical energy density of
the AC electric field,T is the period of the electric field [s], aldis the intensity of
electric field [V/cm]. Based on equation 4, theegy densities of the AC, DC, and
superpositioned electric fields were (390.78, and 1.17 respectively. The
superpositioned electric field provides an energgsity that is 3 and 1.5 times higher
than densities of the AC and DC electric fieldpezsively. The ODs in different electric
fields are shown in figure 3.11. The SP electreldfidemonstrated a higher overall

gentamicin concentration gradient than that impdsed DC or AC electric field alone.
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Although the normalized concentration gradient@ftgmicin due to the SP electric field
is not on the same order of magnitude as the sigtergffect, this high concentration
gradient of the gentamicin enhances diffusion dwedelectrophoretic force on gentamicin
into the biofilm, likely contributing to the strorgynergistic effect. These results suggest
that the generated concentration gradient may leeobithe mechanisms contributing to
the stronger synergistic effect in the superpasédelectric field with gentamicin (figure

3.12)

l E : SP electric field l

A: antibiotic concentration gradient

: increased antibiotic diffusion
and electrophoresis

Biofilm on the Pyrex chip

Figure 3.12: Schematic of the proposed mechanisrthé&SP-BE biofilm treatment. (A)
In the SP electric field application with the adiic, the measured steady state antibiotic
concentration gradient (Fig. 4C) results in incesh®cal antibiotic concentration close
to the biofilm. (B) Since the SP electric field indes both DC and AC components, the
antibiotic permeability of biofilm is enhanced & tAC field induces local vibration of
charged molecules. This results in increased aniibidiffusion and electrophoresis
through the biofilm (red arrows indicate them). \Wmpose the combination of the
elevated antibiotic concentration proximate surfateiofilm with the high antibiotic
permeability of biofilm results in the strong sygistic biofilm treatment efficacyT( s)
observed by the SP-B®
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3.1.7 Summary

Significantly improved treatment of biofilms was ndenstrated by employing a
superpositioned (SP) electric field in conjunctiwith an antibiotic. The SP bioelectric
effect (SP-BE) was greater than the sum of theléitec effects of the DC and AC
fields independently. Thus, the SP field enablesymergistic effect that yields more
bacteriocidal activity when both DC and AC field® applied. The enhanced treatment
efficacy of the SP-BE might be due to both the mesly described increased
permeability of the membranes under the AC compbiaex the apparent improved
diffusion of the amine labeled antibiotics undes thC component. The intensity of the
SP electric field utilized here was well below #ectrolysis potential of the biological
fluid. Hence, we envision applications of this teicjue that would minimize generating
harmful radicals due to media electrolysis. Basedh®se enhanced biofilm inhibition
efficacies as well as low intensity of electricldiethe treatment method can be applied

for further toward clinical applications, such asvivo biofilm infection treatment.
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3.2 Electrolysis of the Bioelectric Effect
3.2.1 Overview of the Experiment

Biofilm treatment was performed by applying an @ieal signal with antibiotics
based on the principles of the bioelectric effest described section 3.1. The key
consideration of the bioelectric effect in this wowas utilizing the method with a
biocompatible electrical signal that is below theeshold potential of media electrolysis
(0.82 V at 25 °C in pH 7. The electric voltage is characterized with 0.50v the

conventional cuvette setup that is lower than fineshold of medium electrolysis.

Even if the voltage was below the threshold, quativie studies of the electrolysis
effect of each electric field (AC, DC and SP figladgere conducted by measuring pH
changes using a pH indicator (#36828, Fluka Anedytiwhich actively reacts at pH 4 —
10. Optical density characterization of the indicatvas performed with 1 mL of
phosphate buffer (pH 5, 7, 8) and measured therllsoe spectrum from 500 nm to 700
nm by a spectrophotometer (Evolution 60, Thermcei@dic Inc.). In this work, the
cuvette setup was utilized to apply for electrields as well as measure OD values

directly as shown in figure 3.13.
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Figure 3.13: A photo of the cuvette setup for etdgsis quantification. The electric field

was applied for 24 hours continuously to the baattgrowth media (LB). Changes of pH
were gquantified by a pH indicator.

A 1 mL of bacterial growth media (LB) was placedsterilized cuvettes and applied
either 0.5 V amplitude sinusoidal signal at 10 MIAZ), 0.5 V DC, or SP-field (AC+DC)
for the media by a function generator and DC poswgply for 24 hours. Then, the pH
indicator was added to the solution and measurgekaific wavelength optical densities
(ODeg1¢) based on the initial wavelength scan result (Bg3.14 and 3.15). Each

experiment was repeated three times and presentaglesage value with their standard

deviations (figure 3.16).

3.2.2 Electrolysis Quantification Results

Since electrolysis of the media involves hydrogas generation resulting in decreased
concentration of hydrogen ions, the pH of the medivas expected to become slightly
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basic due to the electrolysis. Using a pH 8 busfdution, a strong absorbance peak was
shown at a wavelength of 616 nm (&¥) (figure 3.15). Thus, the electrolysis effect was
qguantified by measuring the Qfg after applying electric fields. After applied eatld

to the media, the Of data are presented in figure 5.7.

Figure 3.14: Demonstration of color changes ofggheindicator in known pH solutions
using a phosphate buffer solution. The pH 8 colas weferred to quantify electrolysis
effects.
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Figure 3.15: Representative @b spectrum between 500 nm and 700 nm by a
spectrophotometer (Evolution 60, Thermo Scientific.). Since the peak value from pH
8 buffer solution using a pH indicator was obseraé®b16 nm wavelength, QR was
selected to quantify the electrolysis effect froiffiedent field applications. Only the 820
mV applied potential showed significantly higher ©@@mpared to other fields.
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Figure 3.16: Olgs values in each experiment. The AC electrical digmas 0.5 V
amplitude of sinusoidal signal at 10 MHz and the W& 0.5 V magnitude. The SP-field
was combination of the AC and DC fields. A 0.82MD& was also applied separated as
a control experiment of the electrolysis threshimdhe media. The experiments were
repeated three times, the averages and standaraides are presented. We conclude
that SP field is not due to electrolysis of thevgitomedia.

The results show the SP field was not induced Bogmt electrolysis due to the electrical
energy supply. Compared to the threshold of thetrelysis (820 mV DC), the SP-field
was shown a minimal pH change (less than 0.05 @wamj pH). Therefore, this
concludes that the SP-field does not induce masteetrochemical condition changes in

biofilm growth media.
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3.2.3 Discussion

Biocidal effect of radicals due to electrolysis sgnificant side-effect to apply
bioelectric effect to clinical fields. In this theswork, by superpositioning AC and DC
field, the required voltage was reduced below tmeghold of the biological media
electrolysis. Moreover, the treatment efficacy iatho traditional cuvette setup and
microfluidic environment was significant comparedthe only antibiotic treatment. With
this quantification of the pH changes in the fiafgplication, the biocidal effect of the SP
field was studied and demonstrated that it doesnthtce major media electrochemical
decomposition. Based on this result, significaimtiyproved biofilm treatment efficacies
as shown in the previous work (section 1.4.4) waoesibly due to the simultaneous
introduction of the AC and DC field rather than anbement of electrochemical
environmental modifications. The AC field can inddocal molecular vibration of the
partially charged cell proteifs *** and DC field can improve electrophoresis of the
biofilm based on the consistent electrostatic fr¢&! When these two mechanisms are
applied in parallel, the biofilm treatment can bgngicantly improved. Perhaps more
importantly, it is believed that this result encages to apply this method for clinical

biofilm management since this method does not cengssive harmful radical generation.

However, this quantification of electrolysis is ésed on evaluating the bulk impacts
of the electrolysis rather than local investigati&@ven if a major electrolysis was not
observed by the SP field application, local eldgteodistribution of the media can be
varied due to the electrostatic energy supply friim SP field. This spatiotemporal

critical electrolyte investigation when the fieldasvapplied can provide for fundamental
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scientific information of the bacterial metabolieactions in the condition as well as

potential mechanisms of the bioelectric effect dratstill under investigatiotf.
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3.3 On-Chip Demonstration of the Bioelectric Effect

Integration of bioelectric effect with a microdesiecnakes the concept of biofilm
treatment enable to apply for biomedical applicadicAlthough the bioelectric effect has
been demonstrated by many groip® ®* ® 4 on-chip validation of the effect has
never been investigated. Scaling of the SP-BE @atiitro-scale is a critical requirement
in realizing the SP-BE for in-vivo and in-vitro liilon infection management, as the
scaling of the treatment to smaller dimensions kEsalthe SP-BE to utilize further
biocompatible parameters, including voltage requeats.

Based on advantages of the microfluidic platforne.(small volume of samples,
consistent environmental control, multi-parallelpeiments, and compatible to the
integration with other MEMS devicés) **° a bioelectric effect integrated microfluidic
device has been developed. The intensity of thetredefield and concentration of
gentamicin are the same as the previous supepusitibioelectric effect studies.

Finally, 1 would like to acknowledge Mr. Matthew Mi@ller in collaboration of this

specific work that he contributed to developing slystem significantly.

3.3.1 Principles of Operation

Here, optical density (OD) based microfluidic systevas developed based on the
advantages of low sample and precisely controlldrenment for biofilms. The OD
values are directly correlated with the total bissid. For real-time OD measurement,
linearly integrated charge-coupled-devices (CCD®) aligned under the microfluidic

platform. The schematic of operation is shown gurfe 3.17.
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Figure 3.17: Schematic of the optical density measent of the biofilms.

Optical absorbance [AU] = Ioglo[ll—j

0

As biofilms are grown thicker and thicker, the samtted light intensity is changed
corresponding to the total biomass changes. Innleeosystem development, a light-
emitting diode (LED) light is introduced over thi&agiorm continuously which provides
nearly uniform illumination intensity over the wieoplatform. Transmitted light through

the channel is monitored by optical absorbanceenGCDs.

3.3.2 Planar Electrodes for the Bioelectric Effect

To integrate the bioelectric effect to a microsgstdabrication of electrodes is

required. However, a planar electrode induces alpatin-uniformly distributed electric
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field based on changes of the electrostatic fokCelUmb’s law) as the distance is
changed between the charge location and measursdiopoinside of the reactor.

Investigation of the non-uniformity of the field gsitical since this spatial gradient of the
field creates a dielectrophoretic force to changedecules. For instance, in this work the
antibiotic gentamicin is positively charged alonghndiverse electrolytes in the growth
media. Therefore, distribution of the antibioticnche varied due to the induced
dielectrophoretic force. The non-uniform antimiaadlagent to biofilms is also known as
a biocidal effect™. This additional condition can be challenged talygsis the efficacies

of the bioelectric effect. Based on this consideratnumerical analysis of the electric
field distribution in a relevant microfluidic react was performed focusing on the

guantification of the dielectrophoretic force vmeetthin planar electrodes.

The calculation was focused on the variation of ititensity of the field from the
bottom to the top layers of the microfluidic chahi@nce the electrode was assumed as a
submicron thickness of electrodes, non-uniformtekedield distribution was expected
since the intensity of electrostatic force is dejshon the distance from the charge to

the position of the observation point as shownxam®le in figure 3.18.
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Figure 3.18: An example of non-uniform electricldiedistribution demonstrated via
COMSOL simulation.

This spatial non-uniformity of the electric fieldduces a dielectrophoretic force that can
create a gradient of charged molecules and nomumitlistribution of electrolytes along
the direction of the fordé®. Since some antibiotics including gentamicin hpeetial
charge$® this dielectrophoretic force induction can caaokanges of drug distribution
over biofilm growth reactor that can affect to treant efficacy of the method due to the
local antibiotic concentration differencé$ The dielectrophoretic force was proportional
to the value of differentiated square of the eledteld. The numerical analysis result is

presented in figure 3.19.
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Figure 3.19: The intensity changes from the bottontop of the microfluidic channel.
The difference of the electric field was within 010V/cm ranges which is not induced
significant dielectrophoretic force.

As shown in the result, the variation of the intgng/as not significant along the z-axis
channel. The maximum difference between the toplemitbm was approximately 0.001
V/cm which corresponds to ~ TON dielectrophoretic fordé®. This is not a significant

force induction that enables local changes of thigimtic gentamicin considering its

density.

Based on this numerical analysis, it was concluti@dl the planar thin electrodes to
supply electric field in the microfluidic chambaearfbiofilm treatments was not induced
significant non-uniformity of the electric fieldh& calculated non-uniformity of the field
expected to create a minimal dielectrophoreticdofidherefore, a conventional thin metal

layer (Au: 200 nm) was chosen to integrate the S#&nsor with the bioelectric effect.

115



The parallel electrodes for the bioelectric effeetre patterned on either side of the
SAW sensing area (schematic is shown in figure )3.After the sensor fabrication
presented in section 3.1.1, electrodes to applyelectric fields was patterned by
photolithography. Cr/Au (15 nm / 200 nm) was defeasby an evaporation and lift-off
as demonstrated in the previous on-chip bioeleefifect experiments (in section 2.6.1).

The width of electrode was 2 mm for electric cotgaxf the power source.

3.3.3 Design and Fabrication of the MicrofluidicsBm

The platform is consisting of electronics with lmearray charge-coupled devices
(CCD) and supporting electrical components, a nfednocated patterned base, and
molded microfluidics. CCDs (TSL202R, Texas Advan&gatoelectronic Solutions) used
for optical density (OD) detection are integratedaocustom printed circuit board (PCB,
Advanced Circuits) to enable six parallel experiteean a single chip measuring 9.5 cm
x 8.1 cm. The CCDs feature 128 x 1 linear photelpixrays®.

A 500 um-thick PyreX" wafer serves as a transparent substrate for therped base.
Gold electrodes patterned on the substrate prasleleric fields required to induce the
SP-BE, while simultaneously limiting peripheral Hig from entering the CCD
components. The electrodes (Cr/Au 15 nm / 200 rfaf)ricated by physical vapor
deposition on top of photoresist (AZ-5214, Micro@heals GmbH) followed by liftoff,
feature 2 mm spacing within the microchannels.

Molded microfluidic  structures are fabricated thghu a  standard

polydimethylsiloxane (PDMS) process. Reversibleding of the PDMS channel to the
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patterned substrate is achieved by applying methanthe PDMS, then aligning and
placing it onto the Pyré¥ chip. The resulting microfluidic chambers measi®® pm
deep, 2 mm wide, and 1.75 cm long for a total chemmlume of 3.5 pL. The
microfluidic chamber is integrated with an extersgtinge pump (Cole Parmer 74900)
operating in withdrawal mode to minimize devicekizge.

Actuation of the CCD devices in the Micro-BOAT ptain requires a power source,
drive clock, and serial input bit provided by ariezral power supply (Agilent E3631A)
and accompanying function generators (BK Precigiod0). Signal readout from the
CCDs is achieved using a data acquisition devideU8B-6221, National Instruments).
All external electrical signals are integrated wtitle Micro-BOAT platform via wire-to-
board connectors (Molex Connector Corporation) &NIC cables (L-Com Global
Connectivity). lllumination of the Micro-BOAT systefor OD measurement is achieved
using a diffusive edge-lit LED light panel to prdei uniform illumination of the system
(Luminous Film USA). Light emission is tuned to awelength spectrum centered at 630
nm by a polycarbonate lighting gel film (Roscoluk2®, Rosco Laboratories) in order to
match the peak sensitivity of the CCD componenk® &ntire assembly is placed within

an incubator (15110, Labnet International, Inc.3arc>".
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Parallel PDMS Electrical Contacts
Experiments

Figure 3.20: Schematic of the microfluidic biofilobservation, analysis and treatment
(Micro-BOAT) platform used for the demonstration thie superpositioned bioelectric
effect (SP-BE). Microfluidic channels serving asfbin growth reactors are fabricated
from polydimethylsiloxane (PDMS) and bonded on ansparent PyréX substrate to
enable optical density (OD) measurement. The piatfes capable of performing 6
experiments in parallel on a single chip. Real-thiadilm monitoring is achieved via the
measurement of biofilm OD using charge-coupled a&vi(CCD) and a tuned light
emitting diode (LED) source (not M)\Micmﬂui

” .
_~~  Electric_»
“~ . _ field —

Biofilm

= Antibiotics

Electrode

Figure 3.21: Schematic of the SP-BE biofilm treattmevhich uses 200 nm thick planar
electrodes spaced 2 mm across the 100 um deepflontio channel to emit a SP
electric field comprising a 10 MHz AC signal at 3.2/cm (corresponding to 0.25 V for
2 mm electrode spacing) with a 1.25 V/cm DC off&d¢ctrodes are exposed by 0.25 mm
on each side of the microfluidic channels to exptise electrodes directly to the
microfluidic channel. AC electric fields increaséofilm permeability, allowing for
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greater antibiotic penetration into biofilms, whdeDC electric field component induces
localized non-uniform electrolyte distributions. éflbombination of the SP electric field
with antibiotics (10 pg/mL of gentamicin) demongtsasignificantly improved biofilm
treatment efficacy due to the synergistic effedthef AC and DC BE.

3.3.4 Experimental Procedures

The demonstration of the superpositioned bioelecfiect in a micro-scale device
has been achieved using the Micro-BOAT platfornctBaal cultures oEscherichia coli
BL21 pGFP are grown in Lysogeny Broth (LB) mediatoODQyg, of 0.25 AU. Testing is
performed by initially inoculating a microfluidicdember with bacterial suspension for 2
hours at 37°C with no flow to allow microbial attecent to occur on the channel
substrate. LB media is then flowed continuouslotigh the channel for 24 hours at
20uL/h by a syringe pump (Cole-Parmer Instrument CamgpdJSA) to replenish
nutrients and foster biofilm growth. For the chaihdimensions presented here, this
equates to an effective flow velocity of 8@/s and has been optimized to provide an
environment conducive to biofilm growth. Followirtige 24 hour growth period, four
treatments are performed on the mature biofilmstrob (no antibiotic or electric field
applied), only superpositioned electric field, onggentamicin, and the enhanced
bioelectric effect (superpositioned electric fielith gentamicin). Control biofilms are
continuously provided LB media at the same flove riat order to determine steady-state
biofilm growth. Biofilms treated with gentamicingth in antibiotic-only experiments and
those featuring the enhanced bioelectric effece done so with a 1Qug/mL
concentration of the drug. The electric field featlin the biofilm experiments was
introduced by a function generator (Agilent Inc.SA). Each of the four biofilm

treatments is conducted with 3 experiment sammedemonstrate repeatability of the
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various assays.

Optical density measurements are taken non-invigsimereal-time with respect to
both average OD change as well as localized mooglgolMeasurements are obtained
every 8 minutes from the CCD devices to monitordpatiotemporal development of the
bacterial biofilms beginning after the initial twmur inoculation period. Additionally,
bacterial cell viability staining and fluorescermo&roscopy is used to provide end-point
analyses of cell viability within the biofilms tcerify treatment efficacy. Since the strain
of bacteria used (BL21 pGFP) fluoresces green wihenbacteria are metabolically
active, only propidium iodide (PI) (Invitrogen In&JSA) is needed to stain dead bacteria
allowing them to fluoresce red. Following biofilmeatments, the microfluidic chamber is
initially rinsed with phosphate buffered saline ®Bolution at a rate of 2QQ./h for one
hour to quantify only adherent bacteria. The staithen supplied at a concentration of
1.5uL PI per 100QL PBS at a flow rate of 20QL/h for an additional 2 hours and
unabsorbed stain rinsed from the microchannel uBiB§ at the same flow rate for an
additional one hour. The ratios of live bacterigfate coverage with respect to the total
biomass surface coverage for different treatmemés analyzed using the software
package ImageJ (Image J 1.44, USA). For each ewpatj both optical density and

viability analyses are performed to confirm the @Bthod for biofilm monitoring
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3.3.5 Results and Discussion

Four separate experiments are performed simultahearontrol (no electric field or
antibiotic), only superimposed electric field, onfyentamicin and superpositioned
bioelectric effect (gentamicin with the superimpbsdectric field). The overall biomass
monitoring is achieved by the CCDs. In additiore ttensity of viable bacterial cells is
investigated using live/dead cell staining at the ef the treatment.

Changes of OD during treatments are presentedjumefi3.22. The results show more
decrease OD in the superpositioned bioelectriccetfean that in other treatments. It is
for the first time the superpositioned bioelectifect demonstrates effective treatment of
biofilm compared to the only antibiotic treatmenta microfluidic device. At the end,
biofilms treated by the superpositioned bioelec#fiect showed a 40% decrease in OD
respect to the beginning of treatments which intpeibstantial biomass decre&se

while the control case demonstrated a 260% incr@a®® as shown in figure 3.23.
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Figure 3.22: Measured changes in OD during biofiteatment using the microfluidic
optical platform. Each curve represents the awef@B change for three samples with
standard deviations shown at representative tinmeg%

After treatment, the biofilm in the microfluidic ahnel is stained using live/dead
fluorescent dye (Invitrogen Inc., USA) to investgahe treatment efficacy of the
bioelectric effect. Using a fluorescent microscd@&ympus BX60), biofilm images are
obtained (figure 3.24). The optical coverage of ithages is evaluated using an image
processing program (Image J) respect to the live @ead cell fluorescence surface

coverage. The quantified viability of bacteriall@@nsity is presented in figure 3.25.
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Figure 3.23: Relative changes of biomass aftertrtreats in the microfluidic channel.
Bioelectric effect treated biofilm revealed approately 40% decrease overall bionass

123



Figure 3.24 Representative fluorescence microscopy images affiras in the Micrc-
BOAT channels following maturation and treatmenheTtotal biomass fluorescen
images (left column) and viable biomass fluoreseefright column) of biofilms shoy
control (A and E)SP electric field (B and F), traditional antibiof(i¢ and G), and $-BE
(D and H) treated biofilms. Biofilms treated withetSI-BE showed reduced biomass (
as well as low viable bacterial cell density (H¢vEn fluorescence images were taker
eachof the four treatment methods (N=7), with the inmgeesented here representi
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regions of high biofilm densi*°.
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Figure 3.25The percentage of viable biofilm bacteria with mdpto total biomass aft:
each treatment isalculated using image processing software (Imabd4). The result
include the average of seven image analyses (Nef7)e&ch of the four treatme
methods. Viable cell percentages and standard titavsaare obtained with respect
total fluorescentmass surface coverage using a binary image coover&@ee the
Methods). The density of n-viable cells in biofilms treated by the -BE is shown to
increase 56% in comparison to treatments usindpiatitis independently (P = 0.0:%.

The biofilm treated with the superpositioned bioelectric efl@adws a 56% decrease
bacterial viability compared to antibiotic treatrt alone.
As shown in data, the superpositioned bioelecffecehas been demonstrated for

first time in a microfluidic pltform. The onehip bioelectric effect showed a 4(
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decrease in overall biomass as well as 56% imprdrestment efficacy compared to

only antibiotic treatment based on the cell viapisitudies.

Validation of the SP-BE using thin-film planar eledes in a micro-scale
environment represents a critical step in the dgrakent of SP-BE treatments for future
clinical applications. The reported levels of efficacy staistically significant (P < 0.05,
figure 3.25) and support the use of thin planactebeles to induce the SP-BE, with the
current Micro-BOAT system demonstrating efficiergatment in a microfluidic system
that is 500 times deeper than the thickness ofetbetrodes (0.2 um thin-film gold
electrodes in a 100 um deep channel) . The usaiwffitlm electrodes to induce SP
electric fields enables the scaling of treatmesteays utilizing the SP-BE to sub-micron
thicknesses while maintaining broad effective meait areas. Such a method provides a
potential approach for localized infection treatmsethat require reduced antibiotic

dosages compared to current therapies.

3.4 Summary

In this chapter, a new effective biofilm treatmdethnique was presented by
combining a superpositioned electric field with ikigtic gentamicin. The method is
utilized electric potential required even below thieeshold of electrolysis of the
biological fluid. This is critical to apply the ectric effect to clinical applications since
generation of hazard radical ion can be minimizedMore importantly, the

superpositioned bioelectric effect (SP-BE) dematstt significantly enhanced biofilm
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reduction compared to the only antibiotic treatesngles. The SP-BE was further
demonstrated in a micro-scale device. Based onldhe voltage requirement and
significant biofilm inhibition in a microdevice, htechnology can be further developed

as an integrated system with the biofilm sensor.
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Chapter 4: Integration of the Sensors with the Biokectric Effect
4.1  Design of the System

Since the acoustic waves are induced by an elattictuation on the piezoelectric
material, the integration of the electric field fdine biofilm treatment can cause
attenuation of the wave propagation due to theipribx of the applied field for biofilm
treatment to the SAWSs. In addition to the potergialtric field interference between the
sensor and bioelectric effect, the microfluidicwl@an affect to the SAW propagation
since the flow induces surface friction that magufein changes of the SAW velocity.
The initial speed shift of the waves will resultardecrease of the sensitivity and require

calibration each time which can impact to the t@lity of the sensor operations.

4.1.1 Electric Interference between the SensoBoélectric Effect

The investigation of the electrical signal inteeiece to the SAWs was conducted
with a device geometry shown in figure 2.37. TheQAlfilm deposited on the ZnO layer
and the electrodes for the bioelectric effect waleicated with air gap in each side. The
induced field intensity on the ZnO layer due to tladtage (0.25 V of DC + 0.25 V
sinusoidal signal at 10 MHz) applied for the biofitreatment was calculated based on
the electromagnetic theory (Maxwell’s equatioh) The derived equation for the ZnO
layer is presented in equation 15.

The dielectric constant of each layer indicatesctiracteristics of the polarity of the
medium that directly corresponds to the inducedtatefield intensity. Using Maxwell’s
equation, the induced electric field in the ZnOeliaig derived.
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air Al 203 o air —_|

Figure 4.1: Schematic of the device cross-sectwrelectric field distribution analysis.
The ZnO can affected by the voltage applied forkiwelectric effect during the biofilm
treatment. The simulation was focused on the Zn@rldrom X to X3 locations. ]
represents a dielectric constant of the each medium

X, <X<X .. E

Q Q  _ CuVo {X}

“~2As, 2A-(100s,)  200As, | m (15)

whereQ is total charge on the metal electrode (at pasi@ih A is the surface area of the
electrode,Cia is overall capacity of the systemyp V6 the magnitude of the applied
voltage (0.25 V) and], is the dielectric constant of air (vacuum). Usihg current

device design parameters, such as thickness artl ofidZnO, ALO;3, electrode and air

gap distance, the intensity of the electric fielasvealculated.

E, ~ CiowVo = Vo . 1 — = 025 — {!}:1.238 [X} (16)
200A¢, 200 10.1x10 202x10° [ m m

Based on the obtained value, the induced displaceai&nO was estimated based on its
piezoelectric coefficient, which was obtainedfroiterhture®’. The derivation is

presented below in detail:
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S-d-E S: strain due to the applied E-field
d: piezoelectric strain coefficient (C/N)
E: electric field (V/m)

d,; =12.4x10** [C/N]
E=1.238[V/m]

cV

5. S=(124x10")- (1.238[m

}:15.4><1cr12

S= A_LL, AL =LS = (Imm)- (154x10") =154 fm

Through the calculation, the induced displacemesnt in thefemto-meter scale.
Considering the wavelength (12 um: twice of thgldisement of the acoustic wave), the
induced attenuation of the SAW is six orders of niagle smaller than the wavelength

displacement. Therefore, a potential cross-talkvbeh the SAW and the bioelectric

effect was not significant.
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4.1.2 Shear Stress of the Flow on the SAW Sensor

The microfluidic flow shear effect to the SAW pegmation was investigated

based on the physics of the laminar microfluidmaflconditions. The schematic of the

condition is shown in figure 2.38. Y,
T_) X

u : Flow Rate
0

" uo ug : SAW

. SN T : Shear

0 — h : Channel
SAW u _ au
Sensor : > %o —ﬂgy y=0

4 - Dynamic viscosity

Figure 4.2: Schematic of the laminar flow on theVBAThe theoretical analysis was
focused on the impact of the SAW speed changesadiine flow.

First, the Reynolds number was calculated to enso@é theflow in the channel is
laminar. The dimension of the microchannel was iakem the previous microfluidic
bioelectric effect demonstration device (100um hgigmm width and 2cm length). The

Reynolds numbér®was found to be ~ 4.2 which is less than the ttulelsbf laminar

flow (10°). Thus, in the given channel, laminar flow is indd™°.
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Figure 4.3: Schematic of the laminar flow at themchannel. The velocity profile is
related with the geometry of the channel (i.e. hetg®
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The shear surface tension on the substrate is kriovioe proportional to the velocity
profile of the laminar flow. The derived velocityope is shown in equation (18). In

addition, the surface tension on the SAW is catedlebased on the changes of SAW

speed and density of the ZnO and the microfluildie/frate (equation 19).
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At: timeto propagate a wavelength (1/f)
d_ : thickness of ZnO

ZnO

Combining equations (19) and (20), the change iWSlocityis derived below:

AV = ZUO.i. 1
a h U pz00z0

w: dynamic viscosity of water
-3 2
(1.002 x 10N-S/m)
2
u maximum flow rate (2 x 4.2 x 10m/s)
h: height of channel (100m)
A: wavelength of SAW (12m)
u: speed of SAW (4812m/s)
3

J density of ZnO (5.61 g/cmh
dZnO: thickness of ZnO (400 nm)

AV= 934x10"m/s

_Av_ 934x10"'m/s

Af =22 -
A 12x10°m

=0.078Hz

With relevant values of the parameters, the chamgése speed of the SAW due to the
fluidic flow were approximately I6 m/s which corresponds to a 0.078 Hz resonant
frequency shift. Since the resolution of the netwanalyzer (HP8510B) for monitoring
of the SAW sensor when biofilms are treated or grasv0.1 Hz, it is concluded that the
microfluidic flow does not cause significant impatdi SAW resonant frequency

monitoring.
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Through the numerical analysis to investigate i integration challenges, the
SAW sensor is expected to work properly in an irdegd system with the bioelectric

effect as an independent sensor demonstrated pstyio

4.1.3 Overview of the Integrated System

The integrated microsystem was designed for rea-tbiofilm detection as well as
effective treatment with low doses of antibiotidhe integration of the biofilm sensor
with a treatment method is critical to manage biofassociated infectious diseases
systematically. The sensor provides a means toumnedise total amount of the biofilms
which acts as a feedback signal to the systemtermee treatment methods. Moreover,
the progress of the biofilm treatment is also mmed by the sensor. Through this
systematic approach, biofilm management can beifgigntly more effective as the
system detects the on-set of biofilm formation aotdsequently provides the intensified
inhibition of the biofilms. The integrated microsgs is composed of the SAW sensor

for real-time biofilm detection and the superpasigd bioelectric effect.

The bioelectric effect has a unique capabilityifdegration with a micro-scale device.
To induce the effect, an electric field has to Ippli#d through an electric potential
between separated electrodes. The electric fig)dbetween two uniformly separated

electrodes is defined by equation (1)
E=V/d 21)

whereV is the applied electric potentialis the distance between the two electrodes, and
E is the intensity of the electric field. Based oguation 1, a key requirement for
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integration of the bioelectric effect with a micysgem is the induction of electric
potential. Since the distance between the two reldes(d) can be in the micro-scale in a
microfabricated device, the electric potential barsignificantly decreased. For example,
a voltage of 1 V over a 1cm distance between aldess is required to induce an 1 V/cm
electric field intensity. However, when the distarbetween the electrodes is 10 um, the
electric potential is decreased to 1 mV which igenaocompatible than the intensity of
the electric potential in a macro-scale device.d&greasing the intensity, the electric
field for bioelectric effect can be implemented foture in-vivo applications. Therefore,
the bioelectric effect integrated with a micro-gcalevice has a significant advantage
over macro-scale devices in improving the antibidteatment efficacy on biofilms.
Furthermore, by decreasing the magnitude of thetradefield in the microsystem, the

bioelectric effect can be used for clinical appiicas.

The schematic of the SAW sensor and bioelectriecéfintegrated microsystem is
shown in figure 4.4. The SAW sensor is fabricatedacsilicon wafer with a deposited
thin layer of piezoelectric ZnO. The dimensiondh# sensor are approximately 1mm by
3mm with a thickness of 0.5 mm. The electrodesiriducing the bioelectric effect are
fabricated by metal evaporation after photolithgdma The electrodes can also be
extended to cover a wide area for biofilm treatmehile maintaining the intensity of the
electric field. Finally, a polydimethylsiloxane (RL3) chamber is integrated over the

microsystem to introduce growth media and antibgoti
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. Microfluidic channel

Figure 4.4: Schematic of the integrated microsystérthe SAW sensor and electrodes
for induction of the bioelectric effect. A microftlic chamber is integrated over the
system to introduce bacterial growth media andbéottcs™.
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4.1.4 Summary

In the design of the integrated microsystem fohhbmintinuous biofilm detection and
enhanced biofilm treatment, clinical applicationsr fbiofilm management were
significantly considered. The SAW sensor was desigmased on the biocompatibility of
the material and minimizing the sensitivity lossemhthe sensor is passivated by a thin
film to prevent degradation of the key materialtoé ZnO layer. Through theoretical
modeling of the sensitivity, an appropriate matefioa the passivation film was chosen.
The Love mode of SAW was designed to achieve alyighansitive biosensor. The
overall dimension of the sensor was compatiblefdture in-vivo applications (3 mm of
width, 1 mm of length and 0.5 mm of the thicknesBje treatment method was
developed based on the bioelectric effect whicheiases biofilm treatment efficacy as
combined electrical signals with antibiotics. Toluee the high voltage requirement that
is limited by the electrolysis potential (0.82 \&)superposition of the AC and DC fields
is designed. The intensity of the field is requiedower voltage than the threshold.
Fabrication of two electrodes along with the SAWssw allows to impose electrical
signals to the biofilm. Biofilm growth is localizeas a microchannel fabricated by PDMS
is assembled over the system. This system is exgbeot provide the total presence of
biofilms by the sensor as well as enable to apphewa treatment method for effective

biofilm reduction.
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4.2 Fabrication

In the fabrication of the integrated device, twoqasses are particularly critical to
achieve highly sensitive and reliable operatiorihaf system. These are the pulsed laser
deposition (PLD) for the ZnO film growth and atontéger deposition (ALD) for AlO3
film fabrication. PLD provides the highest ZnO qtyalvith extremely low concentration
of impurities. The process is relatively simple ahé orientation of the ZnO is well
controlled due to the high stochastic correlatioithvthe crystal structure of target
materiat®®. Based on the high quality and single crystal fifthrication advantages, the
PLD was chosen to deposit the piezoelectric Zn@ f{(6500 nm) for this system
development. ALD can control the thickness of tilra from a single to thousand atomic
layers of the material which is critical to fabriegorecise and robust microelectronic
systems at a low temperature (~ 150 °C). The ALDs wdlized in this work for

fabrication of a passivation layer for long ternlialele operation of the device in

bacterial growth medfa

A 60 nm silicon dioxide (Sig) layer was deposited on (100) Si substrates by low
pressure chemical vapor deposition (LPCVD) to pnévacoustic wave loss to silicon
substrate. The IDT was patterned using traditigpmattolithography before depositing the
ZnO film. Cr/Au (15 nm / 200 nm) as the IDT matémeas deposited on the wafer by
electron-beam evaporation, followed by lift-off. & twafer was diced and crystalline (001)
orientation ZnO (c-axis oriented ZnO) films on $Q00)Si substrates were grown by
PLD. The laser deposition system used a KrF exciasgr at a wavelength of 248 nm
with pulse duration of 25 ns to ablate a high puf®9.999 %) ZnO ceramic target. The

ZnO layer was grown at 30@ with an ambient oxygen partial pressure of ~100%1
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Torr. After ZnO film deposition, the ZnO was patted using a solution that consisted of
phosphoric acid, acetic acid, and deionized watet:30) with photoresist mask. The
device was annealed at 800 °C for one hour to &serehe resistivity of the Zri.

Finally, the ZnO surface of the SAW sensor wasexdly depositing a 100 nm thickness

Al O3 film using atomic layer deposition (ALD) at 150°¢

A polydimethylsiloxane (PDMS) chamber was assembiedthe fabricated chip to
provide a constant supply of fresh bacterial gromttdia and the antibiotic. The PDMS
has advantages for biofilm research based on th@emmeability, low-cost and ease
fabrication proces§®. A mold of the microfluidic structures was fabtied by patterning
100 um-thick KMPR-1050 on a silicon substrate using aonhphotolithography. PDMS
(Sylgard 184, Dow Corning) in a 10:1 ratio was tipenired over the mold and cured in a
furnace for 20 minutes at 80 *CAfter cooling, the PDMS was removed from the mold
and cut to fit the fabricated device. The bondirgween the microfluidic channel and
the device was reversible using methanol to threatRDMS layer. A schematic of the

overall process flow is shown in figure 4.5.
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Figure 4.5: Overall schematic process flow. (a) 80 PECVD SiQ deposition and
interdigitated electrode pattern and deposition)(By an electron beam evaporation, (b)
500 nm ZnO deposition using pulsed laser depositionZnO patterning using weak
acid etchant (1:1:30 ratio of acetic acid: phospghacid: deionized water), (d) 100 nm
thickness of ALD A$O3 deposition at 150 C, (e) Electrode patterning fatdication via
Au evaporation (Cr/Au, 15 nm/200 nm) and (f) PDM&mchannel assemble. (g) Photo
of assembled device with the PDMS reactor.
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Figure 4.6: Optical microscopy image of the falbtechintegrated microchip.
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4.3 Testing Setup

Design of a parallel experimental setup is criticahchieve the high throughput that
is needed to investigate the variation of biofilmowgth with statistical significanc®
Moreover, since bacterial biofilms growth is stosfh@ conducting experiments in
parallel with the same condition is critical to wed statistical variations in each
experiment. A multiplex logic circuit was implemedtto conduct four parallel biofilm
experiments simultaneously to overcome a singlenmblanetwork analyzer to monitor
resonant frequency of the system. Depending onmbkiplexing bits, it is possible to

expand the numbers of experiments from one to B2a@xperiments.

Sensor 1 I—
Network
Computer Analyzer Q MUX Sensor 2 I—
(NA) Circuit
i S 3
Saving data ensor I—
Sensor 4 I—

Resonant frequency monitoring

Figure 4.7: Flow chart of the switching setup. Witiis circuit integration, four sensors
were tested at the same time for biofilm growth tiedtment experiments.

In this setup development, a 4 bit multiplexerssdito perform four parallel experiments:
control, electric field only, antibiotic only, ancombination of the antibiotic with the
electric field. The temperature was controlled ¢033 °C by a hotplaté To localize the

biofilm growth in the biofilm sensing area where tBAWs propagates between input
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and output of the IDT, a microfluidic channel wase@mbled over the device. In addition,
fresh bacterial growth media and antibiotics wereviged to the microchannel by an

external syringe pump with a constant flow rate |(2@h). The resonant frequency of the
SAW sensor was continuously monitored by a netwamklyzer and recorded by the
computer through the general purpose interface @EBRIB) communication. For

application of electric field to the biofilms, arternal power source (Agilent Inc., 3320A)
was connected to the setup for 24 hours. Finalégtec contacts between the device and
external equipment were properly achieved by angploaded pin on each contact. The

overall electric data flow chart is shown in figy§&'.

The multiplexer (MC74HC4052N, Motorola Inc.) wasiwed by 4 bit counter

(DM74LS161A, Fairchild Semiconductor Inc.). Eachdorresponds to one of sensors.

Binary Sensor
Number
00 Sensor 1
01 Sensor 2
10 Sensor 3
11 Sensor4

Table 4.1: Binary code of the counter for each sens

Figure 4.8 shows the designed electronic boardhfmparallel experiments. The electric
contacts between the board and the device arevachigy using spring loaded pins as
shown in figure 4.9. Operation of the setup wasfiomed by applying an input DC
voltage (5 V) and measured output using an oscitips. The results showed a successful

input signal switching following the designed fregqay (1 Hz) as shown in figure 4.10.
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Figure 4.8: Photo of the custom designed multipigxiesting electronic board. The
counter controls switching rate of the multiplex€he reset can initiate the switching

from device 1.

Figure 4.9: Spring loaded electrodes for the canait the chip.
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—.Sensor.1.:

Figure 4.10: Sensors are sequentially addresseg sgeon:

In biofilm growth experiments, four chips were ogted in parallel with 4 minute

switching time which is sufficient to monitor bibfi changes

The biofilm growth area is designed 1.2 mm length by 1 mm width to optimi
generation of SAWs with a specific wavelength (18)?". The biofilm treatment by a
electric field for the bioelectric effect is impakby additional electrodes along with 1
biofilm active area. Evaluation of al biomass changes in the chip is confined to
biofilm active area. Therefore, there is a needdnfine biofilm growth on the area
investigate the device performance. A microfluibiofilm reactor was assembled on-
chip to achieve the restrid biofilm growth. Microfluidic biofilm reactors havbeer
widely used for biological applications since the&emchannel can provide more prec
environment control over a macroscale setup asagetimall volume requiremé. The
fabrication of the chéeel is relatively simple compared to the traditio
microfabrication methods. Typically the channelrfeéited by PDMS can be disposa

due to the low cost of proce®.
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To have sufficient area for reversible boning betwéhe PDMS microchannel and the
chip, the overall dimension of the device was destas 2.5 cm width by 2.5 cm length.
The bonding was achieved by meth&hoThe PDMS was soaked in methanol for 2
minutes and place on the chip overnight. Due tontle¢hanol evaporation through the
PDMS, reversible bonding was achieved based on déanwaals forces. Through the
channel, fresh growth media or antibiotics weretiomously supplied by a syringe pump

in withdrawal mode. Overview of the assembled systeshown in figure 4.11.

SAW sens | | Electric contacts
inputs | for treatment

Biofilm sensing &
treatment area

Figure 4.11: (a) Photo of the fabricated deviceecElc pads are extended to have an
effective contact with external instruments (e.gtwork analyzer, power source). (b)
Microfluidic reactor assembled chip with connectiorof growth media supply
microtube&?,

4.4 Experimental Procedures

Luria Broth (LB) bacterial growth media has becoameindustrial standard fd.
coli cultivation far back in 1950’s and it is the ma@simmon media used in molecular
microbiology applications. Biofilm growth in the anofluidic channel with the integrated

device was performed with a flow of the growth n@edContinuous LB media supply
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fostered biofilm growth that resulted in increadetatal biomass.. LB media is mainly
composed of yeast, NaCl, and amino acids. Amindsacuch as tryptophan, are the
source for the protein synthesis needed for battgrowth. NaCl produces an osmotic
pressure balance of the bacteria in the media.eftve, LB media provided favorable
environment foiE. coli as well asP. aeruginosa biofilm growth*®®.  To prepare bacteria
for the biofilm tests, a 2@L frozen culture ofE. coli K12 W3110 (wild type) was
transferred into 5 mL of LB media in a cell cultuube. Thenthe bacteria were cultured
overnight in the 250 rpm shake incubator at 37 6€ 6 hours. The optical density
(ODeog) was measured after the overnight culture groaid, the OD was typically in the
4.20 - 4.50 range. 1 mL of the overnight cultubaedteria was diluted 20 times by adding
LB media to achieve the initial bacterial concetitra to be Oy =~ 0.21 - 0.23. For
Pseudomona aeruginosa PAO1, a standard strain of the bacteria, prepargirocedures

are identical to the processestoftcoli.

Testing is performed by initially disinfecting theicrofluidic channels of the
integrated chip using 70 % ethyl alcohol under floywthe syringe pump. After rinsing
with deionized water, bacterial suspensions, pexpas above, are inoculated without
flow for 2 hours to allow for bacterial attachmentthe substraf® LB media is then
continuously supplied to the channel for 24 hour&8apuL/h, an effective flow velocity
of 30 um/s for the given channel dimensions (100 heght, 2 mm width, and 2 cm
length), to replenish nutrients and foster biofgmowth. Treatments are started after 24
hours of growth and continued for an additionalli&rs. To achieve an exchange of
fluid sources during experiments with minimal distance, flow is stopped and the inlet

tubing is transferred to the new source of medfareereinitializing flow.
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After biofilm growth, diverse treatment methods luting control (no treatment),

electric field only, bioelectric effect and antibotherapies were applied. Finally, at the

end of the experiments, the total biofilm was qufeat by a traditional method, such as a

live/dead biofilm staining. During the entire biafi experiments, the SAW sensor

monitors the total biomass changes continuousimbgsuring its frequency changes.

Procedure

Details

1. Promote bacterial adhesion
on the channel

Supply bacterial suspension for two
hours (no flow)

2. Biofilm growth

Provide bacterial growth media for 24
hours

==

3. Biofilm treatment

Introduce difference treatments (no
treatment, antibiotic, electric field ang
bioelectric effect for 24 hours)

4. Biofilm evaluation

Stain biofilm with live/dead dye

5. Microscopy imaging work

Fluorescent microscope ewmn

Table 4.2: Details of experimental procedures
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4.5 Characterization of the Integrated System

45.1 Detection Limit of the SAW Sensor

Prior to biofilm tests, the mass detection limit the SAW sensor was
characterized. The SAW sensor sensitivity (freqyesttanges per unit mass; [Hz/g]) of
the integrated device was characterized by measariesonant frequency shift due to a
known mass loading. Based on the resolution of SA&V sensor resonant frequency
measurement equipment (network analyzer, 0.1 Halutsn), the detection limit [g]

was calculated as shown in below.

frequency shift

Sensitivity = equenty [Hz/g]
loaded mass
Detection Iimit:m[
sensitivity

The known mass was loaded on the SAW propagatieg af the sensor between input
and output IDTs by filling the microfluidic channelith DI water (207 pg). The
frequency changes were recorded by the networkyzea(HP8510B). Depending on the
thickness of the passivation layer, different fregey shifts due to the initial mass
loading by the passivation layer were expected. the passivation thickness was
increased, the detection limit of the sensor wasedsed since more initial mass loading
due to the thicker film reduced the mass sensjtivihe ALOs film layer was deposited
55 nm, 100 nm and 110 nm to prevent ZnO damages fhe long term growth media

exposure. The sensitivity of the different SAW s#nsas presented in table 4.3.
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Sensor #1 Sensor #2 Sensor #3 Sensor #4
Zn0O ~ 500 nm ~ 500 nm ~ 500 nm ~ 500 nm
Al>,03 55 nNm 100 nm 100 nm 110 nm
Af 1.22 MHz 271 KHz 341 KHz 125 KHz
Detection
Limit 17 pg 76 pg 61 pg 166 pg

Table 4.3: Summary of the SAW sensor charactednati

The detection limit characterized by experiments wecreased from 17 pg to 166 pg as
the thickness of AD; film was increased from 55 nm to 110 nm. Thisxpexted since
the passivation film causes attenuation of acoustiee propagation as well as energy
loss from the ZnO to the AD; film where biofilms are actually grown. This engigss

is due to the mechanical property mismatch inclgdihear modulus and density. As a
result, minimum detectable mass by the sensor ywpeogimately in tens or hundreds
pico-gram ranges that are 6 orders decrease cethstivity compared to the state of art
SAW sensof. However, this is still applicable sensitivity fdsiofiim detection
considering a bacterium mass is ~ ¥'pand biofilms are comprised of typically more

than millions of bacterfa
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4.5.2 Discussion

Since the SAW sensor is required to have a passivdilm to prevent ZnO
degradation due to the growth media contact, timsigeity loss compared to the non-
passivated sensor was taken as a trade-off betavéeyhly sensitive sensor and reliable
operation of the system. Theoretical work to amalylze loss of detection limit was
conducted concentrated on the effect of differeatemals to the sensitivity loss of the
system. The analysis was focused on the mechaamalstic wave energy loss in
multilayer composition of the structure. Based be model, a specific material for the
passivation film was chosen from the candidate ri@teln the derived equation,
attenuation of the SAWs was related with the stmeadulus, density, thickness of the

passivation layer on the ZnO.

The characterization of the sensor was performetheronly AbOs; passivated
SAW sensor with different thicknesses of the filivhus, it may not be appropriate to
compare the model to the test results (table 1yvé¥er, through this comparison, it was
expected to see the limitations of the current rhtu would be critical to have further
sophisticated theory development for future worko Tompare the experimental
characterization results with the model calculatithe raw data was normalized
respected to the non-passivated SAW sensor ancesindts from different thickness of

the ALOs film are shown in figure 4.12.
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Theoretical and Experimental Detection Limit of

the Sensor
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Figure 4.12: Normalized sensitivity of the equati®) in chapter 2 and experimen
resultsfrom table 4.3. The sensitivity was normalized ezdpd to the sensitivity of n-
passivated SAW sensor.

As shown in figure 4.12, the results are not eyatthtched since there are assumpt
to simplify the calculations in the model, suchilzes sped of the SAW at the bottom at
top regions of the ZnO layer are identical (no drspn). Intensities of the mechani
displacement (acoustic wave) induced at the piertdt layer are maximized where 1
electric potential is applied (interdigitatelectrode transducer, IDT). Typically, grou
of acoustic waves are induced since the piezoédgtof the film is not a completel
homogeneodd’. The majority of the SAW is determined by the &lede distance of th
IDT (section 2.1.1). As the acouswave propagated further toward the bulk subs
from the IDT patterned area, the velocity of pamvaves can be changed due to ene

loss in energy conversion between mechanical aeciredal energy domains as well
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interference among the groups of the SAWSs resulimgdispersion of the wave
propagatioi*®. This dispersion can be more dominant in the i®eeSAW sensor than
the traditional structure where molecules of indemeact at the IDT patterned surface.
However, in the model, it was assumed that no dsspe in the ZnO layer can be
contributed to the calculation error compared ® éxperimental results. The adhesion
between the ZnO and passivation film is also assutodée ideal in the analysis, which

may not be perfect compared to the single layar fiersus multilayer structure.

The experimental data for the sensitivity was shaowvbe four times lower than
the theoretical values. In the modeling, the tatfflective shear modulus of the
multilayers of dielectric material on the piezoéteclayer was assumed as a series
connection to transfer the mechanical energy betwee layers. However, in real
energy transfer between the layers, the inducechamécal displacement energy on the
piezoelectric film by an electrical signal cann& transferred to the non-piezoelectric
layer completely as a series connection, sincestisesignificant energy loss or reflection

at the boundary of the two layé?$
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Theoretical Detection Limit changes due to the

passivation
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Figure 4.13: Theoretical sensitivity changes ifiedlé#nt passivation thicknesses.

Measured Detection Limit of the SAW Sensor
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Figure 4.14: Experimental data of the normalizatsgeity of the SAW sensor. Its trend
also approximate to polynomial (2 orders) of relatibetween the thickness of the
passivation film and the sensitivity.
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However, the trend of sensitivity changes of theptietical and experimental data can be
closely related as shown in figure 4.13 and 4.1 ©rders of magnitude of the trend
line were approximately in the second order polyi@rfor both the theoretical and
experimental results. Considering the purposeshefmodeling that was focused on
investigating the impact of different materialsth® sensitivity as well as the applied
assumptions, this approximation can be validated.

Typical measured sensitivity of the SAW sensor imate hundreds of pico-gram
even for 110 nm passivated sensors. Thisis extsens&nsitive for biofilms,
(approximately three orders of magnitude) which aseally more than hundreds of
nano-gram total biomass. With this experimentalratizrization of the SAW sensor, it
has been demonstrated that a highly sensitive tilmtedimit for bacterial biofilm
applications can be achieved. Although the modeitrdnuted to select appropriate
materials as passivation layers among other catediddhe theory can be further
developed to analyze mechanical energy transfemuitilayer structures that are

comprised of piezoelectric and dielectric films.
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4.6 Biofilm Monitoring of the Integrated System

4.6.1Escherichia coli Biofilm

E. coli (wild type: K-12 W3110) is tested with the integé system as a model

biofilm*°

(figure 5.8). The bacteria was introduced to therafluidic channel (100 pm
height, 2 mm width and 2 cm length) after inocwatof the frozen sample. The increase
of total biomass was monitored by the SAW senssethan the speed decrease of the

wave. The recorded frequency changes are presienfigdre 4.15.

Figure 4.15: Schematic &scherichia coli (Gram negative bacterid)

The resonant frequency of the sensor decreasewpyamately 2 MHz due to the
significant total mass increase in the biofilm gtbwafter 24 hours. In all experimenks,
coli biofilm was established quickly over 10 hours wihcontinuous supply of fresh
bacterial growth media. Once biofilms matured, tb&al biomass was not changed
significantly due to the limit of nutrient diffusiointo the biofilms. After the biofilms
were treated by different methods (no treatmenly antibiotic, only SP field, and SP-
field with the antibiotic), the SP-BE showed approately a 1.6 MHz resonant

frequency increase from the start of treatment twisimrresponds to the reduction of total
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biomass, while antibiotic or electric field treatmheonly do not show any frequency

changes (no biofilm reduction).
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Figure 4.16: Graph showing the resonant frequerfcthe SAW sensor tracking the
changes in biomass due to four different biofilmatments initiated after 24 hours of
biofilm growth. Only the SP-BE demonstrates sigmifit biomass reduction (80%
reduction of total biomas¥)

Since biofilm treatment typically requires one thaod times more antibiotic than
treatment of suspended bacteria (~ 5 pg/mL of geicta), antibiotic treatment only (10
pg/mL of gentamicin) administered by itself does sloow effective biofilm reduction.

This is mainly due to the extracellular matrix abfilms that prevent drug penetration
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through the matrix. The biofilm treated with eléctield only is not effectively inhibited
since intensity of the electric signal (0.25 Vwkr than the threshold of electrolysis
(0.82 V) is not sufficient to impose biocidal effecon the biofilm as suggested in
previous literaturé?. The SP-BE treatment that combines the SP fietH thie antibiotic
demonstrated 80% more biomass reduction than atitbireatment alone. This result
shows the increased biofilm reduction based onptingciples of the bioelectric effect.
The combination of the AC and DC electric field magluce a synergy between AC and
DC bioelectric effect mechanisms, including inceeas permeability of the biofilms due
to the AC component and non-uniform distribution @éctrolytes due to the DC
component. In addition, it is demonstrated thatibémtics has to be applied
simultaneously with an electric field to induce anbed biofilm treatment from the

comparison between the SP-field and SP-BE results.

As biofilms are grown, the sensitivity of the SAWnsor also decreases due to the
additional mass loading compared to the initial istpre sensor. The non-linearity
between the mass loading and SAW velocity changssalready been studied (section
2.1.1). Thus, the frequency changes of the ser@obe directly converted to the biomass

based on the empirically characterized sensitwitthe system.

After biofilm experiments are completed, the biofd were stained by a live/dead
(green/red) fluorescent dye to visualize viabletéaa in biofilms. Representative images
of each treatment are shown in figure 4.17. Nottneat applied biofilm (control) shows
significant green bacteria in biofilms that corresg to low biofilm treating efficacy.

Either solely antibiotic or electric field treat&ibfilms show much more green stained
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bacterial surface coverage than the SP-BE appliefinb (figure 4.17d). These results

are in parallel to the total biomass changes maettby the SAW sensor.

Control (no treatment) Ampitic (Gentamicin 10pg/mL)

SP field (AC + Diglds) SP-BE (SP field +
Gentamicin)
Figure 4.17: Representative fluorescence microscopgges after different biofilm
treatment. The green bacteria indicate live celldiofiim. The SP-BE treatel. coli

biofilm show significantly reduced live cells indfim compared to the traditional
antibiotic therapy/.
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4.6.2Pseudomonas aeruginosa Biofilm

Pseudomonas aeruginosa is one of the major bacterial strains that causecr®
hospital infection§™. P. aeruginosa are categorized as gram negative bacteria that
comprise double layers of cell membrane. Since Bottoli andP. aeruginosa are gram
negative bacteria, cell membrane structures areaag to be closely related which is
critical to the principles of activity mode of th®oelectric effect. Either AC or DC
electric field impacts \ the membrane based onglaiharges from the protein and lipid
bilayer compositions of the cell membraffe Based on the previous. coli biofilm
treatment demonstration in this thesis work in @ddito other literatur€® it is expected

P. aeruginosa biofilm can also be treated by the bioelectrieeff

Figure 4.18: Schematic &seudomonas aeruginosa (Gram negative bacterig$

The experimental procedures are identical to thevipus E. coli biofilm tests. P.
aeruginosa PAO1 biofilm was matured in the microchannel fdrtfburs and followed by

four different treatments: (1) control (no treat)ern(2) only SP field (1.25 V/cm
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amplitude sinusoidal signal with 1.25 V/cm DC ofjs€3) only gentamicin (10 pg/mL)
and (4) SP-BE (SP field with the gentamicin). Tregtiency shifts result from the SAW

sensor during the biofilm experiments are showiigare 4.19.
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Figure 4.19: Changes of the resonant frequencyhn®fSAW sensor irP. aeruginosa
biofilm experiments. The results also showed sigaift biofilm reduction by the SP-BE
compared to the other treatments.

As shown in the results, the. aeruginosa biofilms are established within 20 hours
during the growth stage. After maturation, the ine$ are in a saturation phase since
fresh nutrient diffusion is limited by the extracéhr matrix of the biofilm. In biofilm

treatments, significantly reduced biofims were swad when the SP field was
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combined with the antibiotics (SP-BE). This regalalso in parallel to the previols

coli biofilm tests.

After the experiment, biofiims are stained by theeldead (green/red) dye and
investigated by a fluorescent microscope. Reprasgatimages of each treatment are
shown in figure 4.20. The results also support gighificant P. aeruginosa biofilm

reduction by the SP-BE has been demonstrated.

Control (no treatment) Antibiotic (Gentamicin 10 pg/mL)

SP electric field SP-BE (SP field>entamicin)

Figure 4.20: Representative fluorescence microsam@ages after four different biofilm
treatment. The green fluorescence indicates livis ag biofilm. P. aeruginosa biofilm
treated by the SP-BE shows significantly reduced tells in biofilm compared to the
traditional antibiotic therapy.
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4.6.3 Discussion

The integrated system of the SAW sensor and bitaleeffect successfully
demonstrated the biofilm detection and treatmenbath E. coli and P. aeruginosa
biofilm experiments. Two different strains of biofi are expected to induce enhanced
biofilm treatment efficacy by the bioelectric eftdzased on the membrane structure of
bacteria (gram negative bactetidand literatur&? Since the established hypothesis for
the mechanisms of bioelectric effect is focusedbawterial cell membrane effect by
external electric field applicatiohd, the same membrane structure between
aeruginosa andE. coli was a critical substance to expect significanfilonoreduction due
to the bioelectric effect. The membrane is comprisé double layer of phospholipid
bilayer as shown in figure 5.14. There are a lopaftial charges in the membrane that
can be distorted by an external electrostatic fovéeh this induced bacterial membrane
attenuation due to the electric field, biofilm tma&nt efficacy can be dramatically
enhanced with small doses of antibiotiésComprehensive studies with diverse strains
of bacteria have been conducted in the liter&tumad demonstrated enhanced biofilm
reduction when electric fields were applied withiliotics simultaneousfy. Therefore,
results from this integrated system also corresponitie suggested mechanisms of the

bioelectric effect to botk. coli andP. aeruginosa biofilms.
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Figure 4.21: Schematic of gram negative bactetiahdws double layers of membrane
opposed to gram positive bacteria which have ordingle layer of cell membrane. Both
E. coli andP. aeruginosa bacteria are categorized in the gram negativeehiat?.

In the SAW sensor results of two bacterial biofijnise improved efficacy of the
biofilm reduction was closely correlated in ternistatal biomass changes. B coli
experiments, 80% reduction of biofilm was approxeha observed compared to other
treatments. P. aeruginosa biofilm similarly showed 70% total biofilm decresasSince
the noise level of the resonant frequency monigpviras not able to distinguish within 1%
level of biomass changes, it was not appropriatarntalyze the biofilm differences in
detail. These noise effects mainly originated frdme setup which can contribute to
include non-uniform distribution of nutriedf§ electric interference between the samples
due to the proximity of each sampie possible inadequate electric contact via spring
loaded pins and slight thermal local non-uniformiitythe growth chamb&P. For more
sophisticated investigations of biofilm changessc#ical isolation between external
power supply and each device is necessary alththegburrent setup is able to detect the

biofilm changes successfully.
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The device was reused typically five times in cansee biofilm experiments based
on the ZnO film passivation by the ALD Ab; film. A 500 nm of ZnO layer was
completely dissolved within 3 hours without the,®d film coating due to the high
chemical reactivity of the Zn compared to the hgdnmo ion (see section 2.1.3). ALD
provided a conformal and high density film compateather physical vapor deposition
methods including sputtering and evaporation. Thie ALD was an enabling
technology to protect the piezoelectric ZnO layentf the growth media diffusion. This
effective passivation resulted in significantly exded life time of the device from three
hours to about a week. However, after the chipbdesn used more than five times , the
ZnO layer was still damaged due to extended gromedia exposure. The surface of the

sensor was inspected via an optical microscoparéig.22) that showed ZnO damage.

e

ZnO damage

Figure 4.22: Optical microscopy image of the Zn@elaafter five times of consecutive
biofilm growth experiments. ZnO layer was damaged tb the growth media exposure
through the passivation layer (arrows indicate fahages).
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ZnO0 layer
(~500nm)

Figure 4.23: Profile of the ZnO damaged surfacerdfte times consecutive uses of the
device for biofilms. The depth of surface damagedhis (arrows indicates damaged
surface) are around 400 nm which is close to the #rickness.

The surface profile of the damaged ZnO layer wagshgated using a contact profiler
(Veeco Dektak 6M Surface Profiler) as shown in fegb.16. The depth of surface
damaged area is close to the thickness of the A8D (m) that indicates bacterial
growth media penetrated into the ZnO through thgOAlfilm. Once the piezoelectric
layer is degraded, acoustic waves cannot be induesdlting in failure of biomass
detection. Even if the single ALD 4Ds film improved the device life time significantly,
the reliable operation of the device can be furir@onged using multilayer thin film
depositio®’. For instance, multilayer thin film fabrication BALD for gas diffusion
barrier was demonstrated However, the sensitivity degradation due to thatimyer of
dielectric films should be investigated via sopbeted numerical models as well as

experimental studies as a future work.
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4.7 Summary

The sensing component of the system was charaeteficused on the detection
limit with a known mass loading and showed extrgmabh sensitivity for biofilms
detections. Quantitative electrolysis analysis whanelectric field was applied to the
growth media was conducted using a pH indicatoe fEsult concluded that the SP field
does not induce major electrolysis compared tottineshold voltage applied samples.
This result suggests that the potential mechan@tise enhanced biofilm inhibition due
to the SP field can be due to the superposisitiothe® AC and DC methods rather than

creating electrochemical radical ions by electrislys

The integrated microsystem successfully demonstnagal-time biofilm detection
as well as effective inhibition. Both. coli andP. aeruginosa biofilms were tested with
the system. With matured biofilms, the electriddiprovided by the planar electrodes
with small doses of the antibiotic gentamicin shdwegnificant total biomass reduction
in both bacterial biofilms. The continuous biofilmonitoring was demonstrated by
measuring resonant frequency shifts of the SAW @enAt the end of the biofilm
experiment, biofilms were stained by a live/deamféscence dye to confirm the biofilm
surface coverage reduction through the traditiomethod. The fluorescence images were
in good agreement with the resonant frequency te$tdm the device. This systematic
integration of the biofilm sensor with the treatrhemethod as a single platform will
advance in managing biofilm associated problemsdas the small dimension and low
electric power consumption. Furthermore, this plaitf can be applied for fundamental

chemical and biological research, such as for disgovery studies.
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Chapter 5: Conclusions

5.1 Summary of Accomplishments

Biofilms are extremely difficult to eradicate whémey are established due to their
complex structures. As a result, bacterial biofiltesuse severe clinical infections.
Revisional surgery and care cost in excess of $00per patient, amounting to more
than $2 billion annually in the United States. ®fere, it is crucial to alert patients at the
early stage of biofilm growth to prevent maturatiomo severe biofilm infections. In
addition, a highly effective non-invasive biofilmeatment method is desirable to prevent

additional surgeries for the treatment.

In this dissertation work, a microsystem for effeetbacterial biofilm management
through real time biofilm detection and integratedhanced treatment method was
successfully designed, fabricated and demonstrased single platform. In the biofilm
sensor development, a numerical analysis modelestgd focusing on the evaluation of
the sensitivity of the sensor with different passion films. Through the model, a
passivation material was selected. The key paramefahe derived equation are density,
thickness and shear modulus of the passivationriabtieat can be varied in other similar
multilayer analysis which involves the elastic mlu$u The sensor was shown to have
highly sensitive and reliable biofilm detection foemance. The sensor was reusable
based on the effective passivation film preparatdeposited by the atomic layer
deposition. Based on these theoretical analysisfalmcation process developments to
extend life time of the device, real time biofilmomtoring was successfully achieved

which is significant for effective biofilm managents.
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Since biofilm treatment typically requires 500-5Q0@es of antibiotics, an enhanced
biofilm treatment method has been developed inaditional millimeter-scale cuvette
setup and transferred the new technology into aayscale device as parts of the thesis
work. Vastly improved treatment of biofiims was damstrated by employing a
superpositioned (SP) electric field in conjunctwith an antibiotic. The SP bioelectric
effect (SP-BE) was greater than the sum of theléitec effects of the DC and AC
fields independently. Thus, it is suggested that 3 field enables a synergistic effect
that yields more bacteriocidal activity when botle @nd AC fields are applied. This
newly developed method can be highlighted thatitiensity of the SP electric field
utilized here was well below the electrolysis pdinof the biological fluid. Hence, we
envision applications of this technique that womlthimize generating harmful radicals
due to media electrolysis. Perhaps most importartkigse findings suggest that this

method is aptly suited for deployment in clinicppécations.

Finally, the biofilm sensor and bioelectric treatrherere successfully integrated as a
single platform via microfabrication technologidstegration of the biofilm detection
with effective treatment is crucial to realize efige managements of biofilm infections
through bidirectional biofilm information exchang#em the sensor and treatment. As
the sensing component provides the early deteabiomiofilm growth, the biofilm
treatment via the SP-BE can be more effective leefstablishing their structures. In
addition, when biofilms are treated by the bioeleaffect, this integrated chip allows to
monitor changes of biofilms in real time withoutquéring additional external bulk
equipment. The integrated chip was also shown ssbgeoperations with two different

strains of biofilm (i.e.E. coli and P. aeruginosa). These results suggested that the
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integrated system can be used for diverse biofilth& utilization of the system to more
clinically relevant bacterial biofilms is signifinafor realizing this device approaches to

the clinical biofilm infection managements.

This work can be used as a platform for other lgigial/clinical fundamental
researches, such as bacterial metabolism with fiferdnt drug treatments and
investigation of the mechanisms of action of newtéaal treatment methods including

the bioelectric effedt?
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5.2 Future Work

The integrated system can be further developed wavithireless system as a signal
read out as well as operational power supply methdtie SAW sensor requires only
micro-watts of electrical enerdff. In addition, the bioelectric effect is neededstpply
nano-watt of electrical energy which can be debdeby a traditional radio-frequency
(RF) inductive coupling®. A RF coil can be microfabricated with a specifisonant
frequency®®. The coil will be tuned to maximize the electriceegy coupling for the
SAW sensor from an external power supply. This ge system development is critical
to realize a non-invasive biofilm management agaificantly advance point of care and

further implantable microsystem developments basethe batteryless operation.

Investigation of the life time of the system in smvivo environment is required
future work toward an implantable system developm@nnsidering variable conditions
of in-vivo fluidic, such as pH, temperature, comgoss of electrolytes, immune
reaction from the host and water concentrationigcosity of blood, the passivation film
characterization during extensive blood or serurmosure is required. Based on the
studies in in-vivo conditions, new passivation matéabrication techniques including
multilayers ALD thin films fabricatiofr® *°need to be developed for long term reliable

operations.

Finally, once the reliability of the device is irstgated, animal tests are required to
study biocompatibilities as well as performance l@ston of the system in in-vivo
conditions. As the immune system can react withd#ésce including specific and non-

specific responses, biofouling of the implantedtesye® can cause massive signal
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attenuations and challenges of the output readspeaally through a wireless interface.
In addition, broad immune reaction studies withcetdysis effect due to the biofilm

treatment should be performed.
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# Appendix A

Network analyzer data save program (&)

/*

* Include the WINDOWS.H and DECL-32.H files. Teandard Windows
* header file, WINDOWS.H, contains definitionseasby DECL-32.H and
* DECL-32.H contains prototypes for the GPIB rioes and constants.

*/

#include"stdafx.h"
#include<stdio.h>
#include<time.h>

#defineARRAYSIZE 100 /I Size of read buffer

int Dev; /I Device handle
charReadBufferffARRAYSIZE + 1];// Read data buffer
charErrorMnemonic[21][5] = {EDVR", "ECIC", "ENOL", "EADR", "EARG",
"ESAC", "EABO", "ENEB", "EDMA", ",
"EOIP", "ECAP", "EFSO", ", "EBUS",
"ESTB", "ESRQ" "™, ™, "™, "ETAB"},

void GPIBCleanug(t Dev,char ErrorMsg);

int _cdeclmainfoid) {

/~k

* Assign a unique identifier to the device anaretin the variable

* Dev. Ifthe ERR bit is set in ibsta, call GRIRanup with an

* error message. Otherwise, the device handlg, Beeturned and
* is used in all subsequent calls to the device.

174



*/

#defineBDINDEX 0 // Board Index
#definePRIMARY_ADDR_OF_DMM 16 // Primary address of device
#defineNO_SECONDARY_ADDR 0 // Secondary address of device

#defineTIMEOUT T109¢/ Timeout value = 10 seconds
#defineEOTMODE 1 // Enable the END message
#defineEOSMODE 0 // Disable the EOS mode

Dev = ibdev (BDINDEX, PRIMARY_ADDR_OF_DMM,
NO_ SECONDARY_ADDR,
TIMEOUT, EOTMODE, EOSMODE);
if (ibsta & ERR)
{
GPIBCleanup(DevUnable to open devicg"
returnl;

}

/*

* Clear the internal or device functions of ttevite. If the error

* bit ERR is set in ibsta, call GPIBCleanup wéth error message.
*/

ibclr (Dev);
if (ibsta & ERR)
{
GPIBCleanup(DevUnable to clear devicg;'
returnl;
}
/*
*
==ss==s==
* MAIN BODY SECTION
*
* In this application, the Main Body communicateish the instrument
* by writing a command to it and reading its respe. This would be
* the right place to put other instrument comnuation.
*
*
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* Request the identification code by sendingitistruction *IDN?".
* If the error bit ERR is set in ibsta, call GRIRanup with an error
* message.

*/

ibwrt (Dev,"MARKMINI;OUTPACTI", 17L);
if (ibsta & ERR)
{
GPIBCleanup(DeVvlUnable to write to devicg;'
returnl;

}

/~k

* Read the identification code by calling ibrithe ERR bit is
* setin ibsta, call GPIBCleanup with an errorss&ge.

*/

ibrd (Dev, ReadBuffer, ARRAYSIZE);

if (ibsta & ERR)

{
GPIBCleanup(DevUnable to read data from devigg"
returnl;

}

/~k

* Assume that the returned string contains ASfalia. NULL terminate
* the string using the value in ibcntl which letnumber of bytes

* read in. Use printf to display the string.

*/

[* time example */

ReadBuffer[ibcntl] =\0;;
printf('Returned string: %s\n'ReadBuffer);

/ICreate a file to write to
FILE *OutFile = fopen(S21freq.txt;"a");
/ISend data to file
fprintf(OutFile;%s\n",ReadBuffer);
/IClose the file
fclose(OutFile);

ibwrt (Dev, "OUTPMARK:MARKMINI" , 17L);
if (ibsta & ERR)
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{
GPIBCleanup(DevUnable to write to devicg;

returnl;

}

/*

* Read the identification code by calling ibrlithe ERR bit is
* set in ibsta, call GPIBCleanup with an errorssage.

*/

ibrd (Dev, ReadBuffer, ARRAYSIZE);

if (ibsta & ERR)

{
GPIBCleanup(DevUnable to read data from devigg"
returnl;

}

/*

* Assume that the returned string contains AS{alia. NULL terminate
* the string using the value in ibcntl which leetnumber of bytes

* read in. Use printf to display the string.

*/

ReadBuffer[ibcntl] 2\0;;
printf('Returned string: %s\n'ReadBuffer);

/[Create a file to write to
FILE *OutFilel = fopenS1lintensity.txt,"a");
//Send data to file
fprintf(OutFile1,%s\n",ReadBuffer);
/IClose the file
fclose(OutFilel);
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/* Take the device offline. */
ibonl (Dev, 0);

returnO;

* After each GPIB call, the application checksetiter the call
* succeeded. If an NI-488.2 call fails, the GRIBver sets the
* corresponding bit in the global status varialilehe call
* failed, this procedure prints an error messagjess the
* device offline and exits.
*/
void GPIBCleanug(t ud,char ErrorMsg)
{
printf('Error : %s\nibsta = 0x%x iberr = %d (%s)\n"
ErrorMsg, ibsta, iberr, ErrorMnemonioir]);
if (ud!=-1)
{
printf(Cleanup: Taking device offline\)"
ibonl (ud, 0);
}
}
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Network analyzer data save program (&)

/*

* Include the WINDOWS.H and DECL-32.H files. Teandard Windows
* header file, WINDOWS.H, contains definitionseasby DECL-32.H and
* DECL-32.H contains prototypes for the GPIB rioes and constants.

*/

#include"stdafx.h"
#include<stdio.h>
#include<time.h>

#defineARRAYSIZE 100 /I Size of read buffer

int Dev; /I Device handle
charReadBufferffARRAYSIZE + 1];// Read data buffer
charErrorMnemonic[21][5] = {EDVR", "ECIC", "ENOL", "EADR", "EARG",
"ESAC", "EABO", "ENEB", "EDMA", ",
"EOIP", "ECAP", "EFSO", ", "EBUS",
"ESTB", "ESRQ" "™, ™, ™, "ETAB"},

void GPIBCleanug(t Dev,char ErrorMsg);

int _cdeclmainfoid) {
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* Assign a unique identifier to the device anarstin the variable

* Dev. Ifthe ERR bit is set in ibsta, call GRIRanup with an

* error message. Otherwise, the device handlg, Beeturned and

* is used in all subsequent calls to the device.

*/

#defineBDINDEX 0 // Board Index
#definePRIMARY_ADDR_OF_DMM 16 // Primary address of device

#defineNO_SECONDARY_ADDR 0 // Secondary address of device

#defineTIMEOUT T109/ Timeout value = 10 seconds
#defineEOTMODE 1 // Enable the END message
#defineEOSMODE 0 // Disable the EOS mode

Dev = ibdev (BDINDEX, PRIMARY_ADDR_OF_DMM,
NO_ SECONDARY_ADDR,
TIMEOUT, EOTMODE, EOSMODE);
if (ibsta & ERR)
{
GPIBCleanup(DevUnable to open devicg"
returnl;

}

/*

* Clear the internal or device functions of ttevite. If the error

* bit ERR is set in ibsta, call GPIBCleanup wéth error message.
*/

ibclr (Dev);
if (ibsta & ERR)
{
GPIBCleanup(DevUnable to clear devicg;'
returnl;
}
/*
*
==ss==s==
* MAIN BODY SECTION
*
* In this application, the Main Body communicateish the instrument
* by writing a command to it and reading its respe. This would be
* the right place to put other instrument comnuation.
*
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/*

* Request the identification code by sendingittstruction *IDN?".
* If the error bit ERR is set in ibsta, call GRIRanup with an error
* message.

*/

ibwrt (Dev,"MARKMAXI;,OUTPACTI" , 17L);
if (ibsta & ERR)
{
GPIBCleanup(DevlUnable to write to devicé;
returnl,;

}

/~k

* Read the identification code by calling ibrithe ERR bit is
* setin ibsta, call GPIBCleanup with an errorss&ge.

*/

ibrd (Dev, ReadBuffer, ARRAYSIZE);

if (ibsta & ERR)

{
GPIBCleanup(DevUnable to read data from devigg"
returnl;

}

/~k

* Assume that the returned string contains ASfalia. NULL terminate
* the string using the value in ibcntl which lethumber of bytes

* read in. Use printf to display the string.

*/

[* time example */

ReadBuffer[ibcntl] =\0;;
printf('Returned string: %s\n'ReadBuffer);
/[Create a file to write to

FILE *OutFile = fopen(S21freq.txt;"a");
/ISend data to file
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fprintf(OutFile;%s\n",ReadBuffer);
/[Close the file
fclose(OutFile);

ibwrt (Dev,"OUTPMARK:MARKMAXI" , 17L):
if (ibsta & ERR)

{
GPIBCleanup(DevUnable to write to devicg;

returnl;

}

/*
* Read the identification code by calling ibrlithe ERR bit is
* set in ibsta, call GPIBCleanup with an errorssage.

*/

ibrd (Dev, ReadBuffer, ARRAYSIZE);
if (ibsta & ERR)

{
GPIBCleanup(DevUnable to read data from devigg"

returnl;

}

/*

* Assume that the returned string contains AS{alia. NULL terminate
* the string using the value in ibcntl which leetnumber of bytes

* read in. Use printf to display the string.

*/

ReadBuffer[ibcntl] 2\0;;
printf('Returned string: %s\n'ReadBuffer);

/[Create a file to write to
FILE *OutFilel = fopen(S2lintensity.txt,"a");
//Send data to file
fprintf(OutFile1,%s\n",ReadBuffer);
/[Close the file
fclose(OutFilel);

* CLEANUP SECTION
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/* Take the device offline. */
ibonl (Dev, 0);

returnO;

* After each GPIB call, the application checksetiter the call
* succeeded. If an NI-488.2 call fails, the GRIBver sets the
* corresponding bit in the global status varialilehe call
* failed, this procedure prints an error messagiess the
* device offline and exits.
*/
void GPIBCleanug(t ud,char ErrorMsg)
{
printf('Error : %s\nibsta = 0x%x iberr = %d (%s)\n"
ErrorMsg, ibsta, iberr, ErrorMnemoniir]);
if (ud!=-1)
{
printf(Cleanup: Taking device offline\)"
ibonl (ud, 0);
}
}
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Appendix B: MATLAB Code for Data Analysis
Data filtering program

% Data smooth filter program
% final plot is time vs negative frequency shift

a = 1;% constant for filtering function
m = 3;% number of average points, you can change it.
b=zeros(1,m);
for I=1:1:m
b(1,))=1/m;
end

% raw data %
x=[

% Copy here raw data

I;

X=filter(b,a,x);
[z,w]=size(X);
X1=zeros(z+1-m,1);
X2=zeros(z+1-m,1);

for n=1:1:(z+1-m)
X2(n,1)=X(n+m-1,1);
X1(n,1)=-X(m)+X2(n,1);
end

t=1:1:n;
T=t*16/60; % time [hour]
plot(T, X1) % negative frequency shift plot
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